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ABSTRACT

The common dolphin (Delphius delphis) is a wide-ranging near top marine predator that
inhabits a variety of environments in temperate and subtropical waters around the world. The
movements of common dolphins are generally associated to those of their prey, which are
mostly small-pelagic fishes targeted by commercial fisheries. This occasionally leads to
common dolphin-fishery interactions, including mortalities due to by-catch. Although common
dolphins are relatively abundant in Australasia, limited information is available for this species
about population differentiation, connectivity and adaptation, making it difficult to develop
conservation and management plans. Coastal waters in Australasia are characterised by highly
heterogeneous and dynamic environments that are expected to influence eco-evolutionary
processes in marine populations, including in predatory species with vast distributions. This
thesis utilised genome-wide markers, population genomics and seascape genomics to elucidate
population differentiation, connectivity, and environmental drivers of adaptive divergence in

Australasian common dolphins.

The first aim of this work was to investigate neutral genomic diversity and clarify population
structure and connectivity of common dolphins at different spatial scales across Australasia. A
double digest restriction-site associated DNA sequencing (ddRADseq) method was used to
obtain over 14,700 filtered and putatively neutral Single Nucleotide Polymorphisms (SNPs)
for 478 Australasian common dolphins. To date, this represents one of the largest population
genomic datasets reported for a small cetacean. This section included samples from both
strandings and free-living dolphins from across the species range in Australasia: southern and
eastern Australia, and the west and east coasts of New Zealand. In addition, population genetic
analyses were carried out using novel and published mitochondrial DNA (mtDNA) control
region sequences (173 haplotypes), which suggested differentiation between Pacific and Indian
Ocean common dolphins. Analyses of the more resolving genome-wide SNP dataset pointed
to a hierarchical metapopulation structure, with three main regional common dolphin
populations: southern Australia, eastern Australia, and Tasmania/New Zealand combined.
Additional sub-substructure was disclosed within regional populations, with a signal of
isolation by distance along coastlines. Nonetheless, connectivity was still observed over
thousands of kilometres and across multiple jurisdictions, with considerable genetic exchange
across the Tasman Sea. These findings indicate that state and international collaborations are
needed for the management of common dolphin populations and fishery-dolphin interactions

in the region.



The second aim of the thesis was to implement a seascape genomics framework to identify
signals of selection due to environmental heterogeneity and putatively adaptive genomic
variation in common dolphins from across southern Australia. This section focused on Indian
Ocean common dolphins because this heterogeneous region sustains one of the main regional
populations of the species in Australasia and is well represented in our sampling. For this part
of the study, only samples from free-ranging individuals for which an associated geolocation
was available were used. From an initial dataset of 17,327 filtered SNPs, a putatively adaptive
dataset of 806 SNPs was identified based on a multivariate Genotype Environment-Association
(GEA) analysis and a Bayesian method. The results of multiple statistical tests point to five
adaptively divergent populations of common dolphins in southern Australia. The GEA analysis
suggested that adaptive diversity in these populations is mainly influenced by variation in four
environmental variables: current velocity, sea surface temperature, primary productivity, and
salinity. In turn, these variables appear to be broadly governed by differences in ocean
circulation, and by the presence of upwellings and semi-enclose coastal habitats. Both coding
and non-coding regions in the candidate adaptive loci appear to have responded to
environmental selection. The results of this study of the southern Australian segment of the
metapopulation, highlight the impact of environmental heterogeneity on common dolphin

connectivity and adaptive divergence.

The third section of the thesis includes free-ranging samples from both southern Australia
(Indian Ocean) and the Australian east coast (Pacific Ocean) to carry out a seascape genomics
study of adaptation across the Australian-wide common dolphin metapopulation. A
combination of analytical tests of selection produced two putatively adaptive SNP datasets. At
the broad-scale, over 1,000 candidate adaptive SNPs were identified for the Australian-wide
metapopulation. At a fine-scale, 200 candidate adaptive SNPs were found for the eastern
Australia segment of the metapopulation. This two-scale strategy allowed determining
associations between adaptive genomic variation and environmental variables, after accounting
for the effects of spatial distance within the two Australian coasts. At the metapopulation scale,
two regional populations were identified, consistent with the previous results based on
putatively neutral markers. Genomic variation in these populations appeared strongly
associated with variation in sea surface temperature, current velocity, salinity, bathymetry and

primary productivity. Lower adaptive divergence was detected along the east coast population



segment, which appeared associated mainly to variation in primary productivity. It appears that
both broad- and fine-scale adaptive divergence in Australian common dolphins is influenced
by three oceanographic and coastal features: (i) ocean circulation patterns at range edges, (ii)
areas of eddies and upwellings, and (iii) semi-enclosed coastal habitats. We also detected
preliminary evidence for repetitive selection in some regions of the genome, which is
speculated in the context of parallel evolution of dolphins on separate coastlines. These results
provide environmentally-influenced perspectives for conservation management of multiple

segments of the Australian common dolphin metapopulation.

By analytically integrating neutral and adaptive genomic variation and information from key
ecological predictors, this thesis generated novel baseline information for the conservation and
management of Australasian common dolphins in the context of a rapidly changing and
heterogeneous marine environment. The outcomes of this work also call for new collaborative
efforts across state and international jurisdictions to ensure that management goals for the
species, including those related to maximum by-catch levels in fisheries, are achieved. It also
provides an initial first step towards our understanding of adaptive resilience of local and
regional populations of a small cetacean, to naturally- and anthropogenically-driven

environmental changes.
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THESIS RATIONALE

Genetic variation in marine species with a wide spatial distribution may be influenced by
environmental heterogeneity, which facilitates or restrict spatial movements of individuals, and
the impacts of natural selection. This thesis advances the knowledge about population
divergence and potential local adaptation of fisheries at-risk common dolphins (Delphinus
delphis) in Australia and New Zealand using genome-wide markers. Previous studies utilised
a handful of genetic markers (microsatellites and mitochondrial DNA) to investigate
population structure in different parts of the species’ range in Australasia (Moller et al., 2011;
Amaral et al., 2012; Bilgmann et al., 2014; Stockin et al., 2014). In this thesis, I explore the
degree of gene flow and potential selective pressures occurring at multiple spatial scales in the
populations of common dolphins in the Australasian region. I first clarify population structure
and connectivity of common dolphins based on a neutral genomic variation across Australia
and New Zealand. Then, I investigate adaptive genomic variation based on samples from live
animals collected along the southern and eastern Australian distribution of common dolphins.
This is done using a genotype-environment association and an outlier methodology, which
provides insights into the potential adaptive resilience of populations to local environments.
This thesis provides ecologically valuable information for the conservation and management
of the species in the Australasian region.

“Like members of the Australian Arunta (Arrernte) tribe, population ecologists tend to count
one, two, and (infinitely) many. The extreme cases of only two local populations and very
many local populations, turn out to be easier to deal with than more realistic case of tens of

local populations”-Ilkka Hansaki
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CHAPTER 1. GENERAL INTRODUCTION

@ Kerstin g/émw( - OB

14



Neutral and adaptive genetic variation

Genetic variation is the result of ecological and evolutionary long-term processes with
cumulative hereditable changes in morphological and behavioural traits of individuals,
populations and species (Fisher, 1930; Wright, 1931; Halden, 1957). In natural systems, the
most advantageous genetic variation will be favoured for the survival of the species and
populations (Wright, 1931). In an ideal environment with no drastic changes, natural selection
will depend on the rate of the fitness of a population at a specific moment (Fisher, 1930).
However, in real life environments, natural conditions will continuously create changes in the
genetic variation among and within species, and populations, due to intrinsic (e.g. behaviour,
learning-culture) and extrinsic (e.g. heterogeneity of the environment) factors (Wright, 1931;
1968). These factors can occur either by natural selection or stochastic events, leading to fixed
or nearly fixed alleles that will impact on the fitness of a populations or species (Wright, 1931;
1968; Crow and Kimura, 1970). Thus, genetic variation across individuals will provide the
capacity to evolve and adapt, enhancing the chances of survival to individuals, populations
and/or species that are best suitable for an environment. These changes in genetic variation can
be described by four evolutionary forces: 1) genetic drift, ii) gene flow, iii) mutation and iv)

selection.

Genetic drift is the process in which allele frequencies in a population are modified through
generations due to random mating (Whitlock and Barton, 1997; Whitlock and McCauley,
1999). In small populations, random mating may contribute to the loss of alleles with low
frequency (Fisher, 1930; Wright, 1931), in which case the population could become mainly
composed of homozygous individuals (Hanski and Saccheri, 2006; Allendorf, 2017). Thus, in
small populations adaptive potential may be reduced and in turn increase the risk of decline or
extinction (Wright, 1931; 1968; Hanski and Saccheri, 2006). In contrast, in large populations
or inter-connected populations, genetic drift may be negligible or reduced by gene flow

(Wright, 1968; Hanski, 1999; Hanski and Saccheri, 2006).

Species that exhibit the ability to migrate and reproduce over large spatial scales, will tend to
maintain higher levels of genomic diversity within large populations or inter-connected
populations (Slatkin, 1987; Whitlock and McCauley, 1999). This higher genetic variation may
lead to potential “beneficial” alleles to persist or be introduced into a population, and in turn

enhance adaptive capacity for those individuals to respond and survive to selective pressures
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(Slatkin, 1987; Hanski and Saccheri, 2006). Yet, genetic variation within and among
populations can also be driven by mutations (Kimura, 1968; Wright, 1968).

Mutations are the result of variation in genomic sequences and are believed to be responsible
for the long-term evolution of populations and species by providing hetero-allelism into the
genetic pool (Kimura, 1968; Wright, 1968; Wellenreuther and Bernatchez, 2018). These
variations are changes in the amino acid chain that can be created by duplications, substitutions,
insertions, deletion, inversion, and/or translocations (Wellenreuther and Bernatchez, 2018).
However, ecological adaptations can also lead to modifications in the gene expression of an
individual, without involving changes in the DNA sequence that may be heritable, also known
as epigenetics (Funk et al., 2019; Rajora, 2019). In the cases of variations in the genomic
sequences, most of the mutations are neutral, and will not have an impact on the fitness of an
individual (Kimura, 1968; Wright, 1968). If a mutation occurs on genes that are under
selection, it may lead to an impact on the fitness of an individual (Kimura, 1968; Wright, 1968;

Barrett and Hoekstra, 2011).

Natural selection occurs when some individuals are favoured in an environment. This occurs
when advantageous alleles or genotypes of a population are more likely to favour the survival
and reproduction of individuals that disperse (Wright, 1931; Halden, 1957). Thus, natural
selection can ensure long-term viability of populations or species by passing their “beneficial”
alleles to the next generation, which can be triggered either by a de novo mutation or high
standing genetic variation maintained and acting upon an adaptive gene (Barrett and Hoekstra,
2011; Lotterhos and Whitlock, 2014; Basener and Sanford, 2018). For example, fitness in small
populations where standing genetic variation is generally lower, could be severely impacted if
a mutation or adaptive process occur in a detrimental allele, whereas in large populations high
standing genetic variation may allow them to cope and adapt to different selective pressures

(Whitlock and McCauley, 1999; Barrett and Schluter, 2008).

Ecological factors play a critical role in determining the number of individuals that survive and
reproduce, and in most cases they would be a reflection of the heterogeneity in the environment
(Hanski and Saccheri, 2006). In the cases of large populations or metapopulation systems
exhibited by several marine taxa, ecological factors such as food availability, environmental
gradients or density of individuals in a given space, could be impacting life history traits (e.g.

size, longevity, sexual maturity) (Rajora, 2019; Oleksiak and Rajora, 2020). It is expected that
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these ecological factors, which may differ between different environments, will shape

population structure and connectivity across a metapopulation (Saccheri and Hanski, 2006).

Implications of evolutionary forces to marine ecosystems

In marine species, evolutionary and ecological processes are a topical issue among molecular
ecologists who aim to obtain a better understanding of the past, current and future adaptive
capacity of species and populations of a species (Palumbi, 1994; Grummer et al., 2019).
Traditionally, studies in marine ecosystems used to characterise species as “genetically
homogenous” due to the general high dispersal capability of marine species and lack of obvious
hard physical barriers in marine environments (Selkoe et al., 2010) compared to terrestrial
environments (e.g. mountains, rivers, lakes, roads) (Manel et al., 2003; Balkenhol et al., 2016).
After almost two decades of studies, researchers demonstrated that marine species are generally
genetically differentiated when inhabiting heterogeneous environments (Manel and
Holderegger, 2013; Riginos et al., 2016). In these cases, genetic structure was generally
impacted by topographic, oceanographic and environmental gradients (e.g. canyons, strait,
currents, water masses), which may have restricted or facilitated the dispersal of marine
organisms (Manel and Holderegger, 2013; Riginos et al., 2016; Xuereb et al., 2018a). Hence,
genomic variation between marine species and their populations is in part a reflection of their
environment (Selkoe et al., 2008; Manel and Holderegger, 2013; Grummer et al., 2019).
Understanding the degree of genetic differentiation and gene flow among populations is
essential for making decisions as part of management and conservation plans (Funk et al., 2012;

Riginos et al., 2016; Grummer et al., 2019).

Marine species coexist under different spatial and temporal environmental scales, and
understanding these can provide information for the management and conservation of their
populations (Rodriguez-Zarate et al., 2018; Dunn et al., 2019). Worldwide marine ecosystems
have been categorised based on their environmental and geological differences (e.g. Kdmpf
and Chapman, 2016; Costello et al., 2017). Some species can only survive in specific
environments (i.e. endemic species) (Costello et al., 2017). However, most marine species
exhibit dispersal at some stage of their life, presenting in many cases a metapopulation system
(Hanski and Saccheri, 2006; Allendorf et al., 2010), which leads to higher genomic diversity
due to gene flow persistence within and among their populations (Kritzer and Sale, 2004;

Riginos et al., 2016; Selkoe et al., 2016).
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The research field of population structure and dynamics has evolved since the development of
the Island Biogeography theory and Metapopulation Dynamics by MacArthur and Wilson
(1967) and Levins (1969). Today it has diversified into multiple research fields, one of them,
seascape and landscape genetics integrates oceanographic, geological and ecological drivers
that may impact on connectivity and selection of a species between habitat patches under
different temporal and spatial scales (Manel and Holderegger, 2013; Grummer et al., 2019;
Manel et al., 2019). Several ongoing and past definitions of the term “population” and
“metapopulations” have been proposed, ranging from typical theoretical definitions to marine
related definitions (Table 1.1). The majority of these definitions underline characteristics about
the heterogeneity and dynamics of habitat patches, whereas other differ based on the species
analysed and its application. This highlights that there are no unanimous definitions for what a
population and metapopulation are. For this thesis, I define a population as “a group of
individuals that have the same probability of mating with each other and produce offspring,
being restricted to a delimited geographic area over one generation time”, whereas a
metapopulation is a “a group of local populations that maintain connectivity, but the majority

of individuals in each population are restricted to a specific spatial space”.

Table 1.1 Definitions used across studies for the terms ‘population’ and ‘metapopulation’.

Definition Reference

Theoretical ecology of a Metapopulation (restriction of movements): | Hanski
“Metapopulation is the ecological term for assemblage of species within | (1998;
larger areas of space, with long-term survival of the species depending on a | 1999)

shifting balance between local extinctions and recolonizations in the

patchwork of a fragmented landscape”.

Metapopulations: “A metapopulation is a collection of populations if a | Allendorf et
species found in differing geographic locations and with a restricted gene | al. (2010)

flow (exchange of genes) between the populations”.

Review on “What is a population?” Waples and
Gaggiotti

“Ecological paradigm: A group of individuals of the same species that
(20006)

co-occur in space and time and have an opportunity to interact with each other”.

“Evolutionary paradigm: A group of individuals of the same species living in
close enough proximity that any member of the group can potentially mate with

any other member.”
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Marine population genetics: “A Population can be closed or open based on | Palumbi

their genetic variation and dispersal”. (2003)

Population genetics: “A population is a group of individuals in sufficiently | Frankham et
close proximity that any member of the group can potentially reproduce | al. (2017)

with any member of the other sex”.

Conservation unit: “A population of organisms that is considered distinct | Funk et al.
for conservation purposes, such as management unit, evolutionary | (2012)

significant unit and/or discrete population segments.”

Population structure and dynamics as a research field, has evolved and allowed to characterise
how specific ecological factors may shape genomic differentiation across populations and
species. However, large marine predators that can disperse at any stage of their life, will exhibit
complex interactions between spatial and environmental features that influence multiple life-
history traits, that can result in metapopulations systems (e.g. Louis et al., 2014a; Castro-
Tavares et al., 2019; Sandoval-Castillo and Beheregaray, 2020). Moreover, large marine
predators, such as cetaceans, exhibit different evolutionary and ecological process that shape
their species and populations over time, which can vary depending on the environment they
inhabit. In such cases, assessments of contemporary population differentiation and connectivity
in response to the environment will often involve multiple ecological variables (e.g. Pratt,
2020; Andrews et al., 2021), and these results may provide meaningful information for their

conservation and management.

Macroevolutionary and microevolutionary adaptations in Cetaceans

The field of populations genetics focuses on the ecological and evolutionary processes that
affect species and their populations based on analyses of macroevolutionary and
microevolutionary processes (Rajora, 2019). For cetacean species, macroevolutionary studies
are one of the best examples of documented adaptations from terrestrial to aquatic habitats,
focusing on the origin, evolutionary history and long-term distribution of species (Steeman et
al., 2009; McGowen et al., 2014). However, studies about the microevolution of cetaceans,
which focus on ecological and biological interactions of populations or closely related species,

are still scarce (but see Foote et al., 2016; Zhou et al., 2018a; Pratt, 2020).

19



Cetaceans have adapted to different environments since their transition from terrestrial to
marine environments, which led to their speciation and colonisation of the world’s oceans
(Steeman et al., 2009; Gatesy et al., 2013; McGowen et al., 2014). These macroevolutionary
adaptations began approximately 53 million years ago (Ma), with the transition to an early
amphibious aquatic life, represented by the Packicetidae (Thewissen and Williams, 2002;
Steeman et al., 2009; McGowen et al., 2014). Most of the macroevolutionary processes
occurred from the Eocene to Oligocene (60 to 20 Ma), with three main phases that led to the
early modern cetaceans: early aquatic specialisation, evolution of filter feeding, and origin of
echolocation (Arnason et al., 2004; Gatesy et al., 2013; McGowen et al., 2014). These
environmental transitions of expansion and contractions of niches during glacial cycles (12,000
to 120,000 ybp) (Amaral et al., 2016) allowed them to disperse and adapt across oceans and
river systems (McGowen et al., 2009). Some of these macroevolutionary adaptations led to the
extinction or nearly extinction of lineages and clades such as Physeteroidea, Ziphiidae, and
Platanistidae (e.g. Steeman et al., 2009; McGowen et al., 2014). In contrast, others enabled
cetaceans to specialise in a range of traits, including morphological, ecological and behavioural
(Gatesy et al., 2013; McGowen et al., 2014; Cammen et al., 2016). Examples of these can be
seen across multiple cetacean genera (e.g. Orcinus, Tursiops, Balanoptera, Kogia) showing
inactivation/activation of genes involved with the aquatic eye, olfactory bulb, taste, hearing,
vision, and echolocation, which allowed them to dive to great depths, and likely influenced
their feeding and hunting behaviours (Foote et al., 2016; Hindle, 2020; McGowen et al., 2020).
To date, there are 92 recognised species of cetaceans (Perrin, 2021), 76 of them belonging to
the toothed whales (parvorder Odontoceti) (Committee on Taxonomy, 2017), but adaptations

between closely related species and within species are still poorly understood.

Microevolutionary processes led to diversification into subspecies, ecotypes and populations
of toothed whales (e.g. Arnason et al., 2004; Slater et al., 2010; McGowen et al., 2020). Studies
of species such as killer whales (Orcinus orca), bottlenose dolphins (7ursiops spp.), spinner
dolphin (Stenella longirostris), and finless porpoises (Neophocaena spp.) have demonstrated
genetic divergence at subspecies and/or ecotype levels (e.g. Foote et al., 2016; Zhou et al.,
2018a; Pratt, 2020). These studies have focused on assessing selection at genes associated with
ecological adaptations between habitats, revealing that different selective pressures can lead to

fixation or near fixation of alleles (Moura et al., 2013b; Foote et al., 2016).
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The first studies on microevolution in cetaceans were undertaken on the killer whale, a
cosmopolitan species that exhibits genetic differentiation and adaptation among , different
ecotypes that may share the same or similar geographical regions (e.g. Morin et al., 2015; Foote
et al., 2016; Foote et al., 2019). These genetic differentiations were possibly driven by highly
evolved cultures, resulting in strong social structure and feeding specialisations (Foote et al.,
2016). For this species, differences in their genetic variation were found in genes associated
with digestion, adipogenesis, growth, metabolism, reproduction, biological development, and
functions of the heart and muscles (e.g. Foote et al., 2016; Foote et al., 2019). Another study
on microevolutionary processes in toothed whales revealed genetic divergence between
populations of Yangtzen finless porpoises inhabiting freshwater and ocean environments by

osmoregulation adaptations (Ruan et al., 2015; Zhou et al., 2018a).

Two studies in bottlenose dolphins have also assessed microevolutionary processes. The first
between subspecies of the southern Hemisphere (7. truncatus truncatus and T. t. gephyreus.),
and the second at population level on Indo-Pacific bottlenose dolphins (7. aduncus) (Pratt,
2020). The first study demonstrated differentiation between ecotypes using SNPs from a
ddRAD dataset, which were associated to adaptive responses in select genes involved in the
circulatory system, hypoxia tolerance, osteogenesis, adipogenesis, echolocation,
osmoregulation, and the nervous system (Pratt, 2020). The second study found variants nearing
fixation between local populations in genes involved in osmoregulation, circulatory and
skeletal systems, which were associated with environmental variables such as salinity,
bathymetry and sea surface temperature (Pratt, 2020). A more recent microevolutionary study
in toothed whales was on East Pacific spinner dolphins (S. longirostris) found divergence
between ecotypes, with genes involved in social behaviours and associated with temperature

and water depth (Andrews et al., 2021).

These studies provide baseline information about microevolution in toothed whales. However,
they also underpin the need for more studies to better understand adaptations in modern species
and their populations, which are currently vulnerable to various environmental stressors such
as ongoing climate change, fisheries interactions, overfishing of their prey and pollution.
Microevolutionary processes can impact marine species and its populations over broad and fine
spatial scales (Manel et al., 2003; Balkenhol et al., 2016). Species of conservation and
management concern, such as many delphinids, need to be protected in a way that can enable

sufficient standing genetic variation for them to adapt by promoting gene flow among known
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populations, however this cannot be achieved without a general understanding of their

population structure and dispersal.

Population structure in Delphinidae

Population structure within species of the family Delphinidae is not well understood given the
narrow divergence, lack of monophyly in some lineages (Cassens et al., 2005; Segura-Garcia
et al., 2016), and in some cases limited information on their genetic differentiation from some
regions. Most delphinids exhibit a fluid social structure and high potential for dispersal, and
therefore are generally expected to present some level of gene flow between populations (e.g.
Quérouil et al., 2007; Rosel et al., 2009). However, delphinids are in many cases subdivided
into small populations/sub-population entities, each with specific ecological and/or behaviour
traits (e.g. Natoli et al., 2006; Louis et al., 2014a; Hoelzel et al., 2019). It has been suggested
that differentiation between populations of delphinids is influenced by extrinsic (e.g. climatic,
oceanographic circulation) and intrinsic (e.g. habitat preferences, site fidelity, complex social
behaviours) factors (e.g. Hoelzel et al., 2007; Moller et al., 2007; Leslie and Morin, 2016).
Furthermore, the range of group sizes, and limited knowledge on the population ecology and
life history of some of the species has made it difficult to define populations and their
boundaries (Cassens et al., 2005; Natoli et al., 2005; Mirimin et al., 2009). There are currently
37 species of delphinids recognised (Committee on Taxonomy, 2017), which includes eight

closely related small species that are part of the Stenella-Tursiops-Delphinus (STD) complex.

Genetics studies on the STD complex have identified differentiation and connectivity among
populations (e.g. Natoli et al., 2005; Mirimin et al., 2009; Leslie and Morin, 2016), with most
carried out at regional and fine-scales, with the exception of a few global studies (e.g. Natoli
et al., 2006; Tezanos-Pinto et al., 2009; Amaral et al., 2012a). The information obtained from
these studies has disclosed population structure of these species mostly in relatively small
areas,, with a few exceptions where larger areas were assessed and metapopulations identified.
These include spinner dolphins (S. longirostris) distributed around several Pacific Islands
(Oremus et al., 2007), and bottlenose dolphins (7ursiops spp.) in the North Atlantic Ocean,
Mediterranean Sea and Indo-Pacific region (Louis et al., 2014b; Gaspari et al., 2015a; Pratt et
al., 2018).
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In the case of common dolphins (Delphinus delphis), two genetic studies were conducted at a
global scale, which mainly characterised the genomic differentiation between dolphins from
different ocean basins (Natoli et al., 2006; Amaral et al., 2012a). Studies in the Northern
Hemisphere, specifically in the North Atlantic-Mediterranean Sea, had suggested little genetic
differentiation between dolphins of this region (e.g. Mirimin et al., 2009; Moura et al., 2013a;
Ball et al., 2017). In contrast, a few studies performed in the Southern Hemisphere, specifically
in the Indian and Pacific Ocean, have investigated regional genetic differentiation and
identified populations at relatively fine spatial scales (100 to 1,500 km) (e.g. Bilgmann et al.,
2008; Moller et al., 2011; Stockin et al., 2014). These studies have suggested that genetic
differentiation in common dolphins may be influenced by environmental patterns and potential
feeding specialization to local food resources (e.g. Moller et al., 2011; Bilgmann et al., 2014;
Stockin et al., 2014). Nevertheless, to the date only one study has investigated associations
between populations and environmental variables. This was done using traditional genetic
markers (e.g. mtDNA and microsatellites) between oceanic basins, disclosing the importance
of chlorophyll a and sea surface temperature in differentiation of dolphins inhabiting different
oceans (Amaral et al., 2012a). Yet, there is still a gap in knowledge about the impact of
connectivity and various environmental variables on the genetic variation of Delphinus

populations.

Common dolphins (Delphinus delphis)

The first description of the common dolphin was made by Linnaeus (1758). The world cetacean
database and the Society of Marine Mammalogy currently recognises Delphinus delphis,
referred herein as the common dolphin, as the only species of this genus (Committee on
Taxonomy, 2017). Common dolphins are distinguished from other dolphins species by their
criss-crossed pigmentation pattern of white, yellow and grey (Perrin, 2021). Besides its unique
colorations pattern, they also exhibit morphological variation between subspecies, represented
by beak length, number of teeth, and body size across their distribution (Hoelzel, 1994; Méller
et al., 2011; Segura-Garcia et al., 2016). D. delphis is characterised by a short-beak due to the
length of their rostrum, and has a worldwide distribution. However, some controversy remains
about the number of species or subspecies in this genus (Committee of Taxonomy, 2017). For
example, D. capensis, which is characterised by a long-beak and was previously believed to be

a sister species, is now considered as a subspecies of D. delphis (Committee of Taxonomy,
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2017).Thus, the current classification of this specie and subspecies was made based on genetics
(Cunha et al., 2015; Rosel et al., 2017), and some known morphological and skeletal variation,
such as coloration, body size and cranial differences (Cunha et al., 2015; Jordan et al., 2015;

Perrin, 2021).

The common dolphin is a widely distributed species and is thought to be one of the most
abundant small cetaceans (Committee on Taxonomy 2017; Perrin, 2021). Despite this, it is
perhaps one of the less studies species of the STD complex. After their divergence during last
glacial cycles of the Pleistocene (12,000 to 120,000 ybp) (Segura et al., 2006; Amaral et al.,
2012b), common dolphins colonised temperate, subtropical, and some tropical waters in coastal
and pelagic environments, being only absent from polar zones (Natoli et al., 2008; Whitehead

et al., 2008; Moller, 2011) (Figure 1.1).

Atlantic Ocean

Pacific Ocean

Pacific Ocean

Indian Ocean

Southern Ocean

Figure 1.1 Worldwide distribution of the common dolphin (Delphinus delphis) (Modified from
Delphinus sp. IUCN-Hammond et al. (2008)).

The vast distribution of common dolphins in the world’s oceans has led them to be classified
as a migratory species (CMS, 2020), and a listing of “least concern” by the International Union
for Conservation of Nature - [UCN (Hammond et al., 2008). However, their distribution and
abundance is still uncertain in many regions and may differ widely depending on the region
analysed, and the population threats may also differ among regions (e.g. Bilgmann et al., 2018;

Hupman et al., 2018; Murphy et al., 2019). It has been suggested that the world’s abundance
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of common dolphins is in the millions of individuals (Hammond et al., 2008), but in many
areas no abundances estimates are available, and in some places data is mainly based on
incidental by-catch or stranding events (e.g. Hamer et al., 2008; Thompson et al., 2013).
Furthermore, uncertainty about population structure and complex life history and behavioural
interactions make it challenging to obtain robust and meaningful abundance estimates for their
populations, which could provide essential information for the conservation status of

populations.

Common dolphins are highly gregarious and form dynamic fission-fusion societies, where
segregation in groups may occur by either sex or age (Stockin, 2008; Zanardo et al., 2016;
Murphy et al., 2019). Group sizes can vary greatly according to their habitat, with reports of
less than 20 individuals in shallow coastal waters, and in some cases high site fidelity to an
area (<200 km?) (Mason et al., 2016; Bilgmann et al., 2018; Pietroluongo et al., 2020). By
contrast, in oceanic waters group sizes can reach hundreds or thousands of individuals
(Bilgmann et al., 2019; Murphy et al., 2019), with photo-ID recorded long-distance movements
greater that 1,000 km (e.g. Genov et al., 2012).

Although detailed information on common dolphin life history remains scarce for most regions
and populations around the world, common dolphin sexual maturity has been estimated to be
between 7-9 years of age, with a generation time of about 14.8 years, and interbirth interval of
1 to 3 years (Taylor et al., 2007; Murphy et al., 2019). The life span of a common dolphin is
believed to be over 25 years of age, with a gestation period of less than 12 months (Mirimin et

al., 2009; Moller, 2011).

Common dolphin movements are mainly driven by the distribution and density of their prey
(e.g. Neumann, 2001; Meynier et al., 2008; Spitz et al., 2012). Their highly dynamic social
structure and wide distribution allows them to utilise different feeding strategies depending on
their environment and the targeted prey species (Natoli et al., 2008; Moller, 2011; Zanardo et
al., 2016). These may include different strategies used in shallow waters, where some
individuals may present high speed pursuits (Neumann and Orams, 2003; Meynier et al., 2008;
Stockin and Orams, 2009), as compared to oceanic waters where they may prefer feeding
cooperatively (e.g. Neumann and Orams, 2003; Stockin and Orams, 2009; Hupman, 2016). In
some regions, common dolphins have been documented to perform seasonal migrations in
relatively large areas, moving to large upwelling centres to feed in aggregation areas with other

large marine predators (e.g. Natoli et al., 2008; Moller et al., 2011; Bilgmann et al., 2014).
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However, in some areas where they seem to remain year-round, they may target different prey
species depending on seasonal availability (e.g. Filby et al., 2013; Mason et al., 2016; Peters et
al., 2020).

Common dolphins prefer to target small mesopelagic fish schools with high energy density,
including but not limited to species such as sardines (Sardinops sagax), anchovies (Engraulis
australis), mackerel (Trachurus declivis, T.s. murphyi, T. novaezelandiae and Scomber
australasicus), herring (Clupea harengus) and blue withing (Micromeristius poutassou)

(Murphy et al., 2013; Goldsworthy et al., 2019b; Peters et al., 2020).

Status of Australasian common dolphins

Common dolphins are distributed across Australasia in temperate and subtropical waters (e.g.
Moller et al., 2011; Bilgmann et al., 2018; Peters and Stockin, 2021) (Figure 1.1). In Australia,
common dolphins can be found from coastal to pelagic environments along the southern and
eastern coasts, where they appear to concentrate over the continental shelf (Mdller, 2011;
Bilgmann et al., 2014; Bilgmann et al., 2018). In New Zealand, common dolphins can be found
in coastal and pelagic environments around both North and South Islands, although they seem
to mainly concentrate around the North Island (Stockin and Orams, 2009; Dwyer et al., 2020;
Peters and Stockin, 2021). Overall, common dolphins inhabit a wide variety of environments
in Australasia. Some groups inhabit protected shallow waters in embayment environments,
which have been described as potential year-round habitat for the species (e.g. Filby et al.,
2010; Mason et al., 2016; Dwyer et al., 2020). Other groups of common dolphins inhabit waters
of the continental shelf, with seasonal migration to aggregations in areas of high biological
productivity, such upwelling centres and eddies (e.g. Moller et al., 2011; Bilgmann et al.,

2014).

Information on the total abundance of Australasian common dolphins is lacking, with only a
few estimates available for some regions (Abraham et al., 2017; Bilgmann et al., 2018; Hupman
et al., 2018). For New Zealand, the largest estimation was based on a model for the Northern
Island, which provided a total of 18,145 common dolphins (CV =0.33, 95% CI =9,669-33,726)
(Abraham et al., 2017). Seasonal abundance estimates based on photo-ID and mark-recapture
models in the Hauraki Gulf yielded an estimate of 732 dolphins (CI= 460-1,177) during
autumn, and 5,034 (CI=4,745-5,930) during spring of 2010 (Hupman et al., 2018). For
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Australia, two estimates were done based on aerial surveys, both in southern Australia. One
covering over 40,000 km? of the two South Australian Gulfs and adjacent shelf waters, which
led to an estimate of 21,733 common dolphins (CV = 0.25; 95% CI = 13,809-34,203) (Parra et
al., in review), while the other over the continental shelf in the waters off the western Eyre
Peninsula in the Great Australian Bight estimated between 20,000 to 22,000 common dolphins
(CV = 0.28-0.31; 95% CI = 11,067-38,003) (Bilgmann et al., 2018). Despite the limited
information on population sizes and dispersal patterns of the species across Australasia, there
are additional photo-ID studies that provided information of abundance and structure (Stockin,
2008; Mason et al., 2016; Hupman et al., 2018). These photo-ID studies have showed that
common dolphins groups can vary from less than 10 individuals in shallow protected waters
(e.g. Filby et al., 2010; Mason et al., 2016; Dwyer et al., 2020), to over 100 individuals in some

pelagic areas (e.g. Bilgmann et al., 2018; Hupman et al., 2018; Parra et al., in review).

Genetic markers, such as mitochondrial DNA (mtDNA) and microsatellites, have been used to
investigate the population structure of Australasian common dolphins (e.g. Mdller et al., 2011;
Bilgmann et al., 2014; Stockin et al., 2014). A world-wide study that analysed some common
dolphins from Australasia suggested a degree of genetic differentiation between Pacific and
Indian Ocean dolphins (>1,500 km) (Amaral et al., 2012a). This genetic differentiation was
also shown in further studies with traditional markers looking at finer spatial scales (<1,000
km) (Bilgmann et al., 2014). In the case of southern Australia, the presence of at least five
common dolphin populations was suggested (Bilgmann et al., 2014), while for eastern
Australian three populations were disclosed (Moller et al., 2011). In New Zealand, a study
suggested at least two separate populations, one close to shore and the other in oceanic waters
(Stockin et al., 2014). However, studies based on a few molecular markers may not be accurate
for determining spatial population structure (e.g. Teske et al., 2018; Rajora, 2019). In addition,
there is no detailed information about connectivity of common dolphins on a larger scale across
southern Australia, eastern Australia and New Zealand. This limited information about
population boundaries and connectivity between and among Australasian common dolphin
populations has hindered conservation and management programs for the species in this region

since they are essential to set sustainable limits for spatial fisheries by-catch.

Threats to Australasian common dolphins
The rapid anthropogenic and climatic events that are currently impacting common dolphins in

Australasia could potentially change ecosystem services that this species provide to the marine
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environment (Castro-Tavares et al., 2019; Sousa et al., 2019). Studies about the potential
impacts of climate change on Australasian common dolphins are scarce, and mainly focus on
specific areas with human threats across different species (e.g. Robbins et al., 2017). Some
studies of other small cetacean species that share Australian waters have suggested that future
climate may compromise their populations (e.g. Watson et al., 2013) leading to declines or
habitat displacement (e.g. Bilgmann et al., 2019; Reed et al., 2020), potential negative impacts
on reproduction and health, and occasionally lead to large morbidity and/or mortality events
(e.g. Kemper et al., 2016; Reed et al., 2020; Batley et al., 2021). For Australasian common
dolphins, a previous epizootic event of cetacean morbillivirus, which coincided with a marine
heatwave and algae bloom caused the mortality of at least eight individuals of this species

(Kemper et al., 2016).

Historically, common dolphins are considered one of the most impacted cetacean species by
commercial fisheries (Thompson et al., 2013; Abraham et al., 2017; Tulloch et al., 2020).
Commercial fishery interactions occur mainly due to the close association of common dolphins
to small pelagic fish schools while fishing practices are taking place (Bilgmann et al., 2008;
Abraham et al., 2017). Thus, these interactions often result in incidental encirclements or
capture depending on the type of fishery, and occasionally lead to by-catch of individuals
(Abraham et al., 2017; Goldsworthy et al., 2019b; Tulloch et al., 2020). In Australia, common
dolphin incidental by-catch has occurred in trawl, purse-seine, gillnet and long-line fisheries,
which catches mainly for mackerel (7. declivis, T.s. murphyi, T. novaezelandiae and S.
australasicus), sardines (E. australis), and gummy sharks (Mustelus antarticus) (Australian
Goverment, 2019b). In New Zealand, the incidental by-catch of common dolphins occurs
mainly in mid-water trawl and long-line fisheries, which target various mackerel species (7.
declivis, T.s. murphyi, T. novaezelandiae and S. australasicus) (Thompson et al., 2013;

Abraham et al., 2017).

In at least two of these fisheries, incidental by-catch has resulted in large mortalities of common
dolphins. In Australia, during a period of seven months in 2004-2005, more than 1,700
encirclements and over 370 mortalities of common dolphins occurred in the South Australian
Sardine Fishery (SASF) (Hamer et al., 2008). In New Zealand, between 2002-2003, over 200
common dolphins mortalities were registered in the trawl fishery (Thompson et al., 2013). As
a response, fishery codes of practices were soon implemented in both countries, which led to a

general reduction of dolphin mortalities (Goldsworthy et al., 2019b; Fisheries of New Zealand,
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2020). However, recent studies in New Zealand found that common dolphins are still one of
the main marine mammal species accidentally caught by commercial fisheries (Abraham et al.,
2017). Furthermore, in 2018-2019 the SASF reported a discrepancy between the data recorded
by commercial fishers and independent observers on board vessels (with a current observer
coverage of around 10% of the fishery) (AFMA, 2019b; Goldsworthy et al., 2019b; AFMA,
2020b), suggesting that mortalities of common dolphins may be underreported. In addition, the
cumulative impacts on dolphin populations of mortalities occurring in different fisheries is
currently unknown (Mackay and Goldsworthy, 2017). This is exacerbated by the limited

information about population boundaries, connectivity and abundance.

Seascape genomics of Australasian common dolphins

To assist management and conservation strategies, it is essential to understand eco-
evolutionary processes that shape the population structure and connectivity of marine species
(Grummer et al., 2019). Genetic variation is expected to provide marine species with adaptive
resilience to rapid environmental changes (Grummer et al., 2019; Manel et al., 2019). Past
genetic studies of common dolphins in Australasia have suggested that population
differentiation may be driven by environmental variables, including oceanographic currents
that may restrict the dispersal of the species (e.g. Moller et al., 2011; Bilgmann et al., 2014;
Stockin et al., 2014). However, only one study has explicitly tested for associations of genetic
variation and environmental variation, revealing that the genetic differentiation between ocean
basins is associated with differences in sea surface temperature and chlorophyll a (e.g. Amaral
et al., 2012a). However, to the best of my knowledge, the association between connectivity and
environmental features shaping genomic differentiation has not been assessed for common

dolphins in a metapopulation context.

The recent implementation of genomic frameworks using thousands of genomic markers, has
the potential to answer questions in conservation genetics that were, in most cases, intractable
using a handful of traditional genetic molecular markers (Allendorf et al., 2010; Stapley et al.,
2010; Funk et al., 2012). This includes, but is not limited to, what loci are likely to be associated
with selective pressures, or which genomic variants are involved in specific adaptations.
Genomic studies can provide these answers by increasing the power and accuracy of parameter
estimation for species and populations of conservation and management concern (Luikart et
al., 2003; Stapley et al., 2010; Funk et al., 2012). In the case of common dolphins, such studies

would provide greater resolution to delineate population structure and potential boundaries of
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dispersal, levels of connectivity, and to evaluate environmental factors shaping their

populations in particular regions and local areas.

For other members of the STD complex, for example the spinner (S. longirostris) and
pantropical spotted (S. attenuata) dolphins from the eastern tropical Pacific Ocean, the use of
genomic markers (SNPs) led to the proposal of biologically meaningful management units for
fishery-impacted populations of these species, which previously could not be genetically
differentiated based on traditional genetic markers (Leslie and Morin, 2016). More recently
adaptive divergence between ecotypes was also suggested (Andrews et al., 2021). For Indo-
Pacific bottlenose dolphins (7. aduncus), putative adaptive genomic markers allowed to
differentiate populations and ecotypes based on adaptive divergence, which was not previously
disclosed with traditional genetic markers (e.g. Pratt et al., 2018; Pratt, 2020). For Lahille’s
bottlenose dolphins (7. t. gephyreus), recent used of neutral genomic markers distinguished
populations with strong social behaviour at a very fine-scale (<50 km) (Genoves et al., 2020).
These studies suggest that efforts should focus on both neutral and adaptive genomic variation
to provide a better understanding of patterns and processes that may impact the genomic
structure of dolphins and adaptive divergence among their populations. This is essential for
species such as common dolphins that inhabit continuous environments over large geographic
areas, to ensure appropriate conservation and management actions that could in turn provide
long-term, high standing genomic variation of populations. It is proposed that these
assessments will provide additional information about populations capacity for long-term
persistence and potential for adaptive resilience given ongoing and future anthropogenic

impacts and environmental changes.
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THESIS STATEMENT

This thesis aims to assess neutral and adaptive genomic variation of Australian and New
Zealand common dolphins (Delphinus delphis). It uses a seascape genomics framework to
integrate genomic variation and environmental data to investigate adaptive divergence and to
provide information for conservation and management of populations. Particular focus was
given to the following objectives: (1) Clarify population genomic diversity, structure and
connectivity among Australasian common dolphins; (2) assess common dolphin adaptive
divergence at different population segments; and (3) evaluate the association between common
dolphin genomic differentiation and environmental variables to identify oceanographic
phenomena that may be impacting on the populations. Overall, the outcomes of this project
provide information about neutral population structure, connectivity and adaptive divergence,
as well as preliminary evidence of parallel selection in some regions of the common dolphin
genome. It also emphasises the benefits of using neutral and adaptive genomic markers when
studying metapopulation systems, and assists with information for the conservation and

management of common dolphins in Australasia.

Thesis Structure

This thesis consists of five chapters. The first chapter (I) is a general introduction, followed by
three data chapters (I, III and IV) that are currently written as stand-alone papers. The last

chapter (V) is a general discussion of the thesis.

Chapter 1. This chapter provides a general introduction detailing general concepts relevant to
the thesis, including evolutionary theory, adaptation in cetaceans, population structure in
delphinids, general knowledge about common dolphins, current status of the species in
Australasia, and the importance of seascape genomic studies for conservation and management

of marine species.

Chapter II. This chapter expands from past studies that used neutral genetic markers
(microsatellites and mtDNA) to investigate population structure of Australian and New
Zealand common dolphins (Moller et al., 2011; Bilgmann et al., 2014; Stockin et al., 2014).
The main aim was to clarify neutral population structure and connectivity of common dolphins
and compare it, for the first-time, across its main distribution in Australasia. To achieve this

objective, a small representation of the genome was obtained using a double digest restriction-
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site associated DNA sequencing (ddRADseq) method, which provided genomic markers that
could be distinguished into putatively neutral and adaptive single nucleotide polymorphisms
(SNPs). For this chapter, the putatively neutral SNP dataset was analysed, and compared to
novel and previous genetic data (mtDNA control-region haplotypes). The sampling design
covered the known distribution of the species across Australia and New Zealand, representing
one of the largest datasets for small cetaceans utilised for a population genomics study. This
chapter is published in Frontiers and Marine Science journal, special issue Small Cetacean
Conservation: Current Challenges and Opportunities. (Barcelé6 A, Sandoval-Castillo J,
Stockin KA, Bilgmann K, Attard CM, Zanardo N, Parra GJ, Hupman K, Reeves IM, Betty EL,
Tezanos-Pinto G, Beheregaray LB and Moller LM (2021) A Matter of Scale: Population
Genomic Structure and Connectivity of Fisheries At-Risk Common Dolphins (Delphinus
delphis) From Australasia. Front. Mar. Sci. 8:616673. doi: 10.3389/fmars.2021.616673). Co-

author contributions are stated at the beginning of this chapter.

Chapter III. This research expands from chapter II, where only putatively neutral genomic
markers were used, into a comparative analysis of putatively neutral and adaptive variation for
the southern Australian regional population. This builds on the main results of the previous
chapter that characterised neutral metapopulation structure across Australasia, and focuses on
the environmental heterogeneity in southern Australia (i.e. Indian Ocean). This chapter
assesses the association between genomic variation and environmental variables to identify
signals of selection that might be leading to adaptive divergence between populations. For this,
southern Australian common dolphins were extracted from the full metapopulation dataset
(Australia and New Zealand) to implement a Bayesian and a Genotype-Environment
Association approach, and to assess whether a range of environmental, oceanographic and
topographic variables were associated with their genomic variation in different habitats across
the region. To the best of my knowledge, this is the first study of common dolphins using a

seascape genomics framework.

Chapter IV. In this chapter, the entire Australian metapopulation was assessed, with samples
collected from southern and eastern Australia common dolphins. The main objective was to
determine if environmental variables were associated with the genomic divergence observed
between Australian common dolphin regional populations. To characterise this, putatively
adaptive makers were identified based on a seascape genomics and on a Bayesian method. This

study expands from the previous chapters of the Australasian metapopulation and on
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availability of free-ranging samples, focusing on describing the influence of environmental
gradients and discontinuities at the Australian-wide metapopulation level (broad-scale), as well
and in the eastern Australia segment (fine-scale). The outcomes of this chapter intend to inform
managers and policy makers of the potential adaptive capacity of common dolphins, as well as
the relevance of connectivity at metapopulation level for appropriate conservation and

management of the species in the region.

Chapter V. This chapter is a general discussion about the three data chapters, including neutral
and adaptive genomic variation of common dolphins across the hierarchical Australasian
metapopulation. Here, I focus on contrasting the results with other species, particularly
cetacean species and other large predators. I also discuss the management and conservation
implications of the thesis’ findings, mostly in relation to common dolphin connectivity within
the hierarchical metapopulation structure, which includes putative evidence of localised
adaptive divergence disclosed by the seascape genomic analyses. I integrated this discussion
with some of the benefits of including both neutral and adaptive genomic datasets for
investigating population structure and connectivity in marine species and populations of

conservation and management concern.

During my candidature, I also contributed to the laboratory, analytical and written components
of a report related to this project, as well as with the laboratory and some analytical components
of a population genomic study of another Australasian cetacean species, the killer whale,
Orcinus orca. These are listed below, and for the report already published, the cover was added

to Appendix A.

1) Moller L., Barceldo A., Sandoval-Castillo J., Beheregaray L., Hupman K., Betty E.,
Stockin K.A. Population structure and size of New Zealand common dolphins. New
Zealand Aquatic Environment and Biodiversity Report, Ministry of Primary Industries,

New Zealand. 54pp.

2) Reeves, . M, J. Totterdell, A. Barcelé, J. Sandoval-Castillo, K. Batley, K. Stockin, E.
Betty, D. Donnelly, R. Wellard, L. B. Beheregaray and L. B. Moéller. Population
genomic structure of killer whales (Orcinus orca) in Australian and New Zealand

waters. In review, Marine Mammal Science.
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CHAPTER 2. A MATTER OF SCALE: POPULATION
GENOMIC STRUCTURE AND CONNECTIVITY OF
FISHERIES AT-RISK COMMON DOLPHINS (DELPHINUS
DELPHIS) FROM AUSTRALASIA

‘ @ Madddie 7w «/‘/ay

This chapter is published in Frontiers and Marine Science journal, special issue Small
Cetacean Conservation: Current Challenges and Opportunities. (Barcelé6 A, Sandoval-
Castillo J, Stockin KA, Bilgmann K, Attard CM, Zanardo N, Parra GJ, Hupman K, Reeves IM,
Betty EL, Tezanos-Pinto G, Beheregaray LB and Moller LM (2021) A Matter of Scale:
Population Genomic Structure and Connectivity of Fisheries At-Risk Common Dolphins
(Delphinus  delphis)  From  Australasia. Front. Mar. Sci. 8:616673. doi:
10.3389/fmars.2021.616673). A copy of the manuscript in the journal format can be found as
part of the Appendix A.
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Abstract

An understanding of population structure and connectivity at multiple spatial scales is required
to assist wildlife conservation and management. This is particularly critical for widely
distributed and highly mobile marine mammals subject to fisheries by-catch. Here, we present
a population genomic assessment of a near-top predator, the common dolphin (Delphinus
delphis), which is incidentally caught in multiple fisheries across the Australasian region. The
study was carried out using 14,799 ddRAD sequenced genome-wide markers genotyped for
478 individuals sampled at multiple spatial scales across Australasia. A complex hierarchical
metapopulation structure was identified, with three highly distinct and genetically diverse
regional populations at large spatial scales (>1,500 km). The populations inhabit the southern
coast of Australia, the eastern coast of Australia, and New Zealand and Tasmania, with the
latter also showing a considerable level of admixture to Australia’s east coast. Each of these
regional populations contained two to four nested local populations (i.e. subpopulations) at
finer spatial scales, with most of the gene flow occurring within distances of 50 to 400 km.
Estimates of contemporary migration rates between adjacent subpopulations ranged from 6 to
25%. Overall, our findings identified complex common dolphin population structure and
connectivity across state and international jurisdictions, including migration and gene flow
across the Tasman Sea. The results indicate that inter-jurisdictional collaboration is required to
implement conservation management strategies and mitigate fisheries interactions of common

dolphins across multiple spatial scales in the Australasian region.

Keywords: Delphinids, fisheries genomics, isolation-by-distance, migration, gene flow,

metapopulation, conservation genomics.
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Introduction

Genetic connectivity and the delineation of populations, including their boundaries, are
fundamental issues in conservation biology, because such information can advise on the scale
of which to conserve and manage wildlife species (Leslie and Morin, 2016; Taylor et al., 2017,
Dunn et al., 2019; Pierre, 2019; Sousa et al., 2019; Taft et al., 2020; Tulloch et al., 2020).
Studies using molecular markers can inform on the number and distribution of populations,
their genetic diversity, their resilience to environmental change, as well as their vulnerability
to anthropogenic impacts and disease outbreaks (DiBattista et al., 2017; Holland et al., 2017,
Bradburd et al., 2018; Batley et al., 2019; Breed et al., 2019; Grummer et al., 2019; Jasper et
al., 2019; Perry and Lee, 2019; Leitwein et al., 2020). However, incorporating genetic data into
conservation policy and management remains a challenge, and enhanced collaboration between
conservation geneticists and wildlife managers is needed (Funk et al., 2012; Hendricks et al.,

2018; Gardner et al., 2020; Holderegger et al., 2020; Taft et al., 2020).

Studies of population structure and dynamics emerged with the theories of island biogeography
and metapopulation dynamics (MacArthur and Wilson, 1967; Levins, 1969; Hanski, 1998),
and have evolved since then into characterising connectivity of species among habitat patches
in heterogeneous environments under different spatial and temporal scales (Waples and
Gaggiotti, 2006; Compton et al., 2007; Manel et al., 2019). In marine environments, there is
still limited information about how geographic barriers and spatial scales impact on population
genetic structure (Riginos et al., 2016). Population structure and the dispersal of marine species
may be associated with a range of factors such as spatial distance, oceanographic features (e.g.
currents, upwellings, environmental gradients) and ecological traits (e.g. feeding ecology and
life history), making it difficult to disentangle these factors (Selkoe et al., 2016; Bernatchez et

al., 2018) and establishing policies for conservation and management.

The movement of marine species with active dispersal, such as delphinids, can occur at any
life stage. Despite this, dolphins can exhibit population genetic structure at relatively small
spatial scales (e.g. Hoelzel, 1998; Natoli et al., 2006; Moller et al., 2007; Quérouil et al., 2007)
and are often subdivided into local populations (e.g. Natoli et al., 2005; Hoelzel et al., 2007,
Mendez et al., 2008; Moller, 2011; Caballero et al., 2012; Nykanen et al., 2018; Parra et al.,
2018; Pratt et al., 2018). When these populations are interconnected, but exhibit specific
ecological and/or behavioural traits in a geographic area, a complex metapopulation system

may arise (Riginos et al., 2016; Selkoe et al., 2016; Perry and Lee, 2019).
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At large scales, the dispersal and population structure of dolphins is influenced by
oceanographic or environmental variables such as depth, currents, upwellings, salinity
gradients, sea surface temperatures and primary productivity (Fullard et al., 2000; Natoli et al.,
2005; Quérouil et al., 2007; Mirimin et al., 2009; Moller et al., 2011; Amaral et al., 2012a;
Bilgmann et al., 2014; Fruet et al., 2014; Gaspari et al., 2015a; Pratt et al., 2018). At smaller
scales, localised site fidelity, complex social behaviour and feeding specialisations may result
in adaptations to local environments, which leads to further population subdivision (Hoelzel et
al., 2007; Moller et al., 2007; Ansmann et al., 2012; Fruet et al., 2014; Cammen et al., 2016;
Foote et al., 2016; Zanardo et al., 2017; Pratt et al., 2018).

Common dolphins (Delphinus delphis) have a high dispersal potential and inhabit coastal and
pelagic environments in temperate and subtropical waters of both southern and northern
hemispheres (Natoli et al., 2008; Whitehead et al., 2008; Moller, 2011). In Australasia,
common dolphin distribution ranges from embayment and gulf waters, to coastal and shelf
waters of Australia and New Zealand (Moller et al., 2011; Bilgmann et al., 2014; Stockin et
al., 2014; Mason et al., 2016; Zanardo et al., 2016; Dwyer et al., 2020; Peters and Stockin,
2021). At its most extreme, common dolphins in some semi-enclosed, relatively shallow
embayments, show moderate to high site fidelity, such as in Port Phillip Bay (Victoria,
Australia), Gulf St Vincent (South Australia) (Filby et al., 2010; Mason et al., 2016), and in
the Hauraki Gulf (New Zealand) (Stockin et al., 2008; Hupman, 2016; Hupman et al., 2018;
Pawley et al., 2018).

Differences in prey abundance, distribution and diversity can lead to feeding specialisations in
common dolphins (Neumann and Orams, 2003), which may shape their population structure at
fine and medium spatial scales (Moller et al., 2007; Tezanos-Pinto et al., 2009; Méller et al.,
2011). Movements of common dolphins are known to generally associated with the movement
of their prey, which includes schooling fish such as jack mackerel (Trachurus declivis, T.
symmetricus, T. murphyi and T. novaezelandiae), blue mackerel (Scomber australasicus),
sardines (Sardina sagax), southern calamari (Sepioteuthis australis) and anchovies (Engraulis
australis) (e.g. Meynier et al., 2008; Goldsworthy et al., 2019a). In turn, most of these prey
species are heavily targeted by fisheries, both for human consumption and to feed fish held in
aquaculture farms, making common dolphins particularly susceptible to interactions with
fisheries and to incidental mortalities (Kemper et al., 2003; Bilgmann et al., 2008; Stockin et

al., 2009b).
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Indeed, common dolphins in Australasia suffer mortalities as by-catch in multiple fisheries
(Hamer et al., 2008; Thompson et al., 2013; Abraham et al., 2017; Tulloch et al., 2020). In
Australia, common dolphins are incidentally by-caught in purse-seine, trawl, and gillnet
fisheries (e.g. Hamer et al., 2008; AFMA, 2019b), with approximately 380 mortalities recorded
in purse-seine nets in 2004-2005 (Hamer et al., 2008), and more than 100 mortalities during
2011-2019 in gillnets (AFMA, 2019a; 2020b). In New Zealand, common dolphins are mainly
threatened by trawl and surface long-line fisheries (Abraham et al., 2017; Pierre, 2019), with
at least 200 captures occurring from 2002 to 2017 in the trawl fishery (MPI, 2019). While
mitigation of common dolphin by-catch in these countries has led to a general reduction in
mortalities over time (Rowe, 2007; Ward and Grammer, 2018; Goldsworthy et al., 2019b), by-
catch incidents have continued and occasionally spike in numbers (Abraham et al., 2017;
Goldsworthy et al., 2019b). Notably, the cumulative impacts of dolphin-fishery interactions
are currently unknown (Mackay et al., 2016), and by-catch is still managed separately by each
fishery and based on fishing management zones, not based on dolphins’ stock structure. These
issues are exacerbated by limited information about dolphin abundance in Australasia, and how
many dolphins can be caught without compromising the long-term viability of the populations.
These estimates of potential biological removal (PBR), have been estimated based on aerial
surveys and fisheries surveys. For South Australia, an aerial assessment done over 40,000km?
led to an estimation of 21,733 common dolphins (CV = 0.25; 95% CI = 13,809-34,203) (Parra
et al., in review), while in New Zealand an estimation for the Northern Island was of 18,145

common dolphins (CV =0.33, 95% CI = 9,669-33,726) (Abraham et al., 2017).

In Australasia, common dolphins are known from previous studies to exhibit a degree of
population genetic structure (Bilgmann et al., 2007b; Méller et al., 2011; Amaral et al., 2012a;
Bilgmann et al., 2014; Zanardo et al., 2016). These studies utilised traditional genetic markers
such as mitochondrial DNA (mtDNA) and microsatellites and have identified population
genetic differentiation at broad spatial scales (>1,500 km) between common dolphins of the
Pacific and Indian Oceans (Amaral et al., 2012a; Bilgmann et al., 2014), as well as over finer
spatial scales (<1,000 km; in southern (Bilgmann et al., 2014) and eastern Australia (Mdller et
al., 2011), and New Zealand (Stockin et al., 2014). However, studies based on a few molecular
markers may not be accurate for determining spatial population structure (e.g. Teske et al.,
2018; Rajora, 2019). The use of thousands of genome-wide markers circumvents this issue by
providing powerful data to clarify spatially complex population structure (Frankham et al.,

2010; Funk et al., 2012; Cammen et al., 2016; Teske et al., 2018; Manel et al., 2019).
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Here, we assess the population genomic structure of common dolphins using a multi-scale
approach across its distribution in Australasia. Our primary aims are to elucidate patterns of
genomic diversity, population structure and connectivity using a novel and powerful genome-
wide dataset for common dolphins based on single nucleotide polymorphisms (SNPs). We
complement this population genomic assessment with analyses of novel and previously
published mtDNA sequences. Our study combines broad and fine-scale approaches to resolve
structure and connectivity and provides detailed information to enhance the conservation

management of common dolphins in Australasia.

Methods

Study area and sampling

The study area encompasses two major oceanic regions, the southern Indian Ocean (Australia’s
southern coast) and the south-western Pacific Ocean (Australia’s eastern coast, Tasmania and
New Zealand). Skin samples were collected from live animals (i.e. biopsied) and carcasses (i.e.
stranded and by-caught animals) over 17 years (2000-2017) at 16 localities across the species
range in Australia and New Zealand (Figure 2.1). Samples from live individuals were obtained
using a hand held biopsy pole (Bilgmann et al., 2007a) or a remote biopsy system (PAXARMS)
(Krutzen et al., 2002). A total of 510 samples were analysed for population genomics, including
310 biopsy samples and 200 stranding and by-catch samples, with the GPS location allocated

to where an individual was found/caught (Figure 2.1).
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Figure 2.1 Study area in the Australasian region showing the geolocations for 478 common
dolphin (D. delphis) samples used for the genome-wide analyses. Blue lines correspond to main
current systems in Australasia. Acronyms: *West, Southern coast of Australia (WSC); Great
Australian Bight, Southern coast of Australia (GBSC); shelf waters in Spencer Gulf, Southern
coast of Australia (SGSC); Gulf St Vincent, Southern coast of Australia (GSVSC); East,
Southern coast of Australia (ESC); Wilson Promontory, Southern coast of Australia (WPSC);
North, Eastern coast of Australia (NECA); Central, Eastern coast of Australia (CECA); South,
Eastern coast of Australia (SECA); Cook Strait, New Zealand (CS); West North Island, New
Zealand (WNI); North East Island, New Zealand (NENI), East, North Island, New Zealand
(ENI); Chatman Island, New Zealand (CI); East, South Island, New Zealand (ESI).

DNA extraction and sex determination

Genomic DNA was extracted from samples using a modified salting out protocol (Sunnucks
and Hales, 1996). Extraction quality was then assessed using a NanoDrop-2000 (Thermo
scientific) spectrophotometer, quantity estimated by a Qubit 2.0 fluorometer (Life
Technologies), and integrity evaluated with agarose gels. If degradation was observed, DNA
fragments >5 Kbp were selected using AMPure XP magnetic beads (Beckman Coulter

Genomics), using a ratio of 0.8:1 (beads: DNA). The sex was genetically determined by the
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amplification of fragments of the ZFX and ZFY genes for all DNA samples, following Banks
et al. (1995).

Mitochondrial DNA control region (mtDNA CR) sequencing and data analysis

A fragment of the mtDNA CR of approximately 450 base pairs (bp) was amplified by the
polymerase chain reaction (PCR) with primers DLP1.5 and DLPS5, as modified by Méller and
Beheregaray (2001), and sequenced in an Applied Biosystems 3730XL Sequencer. MtDNA
CR sequences were then trimmed and aligned using Geneious v.6.0.4 (Kearse et al., 2012).
ARLEQUIN v3.5.2.2 (Excoffier and Lischer, 2010) was used to estimate nucleotide and
haplotype diversities overall and for each locality. To assess genetic differentiation between
localities, pairwise ¢st (Weir and Cockerham, 1984) was estimated with significance assessed
using 10,000 permutations False Discovery Rate (FDR = 10%) and corrected for multiple tests
by the B-Y method (Benjamini and Yekutieli, 2001). Heatmap plots of pairwise ¢st values
were then constructed in the language R (R Development Core Team, 2018), with the package
ggplot2 (Wickham, 2016). A haplotype network was built in PopART 1.7, using the ancestral
parsimony and 95% cut-off (Clement et al., 2002). The latter was carried out to assess
evolutionary relationships of the inferred maternal lineages (i.e. mtDNA CR haplotypes).
Together with estimates of nucleotide diversity, this provides an indication of long-term
evolutionary divergence (or similarity) of common dolphin lineages. A total of 197 samples
were sequenced and retained for analysis after filtering out poor quality peaks, and trimming
to 440 bp to match the sequence fragments of Moller et al. (2011) (N = 63), Stockin et al.
(2014) (N = 24), and Bilgmann et al. (2014) (N = 110). Altogether a total of 394 individual

sequences were available for analyses based on mtDNA CR.

Genomic library preparation and ddRAD sequencing

Double digest restriction-site associated DNA (ddRAD) libraries were prepared following
Peterson et al. (2012), with modifications. Each sample was digested with two restriction
enzymes ShfI and Msel, and then ligated with one of 96 individual barcodes designed in-house.
Samples were then pooled into a multiplex of 12 individuals. Libraries were size selected for
250-800 bp fragments with a Pippin prep electrophoresis gel (Sage Science). The samples were
amplified by PCR, and after this removal of PCR by-products was done using AMPure XP
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magnetic beads (ratio of 0.8:1). Real-time PCR was used to determine the DNA concentration
to accurately pool eight libraries of 12 samples together in equal concentrations, creating one
multiplex library of 96 uniquely barcoded samples sent for sequencing. The multiplex libraries
were then single-end, 100 bp sequenced using multiple lanes in an Illumina HiSeq 2500 at the

South Australian Health & Medical Research Institute (SAHMRI).

Sequences and SNP filtering

Sequence quality checks were performed on the raw reads, followed by demultiplexing,
trimming of barcodes and RAD tags (only one error allowed) and sorting into individual
samples using process_radtags with STACKS v1.48 (Catchen et al., 2013). Next, filtered
sequences were processed to generate a final SNP dataset using the dDocent2.2.19 pipeline
(Puritz et al., 2014). The resulted variant calling file (VCF), with sequence variation across all
samples (raw SNP catalogue), was then filtered using VCFtools (Danecek et al., 2011) (for
details see Appendix B). To further assess the quality of the SNP dataset and to exclude
exogenous sequences, the quality-filtered reads were mapped against two genomes from
closely related dolphin species: the Tursiops truncatus genome (Tur_tru_Illumina phased vl,
GenBank Assembly ID: GCA 003435595.3) and the southern Australian bottlenose dolphin
(SABD), Tursiops aduncus genome (Batley et al., unpublished). This was done using Bowtie2,
following suggested standard procedures from Langmead and Salzberg (2012), allowing no
mismatches in seed alignment and up to 20 consecutive seed fails. A linkage disequilibrium
(LD) filter was implemented to obtain a dataset with the most likely number of independent

markers (for details see Appendix B).

Detecting neutral SNPs

SNPs putatively under selection were identified and removed from the dataset so that
population structure analyses were based on markers conforming to neutral expectations
(Luikart et al., 2003). This was done using an outlier test in BayeScan v2.1 (Foll and Gaggiotti,
2008) run with 100,000 iterations and prior odds of 10,000. Loci with a false discovery rate

<10% were considered as not behaving as neutral and removed from the population analyses.
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Relatedness estimates for excluding potential duplicate samples

Relatedness between pairs of individuals was estimated using the triadic likelihood estimator
(TrioML) in Coancestry v1.0.1.9 (Wang, 2011) to exclude potential re-sampled individuals (set
at »>0.7) from the population analyses. This method estimates pairwise relatedness () by using
a third individual as a control, thus decreasing the chance of genes identical in state being

mistakenly inferred as identical by descent (Wang, 2007).

Genomic Data Analyses

Genomic diversity, population structure and genomic differentiation

Genomic diversity was estimated for each locality sample as expected heterozygosity (HE),
observed heterozygosity (Ho), the inbreeding coefficient (Fis), and percentage of polymorphic
loci (P) using Genodive 2.0b27 (Meirmans and Van Tienderen, 2004). Population genetic
structure was assessed using a Principal Component Analysis (PCA) and Discriminant
Analysis of Principal Components (DAPC) with the R package Adegenet (Jombart and Ahmed,
2011) using an annealing simulation of 50,000 steps, and an optimal number of PCs to be
retained, as suggested in Adegenet (Jombart and Collins, 2015). Both PCA and DAPC are
model-free approaches for investigating population structure. The Bayesian information
criterion (BIC) and Akaike information criterion (AIC) were then used to determine the best-
supported number of clusters in the dataset, using the snapclust.chooseK function in the R
package Adegenet (Beugin et al., 2018). Bayesian clustering was used to infer population
stratification based on estimated individual ancestries using Admixture v1.3.0 (Alexander et
al., 2009). This was done by performing a maximum likelihood estimates, using the ancestry
portion and the population allele frequency to assign the most likely number of K (e.g.
populations) in the dataset, testing for K1-16, and to model the probability of observed
genotypes. The maximum likelihood of K and the fast-sequential quadratic algorithm were
subsequently used as a cross validation with ten replicates for each K value, using K1-8
(Alexander et al., 2009; Alexander and Lange, 2011). Genetic differentiation among localities
was estimated as pairwise Fst (Weir and Cockerham, 1984) using Genodive 2.0b27.
Significance levels were assessed using 10,000 permutations (FDR = 10%), and then corrected
by the B-Y method. Heatmap plots of Fst were constructed with the R package ggplot2. A
Mantel test (Mantel, 1967) was used to test for isolation by distance (IBD) using the shortest

waterway distance matrix calculated in ArcMap v10.4 (Esri Inc., Redlands, CA) and a
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linearised pairwise Fst matrix (Fst /1- Fst) as genetic distance. Scatterplots were then

generated with the R package Adegenet.

Contemporary migration rates and first-generation migrants

Contemporary migration rates were estimated with BayesAss v3.0.4 (Wilson and Rannala,
2003) using the putatively neutral, unlinked SNPs. The method applies a Bayesian Markov
chain Monte Carlo approach to estimate asymmetrical rates of recent migration (m), which
represents the proportion of each population having migrant ancestry over the last generations.
Common dolphins exhibit a long generation time ~15 years, with interbirth intervals from 1-3
years (Taylor et al., 2007; Moller, 2011). The analysis was run with 10 million iterations and
1 million iterations as burn-in, and mixing parameters (allele frequencies, inbreeding
coefficients and migration rates) were adjusted to achieve recommended acceptance rates
(Wilson and Rannala, 2003). Convergence was then inspected by plotting the cumulative log
likelihoods of the iterations using TRACER 1.7 (Rambaut et al., 2018), with three runs used to

verify consistency across runs.

First generation migrants were identified by performing a population assignment test in
GeneClass2 (Piry et al., 2004), using the criteria of Rannala and Mountain (1997). This uses
the multilocus genotypes and 1,000 simulations to provide a probability of an individual
belonging to a population (Paetkau et al., 2004). An exclusion rate of 0.01 was applied. Only
800 SNPs were used due to the limitations of the software which only allowed successful runs
to this maximum number of SNPs. The SNP subset was chosen using a random generator in R

studio, and extracted from the full dataset of filtered putatively neutral SNPs.

Results
Diversity and differentiation based on mtDNA CR

In the 440 bp of the mtDNA CR sequences of 394 Australasian common dolphins, three indels
and 94 substitutions were observed. This resulted in 173 unique mtDNA haplotypes, 66 of
which were not previously described for common dolphins in this region (Mdller et al., 2011;

Bilgmann et al., 2014; Stockin et al., 2014). Most haplotypes were represented by only one
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individual in the dataset. The overall haplotype diversity was high (4 = 0.860), while the
nucleotide diversity was low (7 = 0.0160) (Appendix B, Table B.4). The haplotype diversity
observed was similar to that previously reported for the eastern and southern Australia and for
New Zealand (e.g. Moller et al., 2011; Bilgmann et al., 2014; Stockin et al., 2014). Fixation
indices based on mtDNA CR indicated low to moderate differentiation between samples from
the Pacific and the Indian Ocean (0.029 - 0.620) (Appendix B, Figure B.2; Table B.7). The
haplotype network indicated very shallow phylogeographic structure (Appendix B, Figure
B.3).

Genome-wide SNP data and filtering for putatively neutral loci

A total of 1,601,109,786 raw sequence reads were obtained, and a raw SNP catalogue of
339,932 SNPs (Appendix B, Table B.1). The alignment rates with the Tursiops genomes were
very high, attesting to the high quality of the SNP dataset: 97% aligned with the 7. truncatus
genome and 99% with the SABD T. aduncus genome (retaining 26,199 SNPs, Appendix B,
Table B.1). Filtering with stringent criteria resulted in a high-resolution dataset of 17,875 SNPs
(Appendix B, Table B.1). The outlier test detected 3,076 SNPs likely not behaving as neutral,
and these were excluded from the total dataset. This final dataset included 14,799 unlinked,
putatively neutral SNPs (Appendix B, Table B.1; Figure B.1) that were used for the population

structure analyses and to estimate migration rates.

Exclusion of duplicate samples

Thirty-two sample pairs were estimated as likely originating from duplicate individuals (r >
0.7), including twenty-four pairs of biopsies and eight pairs of stranding or by-caught
individuals. One sample from each of the pairs was excluded, resulting in a final dataset of 478

individuals (Figure 2.1).

Genomic diversity, population structure and genomic differentiation

Genome-wide diversity was relatively high for all localities (Table 2.1) and there was no
indication of population-level inbreeding (Table 2.1). When analysing all samples combined,

PCA and DAPC analyses suggested three distinct regional populations: (1) southern coast of
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Australia; (2) eastern coast of Australia; and (3) New Zealand and Tasmania, although the latter
shows a degree of admixture to Australia’s eastern coast (Appendix B, Figures B.5; B.6).
Admixture analysis suggested a hierarchical metapopulation structure in Australasia, with
moderate levels of admixture within the regional populations (Figures 2.2, Appendix B, Figure
B.7). At a metapopulation level, three clusters (K=3), corresponding to geographical regional
populations, were considered most likely (Figure 2.2). The membership probability of an
individual belonging to a population varied according to the geographic position of the locality,
with individuals from localities close to the interface between the Indian and Pacific Oceans
(i.e. Wilsons Promontory in Victoria and southern localities in New South Wales, Australia),
and between Tasmania and Australia’s eastern coast being more admixed (Appendix B, Figure

B.7a).

Further subdivision was disclosed within each regional population, when analysing the three
datasets separately, with two additional clusters (K=2) within each region (Figures 2.2;
Appendix B, Figure7b-d) best supported, but three and four clusters also highly supported for
eastern and southern Australia (Figures 2.2, Appendix B, Figure B.7b-d), respectively. In the
southern coast of Australia, the strongest separation was disclosed between individuals from
Gulf St Vincent and the other localities, followed by Wilsons Promontory compare to the west
coast individuals. In the case of Australia’s eastern coast, the northern localities were most
distinct from the central-south localities, with a greater proportion of admixed individuals in
the central localities, possibly representing a further sub-population. For New Zealand and
Tasmania, differentiation was disclosed mainly between localities in the east coast and west
coast of New Zealand, with Tasmanian individuals considerable admixed. However, most of
the Tasmanian common dolphins showed higher probability of assignment to the New Zealand
population (~57%) based on Admixture’s Q-values (>0.8), and DAPC results (Appendix B,
Figures B.6; B.7), and were therefore considered primarily part of the New Zealand regional

population.
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Table 2.1 Measures of genomic diversity based on 14,799 SNPs for Australasian common
dolphins (D. delphis) by locality*. Observed heterozygosity (Ho), expected heterozygosity
(Hg), inbreeding coefficient (Fis), percentage of polymorphic loci (P%). NA: not applicable
(due to only one sample available).

Population Locality N H, Hge Fis P%
SC WSC 33 0.169 0.172 0.015 73.295
GBSC 22 0.170 0.176 0.032 74.816
SGSC 32 0.172 0.172 0.000 81.053
GSVSC 28 0.154 0.160 0.037 59.862
ESC 79 0.170 0.176 0.033 91.155
WPSC 20 0.175 0.181 0.033 71.005
EC NECA 14 0.189 0.189 -0.001 58.862
CECA 31 0.209 0.209 -0.003 80.587
SECA 20 0.201 0.209 0.037 67.126
NZTAS TAS 37 0.209 0.209 0.002 93.614
CS 26 0.207 0.208 0.004 82.215
WNI 41 0.204 0.206 0.013 87.209
NENI 87 0.194 0.200 0.031 85.134
ENI 6 0.179 0.190 0.061 52.760
CI 1 NA NA NA NA
ESI 1 NA NA NA NA
Total average 29.875 0.186 0.190 0.021 75.621
Total SD 0.018 0.017 0.019 12.523

*Southern coast of Australia (SC), Eastern coast of Australia (EC), Tasmania (TAS) and New
Zealand (NZ). West, Southern coast of Australia (WSC); Great Australian Bight, Southern
coast of Australia (GBSC); shelf waters in Spencer Gulf, Southern coast of Australia (SGSC);
Gulf St Vincent, Southern coast of Australia (GSVSC); East, Southern coast of Australia
(ESC); Wilson Promontory, Southern coast of Australia (WPSC); North, Eastern coast of
Australia (NECA); Central, Eastern coast of Australia (CECA); South, Eastern coast of
Australia (SECA); Cook Strait, New Zealand (CS); West North Island, New Zealand (WNI);
North East Island, New Zealand (NENI), East, North Island, New Zealand (ENI); Chatman
Island, New Zealand (CI); East, South Island, New Zealand (ESI).
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Figure 2.2 Population genomic structure analysis using Admixture based on 14,799 SNPs for
Australasian common dolphins (D. delphis). The results depict levels of admixture for each
individual sample and grouping into two and/or three genomic clusters. Each sample (labelled
by geographic sample groups in the x axis) is represented by one vertical line and is colour-
coded by the membership probability to (A) one of the three regional populations in Australia
and New Zealand or (B-D) one of the potential local populations of the: (B) Southern coast of
Australia; (C) Eastern coast of Australia; or (D) New Zealand and Tasmania. *Acronyms used
as in Figure 2.1.

Fixation indices indicated moderate genetic differentiation between the southern coast of
Australia (SCA), eastern coast of Australia (ECA) and the New Zealand/Tasmania (NZT)
regional populations (SCA vs ECA = 0.060-0.213; SCA vs NZT = 0.045-0.142; ECA vs NZT
=0.018-0.142) (Figure 2.3a, Appendix B, Table B.6). In contrast, low genetic differentiation
was observed between common dolphin subpopulations (Figure 2.3b-d). In the southern coast

of Australia, the highest differences of Fst were between Gulf St Vincent, Wilsons Promontory,



and west southern coast versus the other localities; whereas for the eastern coast of Australia,
the northern localities showed the highest differentiation compared to the southern localities,
followed by the central localities versus the northern and southern localities. For New
Zealand/Tasmania, the differentiation occurred between West coast of New Zealand/Tasmania

versus the localities from the east coast of New Zealand (Figure 2.3; Appendix B, Figure B.8).
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Figure 2.3 Heatmap of pairwise Fst values between localities based on 14,799 SNPs for
Australasian common dolphins (D. delphis); (A) Australia and New Zealand; (B) Southern
coast of Australia; (C) Eastern coast of Australia; and (D) New Zealand and Tasmania.
* Acronyms used as in Figure 2.1.

A significant signal of IBD was observed at the metapopulation level (r*= 0.084, p = 0.003)
(Figure 2.4a), and for the populations from the southern and eastern Australia (r>= 0.346, p =
0.001; r*=0.742, p = 0.03, respectively). In contrast, there was no evidence of IBD in the New
Zealand and Tasmania regional population (r?= 0.005, p = 0.615) (Figure 2.4b-d).
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Figure 2.4 Isolation by distance between Fst values and the shortest waterway distance based
on 14,799 SNPs for Australasian common dolphins (D. delphis). (A) Australia and New
Zealand metapopulation; and regional populations, (B) Southern coast of Australia, (C) Eastern
coast of Australia, and (D) New Zealand and Tasmania.

Contemporary migration rates and first-generation migrants

Estimates of contemporary migration rates based on BayesAss, that provide inferred rates of
the portion of recent immigration over the last generations, indicated asymmetric migration
between population pairs (Figure 2.5; Appendix B, Table B.2). There were relatively low
estimates of migration (2-9%) between pairs of the three main regional populations, and
moderate estimates of migration (6-25%) between pairs of the two subpopulations (Figure 2.5).
First-generation migrants were detected in GeneClass between the three main regional

populations, with 14 individuals rejected (p < 0.01) from the population they were sampled in
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(Appendix B, Table B.3). These individuals were retained in all the population analyses to

provide a representative picture of the metapopulation dynamics (Appendix B, Table B.3).
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Figure 2.5 Circos plot of inferred contemporary migration rates (per last generations) between
local populations of Australasian common dolphins (Delphinus delphis) based on 14,799
SNPs. Plot corresponds to the migration directionally (full values from BayesAss are provided
in Appendix B, Table B.2). Width of the curves indicates the amount of migration according
to the scale going from one subpopulation into another one. Scale bar is in units of the
proportion of migrations. Ticks represent the gross number of migrants per 100s. Migration
rate <0.01 is not shown. *Southern coast of Australia (SCA), Eastern coast of Australia (ECA),

New Zealand (NZ).
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Discussion

The delineation of populations and their respective geographic boundaries, as well as
estimation of the degree of connectivity between populations are crucial for the conservation
management of small cetaceans (Rosel et al., 2017; Taylor et al., 2017; Dunn et al., 2019;
Pierre, 2019; Sousa et al., 2019; Taft et al., 2020). Integrating genomic technology for
answering these questions can inform about the dolphin populations and scale at which
anthropogenic activities may impact upon them (e.g. Leslie and Morin, 2016). Genomic
analyses also provide baseline information for design of further studies and the monitoring of
populations; for example, the area at which to estimate population abundance and trends, data
on parameters for modelling population persistence, and for estimating sustainable by-catch
rates (Waples and Gaggiotti, 2006; Allendorf et al., 2010; Frankham et al., 2010; Grummer et
al., 2019; Manel et al., 2019).

This study revealed a hierarchical metapopulation structure for Australasian common dolphins,
with high levels of genome-wide diversity and negligible inbreeding among them. At a broad
scale, the southern Indian Ocean was represented by a single regional population inhabiting the
southern coast of Australia. The south-west Pacific Ocean was represented by two regional
populations, one along the eastern coast of Australia and the other in New Zealand/Tasmania,
which suggests substantial connectivity across the Tasman Sea. Further subdivision was
disclosed at finer scales, with evidence for at least two subpopulations within each regional
population, but perhaps more. The varying levels of population connectivity identified across
inter-state and international jurisdictions, have substantial implications for the conservation
and management of common dolphins, which are subject to interactions and mortalities in

multiple fisheries in the region.

Population structure of Australasian common dolphins

Studies investigating genetic partitioning at fine spatial scales in the sea usually provide
evidence for distinct subpopulations, whereas metapopulations are generally disclosed when
broader spatial scales are explored (Pitt and Kingsford, 2000; Dawson et al., 2014; Calo et al.,
2016; Almany et al., 2017; Jasper et al., 2019). Nonetheless, sampling effort often makes it
difficult to assess marine systems over broad scales, and as a consequence metapopulations
may remain largely undisclosed (Manel et al., 2019). We assessed the population structure of

common dolphins over a broad geographical area and revealed a hierarchical metapopulation
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structure across Australasia. Metapopulations have also been described for other dolphin
species, such as spinner dolphins (Stenella longirostris) among Pacific Islands (Oremus et al.,
2007), Hector’s dolphins (Cephalorhynchus hectori hectori) between the west and east coasts
of New Zealand (Heimeier et al., 2018), bottlenose dolphins (Tursiops truncatus) in the North
Atlantic Ocean and Mediterranean Sea (Louis et al., 2014b; Gaspari et al., 2015b), and Indo-
Pacific bottlenose dolphins (7. cf. australis) in southern Australia (Pratt et al., 2018). Although
our sampling took place over 17 years, we believe there was little impact on the population
genetic structure disclosed given than common dolphins exhibit a long generation time (~15
years; Taylor et al., 2007). In addition, we found similar patterns of genomic diversity for sites
sampled in multiple years, and similar levels of genomic differentiation between sites sampled

in same and different years (data not shown).

At a broad scale, Australasian common dolphins showed moderate genomic differentiation at
the level of the two ocean basins investigated, the Indian and Pacific Oceans. The mtDNA
dataset provided enough resolution to distinguish historical population structure between the
two oceans basins, as previously demonstrated in other genetic studies of common dolphins
(e.g. Amaral et al., 2012a; Amaral et al., 2012b), bottlenose dolphins (7. spp.) (e.g. Tezanos-
Pinto et al., 2009; Charlton-Robb et al., 2011), and killer whales (Orcinus orca) (e.g. Reeves
et al., in review). This regional distinction was also clear based on analyses of the SNP dataset.
In Australia, we found pronounced genomic divergence between common dolphins of the
southern coast, the eastern coast, and Tasmania. This split was evident along the Wilsons
Promontory, which was once a land-bridge (the Bassian Isthmus, ~14,000 ybp), which
connected mainland Australia with Tasmania (Waters, 2008; Condie et al., 2011). The Wilsons
Promontory region has been described as a prominent biogeographic boundary for many
marine species (e.g. invertebrates, algae, small pelagic fish), accounting for many of the genetic
discontinuities observed today along these coastlines (York et al., 2008; Teske et al., 2015;
Costello et al., 2017; Teske et al., 2017).

An oceanographic perspective can also assist the interpretation of the pattern of regional
genomic differentiation inferred in this study. The East Australian current (EAC) flows from
the western boundary current into a southward direction, bringing warm and productive waters
along the coast. The EAC is dominated by anticyclonic eddies, that creates three different water
masses, and gradients of oceanographic variables along the coast, represented by northern,
central and southern areas (Suthers et al., 2011). It then becomes weaker as it enters Tasmania

and diverges eastward into New Zealand via the Tasman Front, where upwelling occurs mainly
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on the west coast (York et al., 2008; Flynn et al., 2018). These may impact on common dolphin
movements along the eastern Australian region, leading to the pattern of local differentiation

(Mboller et al., 2011) and Tasman Sea regional separation.

The warm Leeuwin current runs south from western Australia into the southern coast of
Australia. It then becomes the Great Australian Bight current, and later the Zeehan current,
which extends from western Victoria into western Tasmanian waters, excluding the Bass Strait
where currents in shallow waters tend to follow an eastward direction (York et al., 2008;
Kampf, 2015). Likewise, these currents may impact on common dolphin movements along the
southern Australian region, leading to the proposed differentiation at finer scales. The Zeehan
current is weaker, and during the summer it is replaced by the cold Flinders current that enters
from the west coast of Tasmania into the southern coast of Australia, bringing productive
waters towards the continental shelf and leading to upwelling events (York et al., 2008; Lynch
et al., 2014; Kéampf, 2015; Flynn et al., 2018). These complex oceanographic features cause
variations in primary and secondary productivities along the two Australian coasts and in
Tasmania, and may act as contemporary barriers that maintain historical divisions between
marine organisms (Waters, 2008; Condie et al., 2011; Teske et al., 2017). While common
dolphins have a high dispersal capability, their distributions are known to associate closely
with that of their prey movements (e.g. Bilgmann et al., 2008; Meynier et al., 2008; Natoli et
al., 2008; Zanardo et al., 2016; Peters et al., 2020), which may coincide with areas of high

primary productivity along the two Australian coasts, as well as in New Zealand and Tasmania.

Previous population genetic studies of common dolphins based on microsatellite DNA markers
suggested five subpopulations along the southern coast of Australia, including Tasmania
(Bilgmann et al., 2014), three in the eastern coast of Australia (Mdller et al., 2011), and three
in New Zealand (Stockin et al., 2014), with the last two studies not including samples from
Tasmania. At finer spatial scales, the genetic differences disclosed in our study suggested
further subdivision within the identified Australasian regional populations. Two additional sub-
populations were disclosed for New Zealand/Tasmania, two to four in southern Australia, and
two to three in eastern Australia. These could potentially be explained by geological and
oceanographic features (as mentioned above) reflecting on the contemporary population and
feeding ecology of common dolphins. In the Australasian region, common dolphins are mainly
found along continental shelf waters between the 20 and 200 m isobaths (Stockin et al., 2008;
Moller et al., 2011; Stockin et al., 2014; Meissner et al., 2015; Bilgmann et al., 2018; Peters

and Stockin, 2021). By contrast, in the Gulf St Vincent, common dolphins are present in
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relatively shallow, protected waters (~20 m) of the inner gulf (Appendix B, Figure B.4), with
seasonal circulation year-round and may represent a resident population (Filby et al., 2010;
Kampf and Bell, 2014). The geological formation during the Cenozoic, established the Gulf St
Vincent and Spencer Gulf as inverse estuaries (Bourman et al., 2016). These unique formations
provide highly productive ecosystems, offering shelter for common dolphin prey species, such
as sardines (S. sagax) and anchovies (E. australis) (Filby et al., 2010; Kampf and Bell, 2014).
These characteristics may have impacted on site fidelity of dolphins to this area and over time

leading to genetic differentiation of Gulf St Vincent animals to those outside the gulf.

In the case of the eastern Australia, the northern localities are oceanographically and
biologically differentiated due to the presence of a distinct water mass (Keane and Neira, 2008;
Suthers et al., 2011). This could affect the distribution of common dolphins if they feed upon
particular fish assemblages (Moller et al., 2011), and in turn lead to restricted movement and
genetic differentiation between subpopulations. Common dolphins along the continental shelf
of southern and eastern Australia presented a strong signal of IBD, a finding consistent with
other common dolphin studies carried out across different ocean basins (Amaral et al., 2012a;
Bilgmann et al., 2014). With the use of genomic markers, the pattern of IBD was also disclosed

in this study at smaller spatial scales.

In the New Zealand and Tasmania regional population, genetic subdivision was found between
the west and east coasts of New Zealand. This pattern between west and east coast subdivision
has also been reported for Hector’s dolphins that inhabit the southern island of New Zealand
(Heimeier et al., 2018). Common dolphins from the west coast of New Zealand and Tasmania
appear to comprise a subpopulation exhibiting moderate gene flow to dolphins on New
Zealand’s east coast and, to a lesser extent, with populations in Australia’s eastern coast. The
latter could also be due to historical factors. After the last glacial cycle (12,000-120,000 ybp)
(Ashe and Wilson, 2019), subpopulation differentiation of dolphins across the Tasman Sea
could have occurred due to habitat preferences and changes in prey availability. In New
Zealand, differences in major currents, such as the east and the west Auckland current in the
North Island, and the D’Urville current in the Cook Strait (Ayers and Waters, 2005; Ross et
al., 2009; Chiswell et al., 2015), may influence fish distribution (Papa et al., 2020), and could

have also led to restrictions on dolphin movement, and subsequent genetic differentiation.
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Contemporary migration within and between ocean basins

In an idealised population, individuals that are closer to each other, are genetically more similar
than individuals that are further apart (Hanski, 1998). This may lead to a pattern of IBD, which
was a common finding of the study across both broad and fine spatial scales. Migration of
individuals between populations can also be shaped by intrinsic and extrinsic factors,
promoting genetic discontinuities across heterogeneous environments (Armansin et al., 2019;
Grummer et al., 2019; Rajora, 2019). For example, individuals may be unable or unlikely to
disperse across physical or environmental barriers, and thus gene flow between populations
may become compromised (Armansin et al., 2019). The estimated migration rates were
relatively small between ocean basins (i.e. Pacific and Indian Oceans) and the regional
populations (i.e. Southern Australia, Eastern Australia and New Zealand/Tasmania, as
described above) (<6%), separated by strong oceanographic discontinuities (i.e. unique
biogeographic region in the Bassian Isthmus (Waters et al., 2010; Teske et al., 2017) (Figure
2.5). By contrast, estimated migration rates between subpopulations within ocean basins and
between more homogeneous environments were higher (<18%). The migration rates and the
number of first-generation migrants identified support the idea that genetic connectivity mainly
occurs between subpopulations nested within regional populations. This suggests that if an
extinction event was to occur, by either natural or anthropogenic causes, a subpopulation’s
home range will more likely be recolonised by individuals from within that region (e.g.
Sandoval-Castillo et al., 2018; Riginos et al., 2019; Waters et al., 2020). However, if such
events are strong enough to prevent gene flow and change the availability of prey resources,
the subpopulation could decline without replacement. These types of events have been
recorded for common dolphin populations from the Mediterranean Sea, which suffered
dramatic declines due to combined impacts from by-catch mortalities, reduction of prey

availability, and habitat degradation (Genov et al., 2020).

It appears that, in addition to spatial distance, heterogeneous marine environments found across
the distribution of Australasian common dolphins have led to low and moderate connectivity
between and within regional populations, respectively. In southern Australia, gene flow is
restricted from continental shelf waters to Gulf St Vincent (~5%). This protected environment
allows common dolphin prey species to be locally available throughout the year (Filby et al.,
2013; Ward et al., 2017; Goldsworthy et al., 2019a). The year-round availability of food
resources could influence the feeding behaviour of the common dolphins, maximising their

energy efficiency due to a lesser need for long-range movements, and perhaps increase
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reproductive success and lifetime fitness. All of these could lead to high site fidelity and
residency by common dolphins to Gulf St Vincent, which while rare for the species, has been
suggested for other semi-enclosed embayments in Australia, such as Port Philip Bay (Mason
et al., 2016), and the Hauraki Gulf in New Zealand (Peters et al.2020; Stockin et al., 2008;
Stockin et al., 2009a; Hupman, 2016). These characteristics, which may have led to genetic
divergence of the Gulf St Vincent dolphins, also make them particularly at risk of decline due
to interactions with fisheries in Gulf St Vincent and Investigator Strait (Hamer et al., 2008;

Goldsworthy et al., 2019b).

In eastern Australia, stronger differentiation of common dolphins from the northern and
southern localities translated in the lowest estimated migration rates (~3%) between any two
subpopulations in Australasia. In this area, the EAC creates eddies, which act as barriers for
eggs and larval fish (Condie et al., 2011; Suthers et al., 2011). Thus, given the close association
of common dolphins’ distribution to that of their prey, these circulation patterns and differences
in water masses could potentially act as oceanographic barriers for dolphin movements and

gene flow (Moller et al., 2011).

Within the New Zealand and Tasmania population, moderate migration rates were estimated
between the two subpopulations (~18%). Migration here was strongly asymmetric, occurring
mostly from the east into the west coast of New Zealand. Along the east coast of New Zealand
there are several habitats (e.g. Hauraki Gulf), which have been proposed as breeding and
calving grounds for groups of common dolphins (Stockin et al., 2008; Dwyer et al., 2020). In
this regional population, New Zealand’s east coast appears to be acting as a genetic source,
while the west coast, which presents higher rates of dolphin mortality due to fisheries
(Thompson et al., 2013; Abraham et al., 2017), may be acting as a sink, similar to source-sink
dynamics observed in other marine species (e.g. Benestan et al., 2016a; DiBattista et al., 2017,
Lal et al., 2017; Manel et al., 2019). Interestingly, Tasmania in Australia and the west coast of
New Zealand displayed high connectivity over more than 1,000 km across the Tasman Sea,
and genetic signatures show that individuals from western New Zealand are also found in
Tasmanian waters. However, to the best of our knowledge, movements of common dolphins
over long distances (~1,000 km) have only been document across the Mediterranean Sea
through photo-ID (Genov et al., 2012). Similar patterns of connectivity across the Tasman Sea
have been disclosed for other marine species, such as teleosts and invertebrates (e.g.

Hippocampus abdominalis, Hoplosthethus atlanticus, Nerita melanogastrus) (Cumming et al.,

2016; Flynn et al., 2018; Ashe and Wilson, 2019; Gardner et.al. unpublished). Historically,
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dispersal of marine species across the Tasman Sea seems to have occurred during the last
glacial cycle (12,000-120,00 ybp), leading to the colonization of multiple areas by marine
species in both countries (Ashe and Wilson, 2019). However, contemporary genetic
connectivity seems to have been retained by oceanographic currents (Flynn et al., 2018).
Further sampling and assessment of common dolphins from Tasmania may clarify whether this
represents a contact area, and if they should be considered as a separate or combined unit for
management with New Zealand. The latter would involve cross jurisdictional cooperation

between policy makers.

Implications for conservation and management of Australasian common dolphins

Common dolphins in Australasia are mainly threatened due to by-catch in commercial fisheries
(Abraham et al., 2017; Tulloch et al., 2020), and potentially by anthropogenic-associated
competition for food resources. In Australia, incidental by-catch has occurred mainly in trawl
fisheries and purse-seine fisheries that catch mackerel (7. declivis, T. s. murphyi, T.
novaezelandiae and S. australasicus) and sardines (S. sagax), as well as in gillnet fisheries
targeting gummy sharks (Mustelus sp.) (Australian Goverment, 2019b). In New Zealand, the
observed incidental by-catch of common dolphins occurs mainly in mid-water trawl fisheries
that catch the same mackerel species (Thompson et al., 2013; Abraham et al., 2017). However,
by-catch within recreational set nets has also been documented as a threat to these dolphins
(Stockin et al., 2009b). These incidental catches are known to have resulted in mortalities of
hundreds of common dolphins in at least two of these fisheries (Abraham et al., 2017,
Goldsworthy et al., 2019b). High mortalities were disclosed in 2004-2005 in the South
Australian Sardine Fishery (SASF) (Hamer et al., 2008), likely exceeding the potential
biological removal of individuals for one of the population’s segment (Parra et. al., in review).
For New Zealand, an increase of common dolphin mortalities was reported between 2002-2003
in the trawl fishery (Thompson et al., 2013; MPI, 2019). After these periods, codes of practices
were implemented in both fisheries, leading to a reduction in mortality rates (Hamer et al.,
2008; Goldsworthy et al., 2019b; Pierre, 2019). More recently the Small Pelagic and Gillnet
fisheries of Australia also implemented a by-catch trigger limit of six dolphins per operator,
leading to a temporally exclusion of the vessel for six months from the fishing management
zone if that occurs (Mackay et al., 2016; AFMA, 2019a; b). A recent study in New Zealand

also reported that common dolphins are still one of the main marine mammal species
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accidentally caught by commercial fisheries (Abraham et al., 2017), although use of mitigation
measures in the jack mackerel trawl fisheries has reduced mortalities to negligible levels in
2016-18 (Fisheries New Zealand, 2020). In Australia’s SASF, an upsurge in mortalities has
been recorded between 2018-19, with discrepancy in the data recorded by fishermen and
independent observers (Goldsworthy et al., 2019b). These issues suggest that information about
common dolphin population structure, connectivity and abundance are critical to evaluate the
risk of by-catch to particular dolphin populations, and to establish strategies to mitigate the

combined interactions and mortalities within the multiple fisheries.

In the Australasian region, fisheries that threaten common dolphins operate under different
jurisdictions based on geographic delimitation and stock delineation for each prey targeted
(Abraham and Thompson, 2015c; b; a; Patterson et al., 2019). The delineation of fish stocks
represents different management zones (e.g. Appendix B, Table B.5) and often it does not
consider the population structure of the targeted fish species (Papa et al., 2020). In addition,
these management zones are not only used to manage the targeted species, but also to manage
interactions and mortalities of by-caught species, such as common dolphins (Abraham and
Thompson, 2015¢; b; a; Mackay et al., 2016; AFMA, 2019a; b; Goldsworthy et al., 2019b;
Patterson et al., 2019). Our findings suggest that regional populations and subpopulations of
Australasian common dolphins are currently allocated across and within different fishing
management zones. This suggests that the use of the management zones as presently
implemented (Appendix B, Table B.5) could differentially impact populations of common
dolphins.

Marine species that present connectivity over large spatial scales, such as common dolphins,
need planning and implementation of conservation and management strategies over broad
spatial scales that can guarantee the long-term persistence of populations (Rosel et al., 2017;
Taylor et al., 2017; Dunn et al., 2019; Grummer et al., 2019; Manel et al., 2019; Sousa et al.,
2019; Taft et al., 2020; Tulloch et al., 2020). Some of the dolphin subpopulations identified
here are potentially at higher risk of negative impacts from the fisheries. For example, the Gulf
St Vincent subpopulation, which is possibly resident and relatively small (Filby et al., 2010),
suffers by-catch induced mortalities by the SASF (Goldsworthy et al., 2019b), and these could
potentially impact their long-term viability. In the West coast of New Zealand-Tasmania
subpopulation, interactions with common dolphins and other top predators occur mainly with
the mid-water trawl fisheries (Kemper et al., 2003; Thompson et al., 2013; Hamilton and Baker,

2019). Both of these fisheries have implemented codes of practice to reduce the number of
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entanglements and mortalities, including not setting nets when a cetacean sighting occurs,
reporting cetacean interactions, modifying the fishery’s gear (FAO, 1995; Rowe, 2007; Hamer
et al., 2008; Goldsworthy et al., 2019b), and/or implementing an annual assessment with
independent observers (Hamer et al., 2008; Goldsworthy et al., 2019b). Nevertheless, the
management zones used to mitigate common dolphin interactions with these fisheries
(Appendix B, Table B.5) are not in concordance with the population genomic structure of

common dolphin disclosed here (Figure 2.2).

In Australasia, small cetacean populations have been generally managed in zones or units that
do not reflect their genetic structure (e.g. Moller et al., 2001; Krutzen and Sherwin, 2004;
Moller and Beheregaray, 2004; Bilgmann et al., 2007b; Bilgmann et al., 2008; Wiszniewski et
al., 2009; Moller et al., 2011; Amaral et al., 2012a; Bilgmann et al., 2014; Stockin et al., 2014;
Zanardo et al., 2016; Zanardo et al., 2017; Bilgmann et al., 2018; Pratt et al., 2018). These
could potentially make dolphin populations more vulnerable to decline due to anthropogenic
impacts, as exemplified for common dolphins in the Mediterranean Sea (e.g. Natoli et al., 2008;
Moura et al., 2013a; Genov et al., 2020). These challenges highlight the need of using genetics
and genomics markers as a tool for delineating population and estimating connectivity for
biological meaningful management zones to be implemented (Funk et al., 2012; Leslie and
Morin, 2016; Rosel et al., 2017; Taylor et al., 2017; Dunn et al., 2019). In particular, genetic
and genomic analyses provide an opportunity to identify populations or subpopulations that

require prioritisation or additional conservation policies.

In this study, we found that Australasian common dolphins present a complex hierarchical
metapopulation, with nested subpopulations within regional populations. The estimated
contemporary migration rates between most of these subpopulations suggest that they are not
entirely genetically or demographically independent, and therefore common dolphins in the
Australasian region should be managed on both meso-scale (regional population level) and
fine-scale (subpopulation level). Each population and subpopulation are relevant to conserve
for the maintenance of the complex metapopulation system. Subpopulations with potentially
high-risk of anthropogenic impacts due to fisheries may act as sink population as previously
reported for other marine species with sink-source dynamics (e.g. Benestan et al., 2016a; Lal
et al., 2017; Manel et al., 2019; Rajora, 2019). However, the levels of contemporary migration
suggest that the subpopulations identified cannot be managed entirely separately. Thus, we
suggest that assessment and management of by-catch interactions and mortalities of common

dolphins needs to be considered across multiple fisheries, management zones and jurisdictions
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for adequate conservation management to occur. For example, interactions and mortalities in
the West coast of New Zealand need to be perhaps considered in conjunction with impacts on
common dolphins in Tasmania, as they (provisionally) appear to belong to the same
subpopulation, albeit with moderate connectivity to other southeastern Australian localities.
The equivalent level of management should be applied within southern Australian states
(southern Western Australia, South Australia, Victoria) and within eastern Australia states
(New South Wales and southern Queensland). Therefore, potential management zones for
mitigation and assessments of common dolphin by-catch in Australasia need to be based on
populations’ boundaries and connectivity, and through collaboration between inter-state and

international jurisdictions.

Our findings integrating genetics and genomics markers provide reliable estimates of
population structure and connectivity at broad and fine spatial scales for common dolphins of
Australasia. Future risk assessments of by-catch and potential biological removal will require
an application of the population structure and connectivity information presented here.
Genomic analyses are also essential in additional studies addressing adaptation in marine
ecosystems, in which selection can potentially further clarify substructure within regional
populations (e.g. Shafer et al., 2015; Bernatchez et al., 2018; Hendricks et al., 2018; Sandoval-
Castillo et al., 2018; Xuereb et al., 2018a; Rajora, 2019). This is a topical issue that needs to
be considered in future conservation policies of marine ecosystems given the increase in

anthropogenic impacts and ongoing changes of Earth’s climate.
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CHAPTER 3. GENOME-WIDE DATA REVEAL
ENVIRONMENTAL ADAPTATION IN COMMON
DOLPHINS (DELPHINUS DELPHIS) FROM SOUTHERN
AUSTRALIA
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Abstract

Genomic variation of marine species can be driven by spatial configurations, as well as by the
influence of oceanographic and geomorphological features upon the dispersal of organisms,
potentially leading to local adaptation. For wide-ranging marine species, such as most marine
mammals, recent advances in sequencing techniques using small representation of the genome
(i.e. ddRADseq) have helped to elucidate the influences of space and environmental variables
on local adaptation. In this study, using a combination of genotype-environment association
analysis (GEA) and Bayesian outlier methods, 806 of a 17,327 SNPs were found to be
putatively under selection. Multiple analyses suggested the presence of five locally adapted
populations of common dolphins (Delphinus delphis) along southern Australia. GEA results
showed genomic variation of these populations seems to be associated with current velocity,
sea surface temperature, salinity, and primary productivity. Each of these environmental
variables are related to three main oceanographic phenomena, which are likely affecting the
dispersal of common dolphins: i) oceanic circulation, ii) presence of seasonal upwelling, and
ii1) seasonal circulations in protected coastal habitats. Moreover, results showed putative signal
of selection at exonic regions, suggesting that local adaptation could be mainly related to
metabolic traits. This study provides initial information about adaptive divergence of common
dolphins in southern Australia. The association between populations with their environment
can be used to inform and assist population management in forecasting the potential capacity

of the species to cope with future climate change scenarios and ongoing anthropogenic impacts.
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Introduction

Microevolutionary processes are the result of selective pressures in the environment that create
adaptive divergence among populations (Manel and Holderegger, 2013; Balkenhol et al., 2016;
Grummer et al., 2019). Marine ecosystems have been historically considered as largely
homogenous environments due to a general absence of hard physical barriers (Rajora, 2019).
However, several marine ecosystems are in fact environmentally heterogeneous, with coastal
and pelagic species being differently impacted by contrasting selective pressures that can lead
to local adaptation (e.g. Benestan et al., 2016a; Grummer et al., 2019; Sandoval-Castillo and
Beheregaray, 2020). Understanding selective pressures created by environmental features and
how they impact genomic variation enhances our ability for refining knowledge about
population structure of widespread species with high dispersal potential, such as many marine

mammals (Cammen et al., 2016; Manel et al., 2019).

Natural selection acts over both new mutations and standing genetic variation, with the
majority of adaptations occurring without alleles reaching fixation (Pritchard et al., 2010;
Manel et al., 2016). In most cases where adaptation occurs, it involves multiple loci at different
traits, creating either a beneficial or detrimental impact on the fitness of an individual (Riginos
and Liggins, 2013; Razgour et al., 2018). Local adaptation occurs when an individual or group
of individuals display higher fitness in a distinct spatial and temporal environment due to
specific genetic variants (Savolainen et al., 2013; Lotterhos and Whitlock, 2015; Hoban et al.,
2016). In marine environments, differences in geomorphological and oceanographic features
can potentially shape species connectivity, physiology and population structure, leading to

local adaptation (e.g. Bernatchez et al., 2018; Sandoval-Castillo et al., 2018; Teske et al., 2019).

Genomic data has improved our understanding of macro and microevolutionary processes,
providing power and accuracy to detect large scale molecular adaptations, as well as population
structure, gene flow and adaptive divergence between populations (Therkildsen et al., 2013;
Cammen et al., 2016; Kelley et al., 2016). In toothed whales (Odontoceti), most studies of
adaptations using genomic markers have so far focused on a macroevolutionary perspective.
Genomic studies investigating ecological specialisation from a microevolutionary perspective
have been documented in a few species of this group (e.g. Foote et al., 2016; Pratt, 2020;
Andrews et al., 2021). In killer whale (Orcinus orca) ecotypes, adaptations to different water
temperature regimes and feeding specialisations were suggested to have a genomic basis (Foote

et al., 2016). For the finless porpoises (Neophocaena phocaenoide), microevolutionary
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adaptations were demonstrated between populations inhabiting marine and freshwater
environments, with variation at putative genes involved in osmoregulation (Ruan et al., 2015;
Zhou et al., 2018a). In Indo-Pacific bottlenose dolphins (7ursiops aduncus), salinity and
bathymetry were found to correlate with genomic differentiation between local populations,
with variation also in genes putatively involved in osmoregulation (Pratt, 2020). For spinner
dolphin ecotypes, it was shown that different mixed depth layers and temperature regimes were
associated with genes involved in social behaviours (Andrews et al., 2021). Despite these
examples, population-level studies of microevolutionary processes remain highly under
documented in small cetaceans. In particular, there are still uncertainties about the adaptive
resilience of small cetaceans to local or regional environmental changes and to future climatic
scenarios. Such studies are expected to provide information for refining conservation and

management strategies and to clarify important aspects of species biology.

The common dolphin (Delphinus delphis) is a widespread small cetacean that inhabits
temperate, subtropical and some tropical waters around the world (Natoli et al., 2008; Mdller,
2011; Perrin, 2021). Their broad distribution suggests that several habitats are suitable for this
species (e.g. Bilgmann et al., 2018; Becker et al., 2020). In Australia, common dolphins range
from embayments and gulf waters to coastal, shelf and pelagic waters (Bilgmann et al., 2008;
Moller et al., 2011; Bilgmann et al., 2018). From a neutral genomic perspective, the species in
Australasia displays a hierarchical metapopulation structure and fine-scale sub-structuring
(Barcel6 et al., 2021, Chapter 2). Although common dolphins exhibit high potential for
dispersal, prey distribution has been suggested as a main driver for their movements (Moller et
al., 2011; Bilgmann et al., 2014; Peters et al., 2020). In Australasian waters, they mainly hunt
and feed upon schooling fish such as jack mackerel (Trachurus declivis, T.s. murphyi and T.
novaezelandiae), blue mackerel (Scomber australasicus), sardines (Sardina sagax) and
anchovies (Engraulis australis) (Meynier et al., 2008; Goldsworthy et al., 2019b). The ranges
of common dolphin populations seem to be influenced by the distribution and abundance of
their prey and often coincides with oceanographic circulation, areas of high primary
productivity, and regions of salinity and sea surface temperature interfaces (Moller et al., 2011;
Amaral et al., 2012a; Bilgmann et al., 2014). This suggests that oceanographic features and
circulation could be shaping dispersal of common dolphins, as described for other Australian
marine taxa (e.g. DiBattista et al., 2017; Sandoval-Castillo et al., 2018; Vu et al., 2020). The

widespread distribution of common dolphins in southern Australia, where environmental
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gradients and discontinuities are observed, provides a good opportunity to investigate

microevolutionary processes and adaptive divergence in this species.

The temperate waters of southern Australia harbour productive habitats for common dolphins
(e.g. Filby et al., 2010; Bilgmann et al., 2014; Bilgmann et al., 2018). The southern Australia’s
zonal coastal boundary stretches for >3,000 km, with important species endemism (Costello et
al., 2017). The geographic discontinuity along the large extent of the southern coastal and shelf
waters is mainly characterised by: i) geological features such as presence of canyons,
embayments, bights, gulfs, slope, islands, straits; and ii) oceanographic features such as
bathymetry, currents, presence of seasonal upwellings, and gradients in current velocity,
salinity and temperature (Ridgway, 2004; Condie et al., 2005; Kémpf and Chapman, 2016).
These different geological and oceanographic features from west to east have been reported to
impact on historical genetic and genomic subdivision of invertebrate and fish species (e.g. York
et al., 2008; Waters et al., 2010; Teske et al., 2017). Oceanographic and geological
characteristics also impact on different plankton biomasses (e.g. Eriksen et al., 2019), that small
pelagic fish feed upon, which through restriction in distributions may indirectly impact on the
genetic variation and adaptive potential of large marine predators across the region, such as

common dolphins.

Methodologies that combine genotype and environment associations in the marine systems,
known as seascape genetics/genomics, have the potential to clarify the relative influences of
environment and space on the genomic variation of a species (Manel et al., 2003; Dalongeville
etal., 2018; Grummer et al., 2019). Studies of population genetic structure of common dolphins
in southern Australia based on neutral markers (e.g. mtDNA, microsatellites) (Bilgmann et al.,
2008; Bilgmann et al., 2014), and SNPs under putative neutrality (Barcel6 et al., 2021, Chapter
2), have hypothesised that common dolphin populations are associated with environmental
gradients. For other marine species, seascape genomic/genetic analyses have suggested that
adaptive population structure may be driven by environmental gradients of bathymetry,
temperature, oxygen, and salinity (e.g. Dalongeville et al., 2018; Oleksiak and Rajora, 2020),
while for common dolphins on broad oceanic basins associations with temperature and
chlorophyll have been proposed (Amaral et al., 2012a). For this study, genome-wide and
environmental data was used to distinguish loci under selection and assess adaptive population
structure and diversity along southern Australia within a seascape genomics context. The

continuous distribution of common dolphins in the highly heterogeneous waters of southern

68



Australia allowed the investigation of the influence of environmental variables in the genomic
variation, which may lead to adaptive divergence among populations. This information can in
turn provide more accurate information about the number and distribution of common dolphin
populations to assist with the conservation and management of the species across the region,
where they are subject to fishery interactions, and other anthropogenic impacts such as

pollution and possible prey overfishing, as well as future climate variations.

Methods

Sample collection and study area

Common dolphins were sampled at nine sites across southern Australia between 2000 and
2017, with locations allocated based on the GPS information about where an individual was
sampled, providing a total of 234 biopsies for the genomic analyses (Figure 3.1). These sites
encompass the distribution of this species along the oceanographic, environmental, and
geological discontinuities of southern Australia. Samples of this study are analogous to a
previous study that grouped common dolphins into six localities (Barcel6 et al., 2021, Chapter
2) due to the lack of high population differentiation based on genomic neutral markers.
However, geographical distances between samples separated them into the nine sampling sites
used here, which provided a similar number of samples per site to compare the influence of
environmental variables on the genomic variation of common dolphins. Biopsy samples were
collected from live individuals using a hand held biopsy pole (Bilgmann et al., 2007a) or remote
biopsy gun (PAXARMS) (Krutzen et al., 2002). Dependent calves were not sampled to avoid
the inclusion of closely related individuals. Biopsy samples were preserved in 90% ethanol or
in a 20% salt-saturated solution of dimethyl sulphoxide (DMSO) and kept in a -80°C freezer

until laboratory analyses took place.
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Figure 3.1 Study area in southern Australia showing the geolocations of 234 common dolphins
(D. delphis) used for the genomic analyses. *Acronyms: Albany (ALB); Esperance (ESP);
Great Australian Bight (GAB); shelf waters, Spencer Gulf (SG); Gulf St Vincent (GSV); Robe
(ROB); Portland (PORT); Melbourne (MEL); and East, Wilson Promontory (EWP).

Laboratory analyses and bioinformatics

DNA extraction from biopsy samples were performed using a salting-out protocol (Sunnucks
and Hales, 1996). Quantity and quality controls were determined using a Qubit 2.0 fluorometer

(Life 178 Technologies), and a Nanodrop spectrophotometer (Thermo Scientific).

Library preparation for the double digest restriction-site associated (ddRAD) was performed
following a modified protocol from Peterson et al. (2012), and later sequenced in an I[llumina

HiSeq 2500 platform at the South Australian Health & Medical Research Institute (SAHMRI).

Raw data quality was assessed, and demultiplexed using process_radtags, with STACKS v1.48
(Catchen et al., 2011; Catchen et al., 2013) and the dDocent2.2.19 pipeline 219 (Puritz et al.,
2014). The resulting sequences were filtered using a modified protocol in VCFtools. The

quality-filtered reads were then mapped against the genome of a closely related dolphin
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species, the Indo-Pacific bottlenose dolphin (7. aduncus) from southern Australia (Batley et
al., unpublished), due to the absence of a high-quality D. delphis genome. Further details about
the laboratory and bioinformatics can be found elsewhere (Barcelo et al., 2021, Chapter 2).
Genotype errors were considered and filtered by the incorporation of known replicas. To
exclude potential duplicates in the dataset, relatedness between pairs of individuals was
calculated by the triadic likelihood estimator (TrioML) in Coancestryv1.0.1.9 (Wang, 2011),

and set as R <0.7 to be considered as a non-duplicate.

Genotype-environment association

Loci putatively under selection were detected using a seascape genomic approach within a
genotype-environment association (GEA) framework. This methodology allowed the
identification of associations between genetic and environmental variation across individuals
using a multivariate analysis, the Redundancy Canonical Analysis (RDA) (below). RDA was
chosen because it usually performs better than other GEA methodologies, such as univariate
analyses (e.g. Latent Factor Mixed Models) for detecting genomic markers associated with
environmental variables, and provides a lower number of false-positive and high true-positive

candidates (e.g. Capblancq et al., 2018; Forester et al., 2018; Grummer et al., 2019).

Selection of environmental variables

This study used six available and ecologically relevant environmental variables to test for
associations to genomic variation, based on previous suggestions (Moller et al., 2011;
Bilgmann et al., 2014) about the heterogeneity of the southern coast and shelf waters, as well
as data availability. The variables selected were 1) bathymetry 2) sea surface temperature, 3)
chlorophyll a, 4) current velocity, 5) primary productivity, and 6) salinity. The annual
maximum, mean, minimum, and range values of these variables between 2000 to 2014 were
downloaded from the database BioOracle at a resolution of ~9.2 km, using the R package
‘sdmpredictors’ (Tyberghein et al., 2012; Assis et al., 2018) (see Appendix E for details),
resulting in a total of 24 variables. The range of bathymetry was not available from the
BioOracle database, therefore it was calculated from the recoded GPS location of each
individual sample, based on the range of the minimum and the maximum values of the

bathymetry.
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To control for spatial autocorrelation, pairwise genetic distances were calculated with the GPS
coordinates of each individual and the R function viamaris from the ‘MELFU’ package
(MELFU/pigmyperch Github), using a resolution of 5000 pixels, which accounts for complex
coastlines, and avoids land crossing. Pairwise geographic distances were then transformed to a
Moran’s eigenvector map (MEM) using the package ‘memgene’ (Galpern et al., 2014). The
explanatory MEM axes were then used as spatial variables. To determine which environmental
variables where significantly driving the population genomic differentiation, standardisation
of the 24 variables was initially done in R (RCoreTeam 2017) using the function rescale with
the package ‘pysch’ (Blanchet et al., 2008). To avoid overfitting the model, multicollinearity
tests were implemented to exclude highly correlated variables, using a cut-off of |r| >0.7
(Dormann et al., 2013; Prunier et al., 2015; 2017), and a maximum variance inflation factor
(VIF) of 3 (O’brien, 2007). All the variables included in the models had to explain a significant
(p <0.05) portion of the genomic variation, and were identified using forward selection criteria

(Blanchet et al., 2008; Legendre et al., 2011).

Redundancy Canonical Analysis (RDA)

A multivariate Redundancy Canonical Analysis (RDA) was applied to compare the association
between the selected environment variables and the genomic variation among sampling sites,
using the R package ‘vegan’ (Oksanen et al., 2019). Each environmental variable and axis were
calculated through 1,000 permutations using an analysis of variance. Loci that scored greater
than three standard deviations (+ 3SD) from the mean locus scores were selected as candidates
for each of the significant RDA axis. A selected axis had to explain a significant (p <0.05)
portion of the genomic variation to be considered for selection, as previously suggested
(Legendre et al., 2011; Forester et al., 2018). Spearman’s correlations were then calculated
between each of the selected candidate loci and the retained environmental variables to

determine which had a greater association per locus.

Test for outlier selection (Fst outlier)

The results of the RDA multivariate analysis using a GEA approach, were compared to those
of a popular outlier test implemented in Bayescan v2.1. (Foll and Gaggiotti, 2008). Although
this approach does not test for associations with environmental variables, it has proved robust

and conservative to identify loci potentially under selection, with a reduced number of false-
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positives, especially in scenarios of moderate to weak population differentiation (e.g. Rellstab
et al., 2015; Brauer et al., 2018; Sandoval-Castillo et al., 2018). This method identifies outlier
loci through a logistic regression model, considers the demographic population component,
and decomposes Fsr values into locus-specific components (Foll and Gaggiotti, 2008). The
outlier test was performed using a multinomial Dirichlet model with 100,000 iterations, 10
prior odds, and a burn-in of 50,000. Loci were considered candidate loci if their g-value was

<0.1 (false discovery rate (FDR) <10%).

Adaptive population diversity and structure

Loci identified as potentially under selection by both methodologies, RDA and Bayescan, were
extracted from the full SNP dataset to obtain a putative adaptive SNP dataset. Adaptive
genomic diversity of the extracted subset of SNPs was assessed for each site and putative
population using Genodive 2.0b27 (Meirmans and Van Tienderen, 2004). Measures of adaptive
genomic diversity per site were also calculated, including expected heterozygosity (Hg) and

observed heterozygosity (Ho).

Principal Component Analysis (PCA), a model-free approach, was used to investigate
population structure using the R package ‘Adegenet’ (Jombart, 2008; Jombart and Ahmed,
2011), with annealing simulation of 50,000 steps. The Bayesian Information Criterion (BIC)
and Akaike Information Criterion (AIC) were then used to determine the best-supported
number of clusters in the dataset, using the snapclust.chooseK function, also in ‘Adegenet’

(Beugin et al., 2018).

Population structure was further investigated using a Bayesian clustering approach that infers
population stratification based on estimated individual ancestries in Admixture v1.3.0
(Alexander et al., 2009). Although the putative adaptive dataset violates Hardy-Weinberg
assumptions of equilibrium (Funk et al., 2012), this analysis was used as a comparison to the
results based on the putatively neutral dataset (Barcel6 et al., 2021, Chapter 2). The maximum
likelihood estimates were calculated by using the ancestry portion and the population allele
frequency to assign the most likely number of K (i.e. populations) in the dataset, testing for K
1-9 and to model the probability of observed genotypes (Alexander and Lange, 2011). This

was followed by cross validation with ten replicates for each of the K values performed.
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Adaptive genomic differentiation among sites was estimated as pairwise Fsr (Weir and
Cockerham, 1984) using Genodive 2.0b27. Significance levels were assessed using 10,000
permutations, corrected by the B-Y method (FDR <10%; Benjamini and Yekutieli, 2001).
Heatmap plots of Fst were constructed with the R package ‘ggplot2’ (Wickham, 2016).

Functional Enrichment Analysis and Annotation

A functional enrichment analysis was performed using the candidate adaptive loci detected
with the RDA. The full dataset and adaptative dataset were first matched to all the available
cetacean nucleotides and non-redundant proteins within the NCBI database (Wadi et al., 2016;
Nam et al., 2017; Dalongeville et al., 2018; NCBI, 2020). Each SNP from the full dataset
(neutral and adaptive, 17,327 SNPs) was flanked to sequences of 300 bp either side of it, and
extracted based on the results of linkage disequilibrium (details in Barcel6 et al., 2021, Chapter
2), resulting in 601 bp sequences in length. Annotation was then performed using the alignment
tool (BLAST) in the NCBI nucleotide and non-redundant protein databases, with an
expectation e-value threshold of 1X10-3. After that, an enrichment Gene Ontology (GO) term
analysis was performed for the putative candidate loci identified by the RDA, compared to the
601 bp sequences of the 17,327 SNPs, this was done using a Fisher’s exact test and a FDR <
5% (Gene Ontology, 2015). Resulting GO terms were then related to a specific candidate, in
which each SNP with a variant in a candidate gene was further examined for its sequence
position using snpEFF (Cingolani et al., 2012). Each SNP found in a coding and non-coding
region was further linked to a pathway and function using the Reactome and UnitProtKB,

respectively (The UnitProt Consortium, 2018).

Results

Population genomic dataset

A total of 234 biopsy samples of common dolphins were sequenced across four Illumina HiSeq
2500 lanes, producing a total of 400 million filtered sequence reads. After filtering using
stringent criteria (detailed in Appendix C, Table C.1), we obtained a high-resolution dataset of
17,875 filtered SNPs with 1% average missing data per locus. Low-quality individuals and

close relatives (R >0.7) were removed, resulting in a dataset of 214 individual samples for
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analyses. This dataset was then filtered for Minor Allele Count (MAC) <0.01, resulting in a
final dataset of 17,327 SNPs.

Genotype-Environment Associations

A total of 24 environmental variables were initially available for analyses. Five environmental
variables were retained after testing for multicollinearity (|| >0.7 and VIF <3) (Appendix C,
Figure C.1; Appendix E). The selected variables were salinity maximum, sea surface
temperature minimum, primary productivity maximum, and current velocity maximum and
range, with each environmental variable showing a marked gradient along southern Australia’s

coast and shelf waters (Figure 3.2a-¢).
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Figure 3.2 Environmental variables that were retained as significant for the Genotype-
Environment and Redundancy Canonical Analyses for southern Australian common dolphins
(D. delphis). (A) Sea surface temperature minimum, (B) Primary productivity maximum, (C)
Current velocity range (D), Current velocity maximum, and (E) Salinity maximum.
*Acronyms: Albany (ALB); Esperance (ESP); Great Australian Bight (GAB); shelf waters,
Spencer Gulf (SG); Gulf St Vincent (GSV); Robe (ROB); Portland (PORT); Melbourne
(MEL); and East, Wilson Promontory (EWP).
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The overall model of the RDA was significant (p = 0.001), with the spatial variables explaining
3.5% of the variation of the full model, while the genotype dataset and the environmental
variables explained 4.9% of the variation of the full model. The five environmental variables
retained were significant for the constrained component of the RDA model (p = 0.001) (Table
3.1; Appendix C, Table C.2). A total of 747 SNPs was retained as candidate adaptive markers.
The first component explained 0.7% of the full model and 32% of the constrained variance,
while the second component explained 0.11% of the full model and 20% of the constrained
variance (Appendix C, Table C.2). The visualisation of the first and second components
demonstrated heterogeneity between the five environmental variables and the sample sites
analysed (Figure 3.3). Changes in current velocity were strongly associated with the genomic
differentiation of common dolphins between geographically close sites of Albany and
Esperance, Western Australia. By contrast, primary productivity and sea surface temperature
explained most of the genomic divergence of common dolphins from the Great Australian
Bight, Spencer Gulf, Robe, Portland and Melbourne, to other sites in southern Australia.
Finally, salinity was the variable that explained most of the genomic variation of common

dolphins from Wilson Promontory and Gulf St Vincent to the other sites.

Table 3.1 Significance of the environmental variables in the MEM axis selection and
Redundancy Canonical Analysis model for southern Australian common dolphins (D. delphis).
Portion of the constrained variance explained by each environmental variable and the number
of putative candidate loci is also presented.

Environmental p- value Percentage No. of candidate

variable explained by the | loci
model

Sea surface temperature | 0.001 *** 0.7111437 215

minimum

Primary productivity | 0.001 *** 0.61671554 88

maximum

Current velocity range 0.0071 *** 0.6085044 152

Salinity maximum 0.0071 *** 0.60087977 182

Current velocity | 0.001 ***

maximum 0.51730205 110

77



® ALB
ESP
GAB
SG
< —oasv

® ROB
® PORT
MEL

® EWP

(q\] — [ ]
reduced.env$BO2_salinitymax_ss
°

[ T e R P | PRy S N B @0 - G e

reduced.env$BO_sstmin

RDA2 (0.07%)

A
| reduced.env$BO2_ppmax_ss
°
j" — o
°
e
: reduckd.env$BO2_curvelmax_ss
LIO ] 1) . °
° oo:educed.env$BOZ_curveIrange_ss
e 0]

I I I
-5 0 5

RDA1 (0.11%)

Figure 3.3 Redundancy Canonical Analyses (RDA) displaying the influence of five
environmental variables on individual genomic variation of common dolphins (D. delphis)
from southern Australia. The overall variance of the model explained was 3410 (p = 0.001)
(see Table 3.2; Appendix C, Figure C.1 for more details). Legend displays sampling sites from
west to east, and colours correspond to where common dolphins were sampled. *Acronyms:
Albany (ALB); Esperance (ESP); Great Australian Bight (GAB); shelf waters, Spencer Gulf
(SG); Gulf St Vincent (GSV); Robe (ROB); Portland (PORT); Melbourne (MEL); and East,
Wilson Promontory (EWP).

Test for outlier loci under selection

The Bayescan outlier test identified 75 SNPs potentially under selection (Figure 3.4).
Subsequent analyses of adaptive population structure were performed using a combined SNP
dataset based on those identified by the RDA as candidate loci and the Bayescan analyses,
which resulted in a dataset of 806 putatively adaptive SNPs (Appendix C, Figure C.3).

78



FST
0.08 0.10 0.12
1 1 !

0.06
|

0.04
|

0.02
L

qvalue

Figure 3.4 Outlier loci detected by the Bayescan analyses of common dolphins (D. delphis)
from southern Australia. This is illustrated by locus specific Fst plotted against the q values,
with a False Discovery Rate (FDR) of <10%. Outlier loci are represented by the red dots.

Adaptive population genomic structure and diversity

The 806 SNPs were extracted from the full dataset (17,327 SNPs) to obtain a putatively
adaptive dataset. The inferred levels of putatively adaptive genome-wide diversity were
relatively high for all sites (Hg 0.369 to 0.405; Ho 0.361 to 0.402) compared to the neutral
genomic diversity (Hg 0.160 to 0.181; Ho 0.154 to 0.175 (Table 3.2) (detailed in Barcelo et al.,
2021, Chapter 2).

Multiple analyses (described below) using the adaptive dataset indicated the presence of four
to five putatively local populations supported by BIC and AIC tests (Appendix C, Figures C.4;
C.5): (1) Albany (ALB), (2) Esperance (ESP), (3) Continental shelf sites (GAB, SG, ROB,
PORT and MEL), (4) Gulf St Vincent (GSV), and (5) Wilsons Promontory (EWP) (Figure
3.5). Specifically, Admixture analysis revealed up to five adaptive putatively populations, with
a separation between ALB and ESP, , GSV, and EWP, compared to considerable admixture
among the other sites (Figures 3.5; Appendix C, Figure C.4; C.5). By contrast, PCA results
mostly supported four populations, showing only a subtle separation between EWP, GSV sites
and ALB, with admixed individuals from ESP and the continental shelf sites clustering in the

middle of the two axes (Appendix C, Figure C.6).
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Table 3.2 Measures of genomic diversity based on 806 putatively adaptive, and 14,799
putatively neutral SNP datasets by sampling site for southern Australian common dolphins
(Delphinus delphis). Observed heterozygosity (Ho), expected heterozygosity (Hg) and number
of samples used after filtering (N). *Acronyms: Albany (ALB); Esperance (ESP); Great
Australian Bight (GAB); shelf waters, Spencer Gulf (SG); Gulf St Vincent (GSV); Robe
(ROB); Portland (PORT); Melbourne (MEL); and East, Wilson Promontory (EWP).

neutral adaptive
Site N H, He H, Hg
ALB 15 0.167 0.166 0.381 0.382
ESP 18 0.171 0.172 0.382 0.386
GAB 22 0.170 0.176 0.386 0.405
SG 32 0.172 0.172 0.402 0.402
GSV 28 0.154 0.160 0.361 0.369
PORT 31 0.172 0.175 0.391 0.399
ROB 32 0.169 0.175 0.389 0.402
MEL 16 0.169 0.177 0.381 0.399
EWP 20 0.175 0.181 0.377 0.395
Total average 0.169 0.173 0.383 0.393
Total SD 0.006 0.006 0.011 0.012

| S =
Q - Continental shglf sites
SIS Y & QoQ/'\ & &

Figure 3.5 Population genomic structure analysis using Admixture based on 806 putatively
adaptive SNPs for southern Australian common dolphins (Delphinus delphis), labelled by
sampling site. The results depict levels of admixture for each individual sample, grouping them
into up to five adaptive genomic clusters (K = 5). Each sample is represented by one vertical
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line and is colour-coded based on the membership probability to one of the identified locally
adapted populations.

Fixation indices indicated low to moderate (Fst 0.001 to 0.120) genomic differentiation
between dolphins based on the putatively adaptive dataset, with the majority of them significant
and with higher Fst than with the putatively neutral dataset (Appendix C, Figure C.2; Table
C.3). The greater Fsr differentiation was between Gulf St Vincent (GSV) and East Wilsons
Promontory (EWP) compared to the western sites [Albany (ALB) and Esperance (ESP)], with
the lowest Fst values creating a gradient along southern Australian sites on the continental

shelf.

Functional enrichment and annotation

Of the full dataset (17,327 SNPs), a total of 1,871 SNPs (>10%) scored BLAST hits that
annotated to publically available cetacean nucleotides and non-redundant proteins. Of the 747
SNPs retained as potentially under selection by the RDA, 148 were annotated (~19%).
Functional enrichment analysis identified 22 GO terms over-represented when comparing the
SNPs from the full dataset to the SNPs identified as potentially under selection (Appendix C,
Table C.4). These over-represented GO terms belong mostly to biological processes, but some
were also related to molecular functions and cellular components, with 26 SNPs related to
adaptive candidate genes in both coding and non-coding regions in multiple pathways. These
SNPs were further investigated, with three notable ones showing variants in exonic regions
(Appendix C, Table C.5). These SNPs correspond to candidate genes MAN2BI1 (related to
breaking complex sugar molecules) and ZFP57 (related to early embryonic methylation),
which were associated with primary productivity variation in the RDA, and NR2F6 (related to
regulation of adipogenesis and energy metabolism), which was associated with the salinity
gradient also in the RDA. Although the correlations between the candidate genes and the
environmental variables were low (12 <0.5), the correlations were still significant (Fisher’s p-
value <0.05), and considerable changes in the allele frequencies of these candidate genes were

observed across the seascape (Appendix C, Figure C.7; C.8).
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Discussion

Species and populations exhibiting high genomic variation have enhanced prospects of long-
term persistence (Wright, 1968; Allendorf et al., 2010; Frankham et al., 2010). Biodiversity
inhabiting multiple environments may be subject to disparate selective pressures, which in turn
could result in adaptation to particular habitats (Manel and Holderegger, 2013; Riginos et al.,
2016; Grummer et al., 2019). In this study, a seascape genomics approach was used to assess
the influence of environmental heterogeneity in shaping adaptive divergence in common
dolphin populations from southern Australia. Our analyses identified around 800 SNPs
putatively under selection that delineated up to five putatively-adaptive divergent populations
across the region. The seascape genomics component of the analyses revealed four key
environmental variables in the region (sea surface temperature, primary productivity, current
velocity, and salinity), which could explain most of the genomic variation between local
common dolphin populations. This genomic signal may be associated with three different
described oceanographic and geological phenomena along southern Australian coastal and
shelf waters. These include (i) the oceanographic circulation in the western region and
associated differences in current velocity; (ii) upwellings across the central shelf region
associated with fluctuations of primary productivity and sea surface temperatures; and (iii)
protected coastal environments in central and eastern regions characterised by marked
variations in salinity and seasonal circulation patterns. To the best of our knowledge, this study
represents the first genomic assessment of putatively-adaptive divergence among common

dolphin populations.

Putatively-adaptive genomic variation in southern Australian common dolphins

Genomic variation within populations can be impacted by demographic history, but also
through ongoing selective pressures that will promote or restrict the dispersal of individuals
(Frankham et al., 2017; Rajora, 2019; Wilder et al., 2019). Estimates of genomic variation and
fixation indices were, as expected, higher for the adaptive markers (this study) than for the
neutral markers (see Table 3.2; and Appendix C, Figure C.2 and Table C.3 for comparisons).
Furthermore, the population structure analyses revealed a dissimilar number of populations
inferred via adaptive and neutral markers; four to five with the adaptive dataset (Figures 3.5;
Appendix C, Figure C.5) and at least two with the neutral dataset (Barcel6 et al., 2021, Chapter

2). While neutral and adaptive genetic signals provide useful information about population
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structure, they arise through different evolutionary forces (Wright, 1968; Crow and Kimura,
1970), and as discussed below, are both relevant for conservation and management (Shafer et

al., 2015; Sunnucks and Balkenhol, 2015; Funk et al., 2019).

Understanding the pressures that impact marine populations is critical for guiding their
management (Oleksiak and Rajora, 2020). Common dolphins are a widespread species thought
to have colonised different coasts and pelagic habitats off Australia during the Pleistocene
(Amaral et al., 2012b). During that period, fluctuations in primary productivity may have
opened new niches and promoted colonisation of the region by this species (Steeman et al.,
2009; Amaral et al., 2012c; Amaral et al., 2016). However, current environmental pressures
could also be influencing local adaptation of marine populations (Allendorf et al., 2010; Manel
et al., 2010). This is relevant for common dolphins in southern Australia, which suffer ongoing
impacts from anthropogenic activities, particularly by-catch in fisheries (e.g. Bilgmann et al.,
2008; Hamer et al., 2008; Tulloch et al., 2020). In this region, common dolphins exhibit genetic
connectivity over relatively long distances that was mainly disclosed by putatively neutral
SNPs (Barcelo et al., 2021, Chapter 2), when considering signals from genomic regions mostly
shaped by genetic drift and migration (Wright, 1968; Crow and Kimura, 1970). They also
appear to show site fidelity to embayment environments (Filby et al., 2010; Mason et al., 2016),
with signatures of selection in adaptive markers disclosed here supporting the hypothesis of
year-round site fidelity. Neutral and adaptive loci can provide different number of populations
for management and conservation (Funk et al., 2012; Funk et al., 2019). For common dolphins
in southern Australia, neutral loci may explain the interconnected pattern disclosed here, with
migration occurring at the metapopulation level (Barceld et al., 2021, Chapter 2), while
adaptive loci support the idea of putative adaptation to local environments or bioregions,
despite the occurrence of gene flow. Each local habitat or bioregion exhibit different
environmental gradients, such as temperature, oxygen and salinity which have been described
to impact upon other marine taxa from southern Australia (e.g. Haliotis, Sandoval-Castillo et
al., 2018; Nerita, Teske et al., 2015), and in another delphinid (7Tursiops sp. Pratt, 2020). These
environmental variables may be also impacting on common dolphins and their prey distribution
in southern Australia, and in turn creating differentiation between putative locally adapted
populations, despite the gene flow which occurs across the metapopulation. Effects of climate
change may differ between adaptive populations, with local populations exhibiting low
adaptive genomic diversity, such as those in coastal protected environments or embayments,

perhaps more vulnerable to such effects (e.g. Bilgmann et al., 2019; Pratt, 2020; Reed et al.,
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2020). Thus, neutral and adaptive variation are both relevant to conserve for maintaining high

standing genetic variation across the common dolphin metapopulation.

Environmental drivers of adaptive differentiation in southern Australian common

dolphins

Adaptive differentiation can be driven by various selective pressures. In marine systems,
oceanographic features, such as bathymetry, currents, primary productivity, salinity, and
temperature may exert selective pressures (Benestan et al., 2016a; Bernatchez et al., 2018;
Oleksiak and Rajora, 2020). These environmental gradients and discontinuities could be
creating soft barriers, and in turn, lead to adaptive divergence among marine populations (e.g.
Benestan et al.,, 2016a; Sandoval-Castillo et al., 2018; Xuereb et al., 2018a). Population
differentiation in Australasian common dolphins, and their varied use of habitats, have been
generally associated with the abundance and movements of their prey (e.g. Stockin et al.,
2009a; Moller et al., 2011; Bilgmann et al., 2014), which mainly exhibit passive dispersal
during their larvae stage (e.g. Ward et al., 2006; Kool et al., 2015; Ward et al., 2017). Although
using a small representation of the genome led to a significant, albeit small, association
between genomic variation with the key available environmental variables, it does not
necessary fully elucidate the complex scenarios occurring in the marine system. The
assessment of common dolphin populations in southern Australia, thus may require a general

ecological understanding of this heterogeneous marine system.

At a global, coarse scale, an assessment of the seascape genetics of common dolphins has been
previously made based on neutral microsatellite markers. This study correlated genetic
variation in oceanic populations of common dolphins with environmental variables, finding
evidence for the effect of chlorophyll a and sea surface temperature in delineating major
population boundaries (Amaral et al., 2012a). Robust analyses in our study based on a large
SNP panel disclosed that common dolphin genomic variation at fine-scale in southern Australia
was associated with several environmental variables, including sea surface temperature, but
also current velocity, primary productivity (which is generally positively correlated with
chlorophyll), and salinity (Figure 3.3). Our findings suggest that different variables may be
acting at different spatial scales, playing major roles in the differentiation of populations. The
ocean circulation in the region, influenced by differences in environmental gradients, mainly

seasonal differences in primary productivity and sea surface temperature, is likely to result in
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different levels of plankton biomass (e.g. Eriksen et al., 2019), that in turn mediate the
abundance and distribution of the dolphins’ prey. The genomic differentiation observed may

be associated with three possible oceanographic phenomena discussed below.

Ocean circulation off southern Western Australia

The western and southern coasts of western Australia are characterised by the Leeuwin current,
which originates in the warm Indo-Pacific Ocean, moving south along the western coast of
Australia, and into the southern coast off Cape Leeuwin (Bird, 2005; Ridgway and Godfrey,
2015; Short, 2020). The warm waters that enter southern Australia, flowing from west to east,
create distinct patterns of temperature, primary productivity and current velocity along the
continental shelf (Middleton and Bye, 2007; Koslow et al., 2008). In southern Western
Australia, common dolphins between the two geographically close sites of Albany and
Esperance (~300 km apart) were found to be slightly differentiated based on the adaptive SNP
dataset, and this distinction seems to be mainly driven by oceanographic currents, particularly
changes in current velocity in this area (Figures 3.3 and 3.5). A previous microsatellite study
suggested differentiation between dolphins of these two sites (Bilgmann et al., 2014), although
this separation was not disclosed when analysing the putatively neutral SNP dataset (Barceld

et al., 2021, Chapter 2).

At the western region of southern Australia, the Leeuwin current velocity rapidly declines due
to geomorphological formations at the ocean floor, such as the presence of canyons and the
Recherche archipelago (Bird, 2005; Currie et al., 2012; Kool et al., 2015). Models of larval
dispersal in some fish species have shown that individuals move along the Leeuwin current,
but separate fish aggregations from between Albany and Esperance (Lourey et al., 2006).
Circulation and geomorphological differences characterise each site; Albany with strong
mixing waters outside the embayment, whereas off Esperance it is more protected because of
the archipelago (Brooke et al., 2017; Kent et al., 2020). Common dolphins are known to
optimise their energy requirements by having different hunting strategies, and preferences for
targeting diverse prey species between different sites and seasons (Spitz et al., 2010; Mason et
al., 2016; Peters et al., 2020). Thus, common dolphins that inhabit Albany and Esperance could
be targeting different fish aggregations, which may lead to differential habitat use. Adaptive
genomic variation of common dolphins between these two sites was evident in the Minor Allele

Frequency (MAF), especially in SNPs of the candidate genes EBF2, CHIA and KCTD16
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(Appendix C, Figure C.8). These genes are involved in digestion, absorption of carbohydrates
and energy conversion, as well as in the differentiation of brown adipocytes (e.g. Havird et al.,
2016; Tabata et al., 2018; Angueira et al., 2020). Brown adipocytes, or white fat, are known to
be the main source of energy storage that can be altered by food intake (Shao et al., 2016;
Angueira et al., 2020). Moreover, differences in MAF in SNPs of the gene LEF1 was also
disclosed between common dolphins of these two sites (Appendix C, Figure C.8). This gene is
associated with anti-apoptotic signals in hypoxic conditions (Boso et al., 2019), a coping
mechanism during episodes of hypoxia due to low oxygen availability (Larson et al., 2014).
Thus, these genes may be involved in regulating energy and oxygen availability for common
dolphins in western southern Australia, which sites are differentially impacted by current

velocity.

Southern Australia’s continental shelf and its upwellings

The Leeuwin current continues into southern Australia as the Great Australian Bight current,
which is characterised by slower flow in an eastward direction following the break of the
continental shelf (Middleton and Bye, 2007; Kdmpf, 2015; Ridgway and Godfrey, 2015). The
sea floor formation of the southern continental shelf of Australia creates a basin known as the
Great Australian Bight, which extends several nautical miles from the coast into the continental
shelf break (McClatchie et al., 2006; Richardson et al., 2009; Kdmpf, 2010). While the warm
currents tend to follow the continental shelf, there is also a counter-current of cold water,
known as the Flinders current, which remains below the continental shelf break (Middleton
and Bye, 2007). During the austral summer, anticyclonic weather favours the replacement of
the warm currents by the cold and productive Flinders current, forming coastal upwellings over
the continental shelf (Condie et al., 2005; Ridgway and Godfrey, 2015; Kdmpf and Chapman,
2016). The GEA analysis in our study highlighted the influence of maximum primary
productivity and minimum sea surface temperature, which are major characteristics of
upwelling formations, on the adaptive genomic differentiation of common dolphins. This was
detected in samples from regions of the Great Australian Bight, mouth of Spencer Gulf, Robe,
Portland, and Melbourne (Figure 3.3). In the GEA analysis samples from these sites clustered
together, and this was also disclosed in the PCA and Admixture analyses (Figure 3.5; Appendix
C, Figure C.5; C.6).
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Differences in primary productivity and sea surface temperatures have been characterised as
the main forces that may drive seasonal upwellings in southern Australia (Lourey et al., 2006;
Kéampf, 2010; Kdmpf and Chapman, 2016). There are two types of upwelling centres along
southern Australia. Large upwellings are represented by the Bonney upwelling located from
about Robe, South Australia, to Portland, Victoria, and the Tasmania upwelling located off
western Tasmania. There are additional, smaller upwelling centres that do not follow the
classical Eckman model formation, such as the Eyre Peninsula and the Kangaroo Island
upwellings (Kampf, 2010; Currie et al., 2012; Kampf, 2015). While the smaller upwellings
could mainly have an impact upon spawning of fish species, such as sardines and anchovies
(Ward et al., 2006), the larger upwelling centres are likely to attract higher density of predators,
such as dolphins, whales, seals and sharks feeding upon large biomasses of krill and pelagic
fish, and using these large upwelling centres as feeding grounds (e.g. Foo et al., 2020; Mackay
et al., 2020; Moller et al., 2020). Common dolphins in open and unprotected continental shelf
waters (i.e. Great Australian Bight, mouth of Spencer Gulf, Robe, Portland and Melbourne),
presented similar MAFs in SNPs of candidate genes ERC2, MAN2B and ZFP57, compared to
other sites along southern Australia (Appendix C, Figure C.8). The ERC2 gene has been
associated with heat stress metabolism in other species (Emami et al., 2020); the MAN2BI
gene is known to play an important role in breaking complex sugar molecules (Lazzarotto,
2016; Tivey et al., 2020); and the ZFP57 gene is involved in the regulation of fatty acids (Cirillo
et al., 2014). These genes could be involved in regulating energy intake and body mass index
(e.g. Turcot et al., 2018; Boonanuntanasarn et al., 2019), with differences between common
dolphins that feed upon schooling fish with higher energy density (Sptiz et al., 2010), from
productive upwelling systems to those that do feed on these types of fish.

Protected coastal habitats

The geomorphology of southern Australia exhibits several embayments and protected areas
(Bird, 2005; Short, 2020). Some of these protected embayments, such as Gulf St Vincent, South
Australia, and Port Philip Bay, Victoria, have been previously described as important year-
round habitats for common dolphins (Filby et al., 2010; Mason et al., 2016). The neutral dataset
provided some differentiation between dolphins from the Gulf of St Vincent and other areas
(Barcel6 et al. 2021, Chapter 2). However, this result was amplified by the GEA analysis which
disclosed that the genomic variation of common dolphins in Gulf St Vincent and sheltered

waters off Wilsons Promontory were apparently mainly driven by salinity, and correlated with

87



primary productivity and sea surface temperature (Figure 3.3). The Gulf St Vincent is an hyper-
saline inverse estuary with seasonal circulations that create differences in primary productivity
and temperature (Bird, 2005; Kédmpf and Bell, 2014; Bourman et al., 2016). Similarly, Wilsons
Promontory is a protected area described as a unique biogeographic region between the
southern and eastern Australian currents, with seasonal circulation associated with differences
in temperature that promotes the formation of seasonal fish assemblages (Waters, 2008; Colton

and Swearer, 2012; Teske et al., 2017).

Common dolphins tend to target prey species with high energy density (Neumann and Orams,
2003; Spitz et al., 2010). In southern Australia, common dolphins mainly feed upon sardines
(S. sagax), anchovies (E. australis), and mackerel (Trachurus spp.) (Mackay and Goldsworthy,
2017; Goldsworthy et al., 2019b). However, for some presumably resident populations in Port
Phillip Bay and Hauraki Gulf, New Zealand, it has been suggested that common dolphins may
change their target species based on their seasonal availability (Mason et al., 2016; Peters et
al., 2020). Bottlenose dolphins that exhibit strong residency in embayment habitats in southern
Australia have also showed genomic differentiation associated with salinity and temperature,
suggesting that environmental variables could create indirect discontinuities in food
availability (Pratt, 2020). For southern Australian common dolphins from coastal protected
habitats, genomic variants showed differences in the MAF of SNPs in candidate genes STX7
and IGFBP7 (Appendix C, Figure C.8). While STX?7 is associated with osmoregulation
(Niedergang and Chavrier, 2004; Roca-Agujetas et al., 2019), IGFBP7 is related to
physiological adaptation of species inhabiting freshwater and marine environments (e.g. Yau
et al., 2015; Breves et al., 2017; Strobel et al., 2020). Moreover, members of the STX family
genes were found to be positively selected in the macroevolution of marine mammals (e.g. Yim
et al., 2014; Foote et al., 2016; McGowen et al., 2020). In southern Australian embayments,
seasonal changes in salinity and temperature are associated with changes in the composition of
fish assemblages (e.g. Colton and Swearer, 2012; Whitmarsh et al., 2020). Thus, it is possible
that observed differences in genomic variation in common dolphins inhabiting Gulf St Vincent
and Wilsons Promontory are related to mechanisms for coping with high salinities and allowing

them to remain local year-round by alternating feeding upon different prey species.
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Gene ontology

Interpretation of functional implications between candidate genes and their environment need
to be made with caution, and this is, especially the case in marine systems as it is difficult to
elucidate all possible oceanographic and demographic scenarios, and the ones inferred do not
necessarily imply causality (Manel et al., 2016; Xuereb et al., 2018b, Sandoval-Castillo et al.,
2018). Candidate genes previously identified for other species, however, can be generally
implied in adaptive responses of non-model species (e.g. Vincent et al., 2013; Dalongeville et
al., 2018; Oleksiak and Rajora, 2020). Macroevolutionary studies of odontocetes have
suggested that adaptations between species mostly occurred during cycles of high productivity
(Steeman et al., 2009; Amaral et al., 2012c; Amaral et al., 2016). In this study, positively
selected variants in exonic gene regions of MAN2B1, ZFP57 and NR2F6 were associated with
primary productivity and salinity (Figure 3.3; Appendix C, Figure C.7), which could be

influencing physiological adaptation of common dolphins to different habitats.

The MAN2BI1 is associated with the break of complex sugar molecules involved in
carbohydrate metabolism (Lazzarotto, 2016; Sproles et al., 2019; Tivey et al., 2020), and it has
been linked to metabolic processes in adaptation to ocean acidification in other taxa
(Dineshram et al., 2015). The NR2F6 (also known as CoupTFII) is related to the regulation of
adipogenesis, glucose, homeostasis and metabolism energy (Li et al., 2009; Jeong et al., 2014;
Baldwin et al., 2017). The ZFP57 is associated with regulation in early embryonic imprinting
methylation, which may be altered by nutrients in the diet (Amarasekera et al., 2014; Zglejc
and Franczak, 2017; Irwin et al., 2019). Moreover, a gene of the family of ZFP is positively
selected in killer whales, with genomic differences evident for one of the Antarctic ecotypes
(Foote et al., 2016), which is known to show differences in its feeding specialisations (Pitman

and Durban, 2012; Foote et al., 2019).

The three positively selected SNPs found in exonic regions were all associated with metabolic
pathways. This could suggest that the optimization of nutrients and energy during cell cycle
processes are important for common dolphins. However, there were also other positively
selected variants located in promoters (LZTS1, KRBA1), intronic regions (PKD1L2, P3H2,
SYT6, ERC2, LEF1, ABCB8, RTEL1, TLN2, MTCL1, STX7 and CFAP54), and intergenic
parts of putative genes (LZTS1, EBF2, ELL, IGFBP7, KRBA1, NKD2, TAS1R2, MTCLI1 and
KCTD16). Although little is known about the importance of non-coding regions, there is strong
evidence that they also play a role in adaptation (Andolfatto, 2005; Jones et al., 2012;
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Charlesworth et al., 2017). Some of these non-coding genes are involved with the regulation
of homeostasis (e.g. STX7, NKD2, RTEL2) (Zhang et al., 2007; Youds et al., 2010; Roca-
Agujetas et al., 2019), osmoregulation (e.g. IGFBP7, KRBA1, KCTD16) (Fuentes et al., 2010;
Havird et al., 2016; Breves et al., 2017), adipogenesis (e.g. LZTS1, EBF2, NR2F6) (Qiu et al.,
2007; Li et al., 2009; Angueira et al., 2020), thermogenesis (e.g ERC2) (Turcot et al., 2018),
and in regulating pathways of the sensory system, such as photoreceptors (e.g. ABCBS)
(Allikmets et al., 1997), or inhibition of taste receptors (e.g. TAS1R2, PKDL1) (Horio et al.,
2011; Pang et al., 2014). The evidence reported here is based on a small representation of the
genome (less than 2% of the dolphin genome). Thus, it is highly expected that future studies
using whole genome datasets will expand and report on many other gene regions and pathways

likely to be under selection in these common dolphin populations.

Implications for conservation under future climatic scenarios

This study helps to elucidate how the environment may be influencing fine-scale, adaptive
population differentiation of common dolphins across southern Australia. With the rapid
climatic and anthropogenic pressures impacting upon marine species (Grummer et al., 2019;
Manel et al., 2019; Razgour et al., 2019), it is essential to understand which environmental
factors may shape genomic variation to identify locally adapted populations relevant for
conservation and management. Models predicting the impact of climate change in marine
systems have provided evidence that differences in circulation patterns will likely lead to
warmer environments (Banks et al., 2010; Suthers et al., 2011; Antao et al., 2020). For
cetaceans, two possible scenarios have been proposed so far. One scenario suggests that
changes in ocean circulation, wind patterns and currents could enhance upwelling areas, with
large predators such as common dolphins likely benefiting from these changes (e.g. Whitehead
et al., 2008; Palacios et al., 2013; Schumann et al., 2013). By contrast, another scenario
suggests that warmer sea surface temperatures would alter community dynamics and increase
exposure of populations to various pathogens (e.g. Bossart, 2011; Schumann et al., 2013; Reed
etal., 2020). In this second scenario, prey abundance and distribution could be greatly impacted
by affecting plankton biomasses (e.g. Wernberg et al., 2011; Roberts et al., 2017), which could
lead to outbreaks, prey depletion and population declines for cetaceans and other large marine

predators.
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Both types of scenarios could potentially impact on southern Australian common dolphins. The
first scenario is perhaps most likely for common dolphins inhabiting sites where connectivity
persists over thousands of kilometres due to seasonal aggregations in upwelling centres, as
previously suggested for other marine predators (e.g. Palacios et al., 2013; Schumann et al.,
2013). In this scenario, southern Australian common dolphins could enhance the movement of
nutrients to different habitats and trophic levels (e.g. Castro-Tavares et al., 2019; Sousa et al.,
2019). This movement of nutrients could affect on the timing and magnitude of the upwellings
(e.g. Wernberg et al., 2011), impacting common dolphins and other cetaceans species that feed
upon high density prey biomasses (Roberts et al., 2017; Sousa et al., 2019; Bestley et al., 2020).
In contrast, the second scenario could perhaps be particularly relevant for common dolphins
that live in protected habitats in which extreme climatic events, such as marine heatwaves,
could lead to high mortalities of prey species (e.g. Wild et al., 2019) and alteration of spawning
times (e.g. Ward et al., 2017; Richardson et al., 2020). Moreover, changes in temperature and
nutrients of waters masses could lead to low abundance and redistribution of prey species (e.g.
Watson et al., 2013; Foo et al., 2020). For dolphin species that inhabit protected environments,
epizootic events often coincide with this type of extreme climatic stressors, leading to negative
impacts on population health and reproduction, and occasionally large morbidity and mortality
rates (e.g. Kemper et al., 2016; Batley et al., 2019; Reed et al., 2020). Moreover, common
dolphins in embayment areas such as Gulf St Vincent and Spencer Gulf have been subjected
to fisheries interactions for long periods of time (Bilgmann et al., 2008; Robbins et al., 2017),
and extreme climatic events may compound impacts due to less food availability (e.g. Kemper
et al., 2016; Bestley et al., 2020; Reed et al., 2020). Thus, these scenarios could compromise
common dolphin populations, leading to a decline of local populations or habitat displacement
(e.g. Reed et al., 2020), or extreme events of prey depletion, as seen in other common dolphins
populations around the world (e.g. Murphy et al., 2019; Genov et al., 2020). The dynamics of
marine ecosystems are extremely complex, and future climatic changes may present non-linear
alterations that need to be contemplated in future conservation plans (Watson et al., 2013;

Kampf and Chapman, 2016).

As a near top predator, common dolphins provide important ecosystem services to the marine
environment (Castro-Tavares et al., 2019; Sousa et al., 2019), and if anthropogenic or climatic
impacts were to occur, these could lead to changes in food-webs and eutrophication of
ecosystems (e.g. Daskalov, 2002; Reed et al., 2020; Ulman et al., 2020). Adaptation to

heterogeneous environments in species with high genomic diversity can promote population
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resilience to climatic changes (Wilder et al., 2019). When making policies and management
decisions, it is important to incorporate information from both neutral and adaptive markers to
ensure the persistence of high standing genomic variation in marine populations (Manel and
Holderegger, 2013; Riginos et al., 2016; Xuereb et al., 2020). Currently, these putative
divergent populations are being managed as combined stocks, according to the management
stocks of their prey(e.g. AFMA, 2019b), with no specific consideration of genetic or genomic
differentiation. Results of this study disclosed up to five putatively adapted common dolphin
populations in southern Australia that need to be considered as priority areas for conservation
and management, taking into account the potential cumulative impacts of fisheries and other
stressors in each local population, as well as across the metapopulation. This needs to be
prioritised in common dolphin local populations such as the one from Gulf of St Vincent, which
has been and continuous to be impacted by human activities, exhibits the least amount of
migration compared to locally adjacent sites based on neutral markers (Barcel6 et al. 2021,
Chapter 2), and is a site where common dolphins present putative adaptation to their semi-
enclosed embayment. Thus, results from neutral markers showed that these putatively adapted
populations are likely to be demographically dependent, given the amount of gene flow
between them (Barcelo et al., 2021, Chapter 2). In contrast, candidate adaptive loci disclosed
by the GEA analysis suggested that some of the dolphins’ genomic differentiation is associated
with environmental gradients that perhaps lead to a local adaptation. Thus, it is recommended
that neutral and adaptive variation should be incorporated into policy for the management of
common dolphin populations. Inter-state jurisdictional collaboration should aim to maintain
connectivity across the locally adapted populations of the species, to ensure the persistence of
high standing genetic variation across the region, which could act as an insurance for ongoing

and future anthropogenic impacts and climatic changes.

Conclusion

This research used genome-wide SNPs to disclose fine-scale adaptive genomic differentiation
for common dolphins inhabiting different regions of southern Australia. The adaptive dataset
obtained from multivariate GEA and Bayesian analyses suggested the presence of up to five
locally adapted populations. The GEA analysis indicated that the common dolphins genomic

variation of these putatively local adapted populations are impacted by four key environmental
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variables related to three oceanographic phenomena characteristic of the region. Genomic
variation in dolphins off the southern coast of western Australia was associated with current
velocity, while genomic differentiation of common dolphins from sites along the continental
shelf break were associated with primary productivity and sea surface temperature. The latter
may relate to major upwelling centres, which could be promoting areas of seasonal
aggregation. By contrast, genomic differentiation of common dolphins from protected coastal
habitats and embayments were associated mainly with fluctuations in salinity. These
environmental variables may present gradients and discontinuities, that in turn may create soft
barriers among putatively adapted local populations. This study represents the first fine-scale
seascape genomics assessment of common dolphins in a dynamic heterogeneous environment,
in which the candidate genes described could be used for future comparative studies of
common dolphins in the region and perhaps other delphinid species that share the area. Results
highlight that conservation and policy efforts towards common dolphins should aim to preserve
both neutral and adaptive genomic variation of populations, aiming to preserve diversity as
well as connectivity, and taking into account cumulative impacts on the putatively five adaptive
populations. Maintaining connectivity can lead to high standing genomic variation, which in
turn will enhance their chances of survival into unfavourable anthropogenic impacts, including

climatic events.
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CHAPTER 4. ADAPTIVE DIVERGENCE IN THE
AUSTRALIAN METAPOPULATION OF COMMON
DOLPHINS (DELPHINUS DELPHIS)
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Abstract

Assessing the environmental influences on adaptive diversity of marine metapopulations is
fundamental to predict their resilience to environmental changes and to inform conservation
management. Metapopulations of wide-ranging species are often connected across ocean
basins, but may also exhibit localised adaptive divergence across heterogeneous regions due to
the influence of local- and meso-scale oceanographic features. In this study, we used seascape
genomic approaches to characterise and analyse putatively adaptive genomic variation across
multiple segments of the Australian metapopulation of common dolphins (Delphinus delphis).
Analyses were implemented for the entire metapopulation level using 17,539 filtered SNPs
(i.e. the broad-scale dataset) and for the eastern coast metapopulation segment using 16,326
SNPs (i.e. the fine-scale dataset). At the metapopulation level, two regional and potential
adaptively divergent populations were identified after accounting for the effects of spatial
distance. Genomic variation in these putatively populations appeared strongly associated with
variation in sea surface temperature, current velocity, salinity, bathymetry and primary
productivity. Much lower adaptive divergence was detected along the eastern coast segment,
which appeared associated mainly to variation in primary productivity. We proposed that both
broad- and fine-scale adaptive divergence in Australian common dolphins is influenced by
three main oceanographic and coastal features: (i) ocean circulation patterns at range edges,
(i1) areas of eddies and upwellings, and (iii) semi-enclosed coastal habitats. Preliminary
evidence found for repetitive selection in some regions of the genome is speculated here in the
context of parallel evolution of dolphins on separate coasts. Our results provide novel
information for the conservation and management of multiple segments of the Australian
metapopulations of common dolphins, within the context of a highly dynamic and

heterogeneous marine environment.
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Introduction

Complex interactions of ecological processes can shape the spatial structure of populations,
and information about these interactions are essential for the conservation and management of
biodiversity (Levins, 1969; Hanski, 1998; Saccheri and Hanski, 2006). Molecular ecology
involves the understanding of ecological and evolutionary processes that generate and maintain
neutral and adaptive genetic variation (Funk et al., 2012; Grummer et al., 2019; Rajora, 2019).
In metapopulations, which comprises species distributed over large spatial scales, these
processes can occur along highly heterogeneous and dynamic environments (Gagnaire et al.,
2015; Riginos et al., 2016). In these types of populations, the heterogeneity of habitats and
selective pressures impacting local populations and the dispersal of individuals can lead to
differences in life history traits (e.g. feeding, reproduction), which in turn affect their
contribution to ecosystem functioning (Hanski, 1998; Bonte and Bafort, 2019). If selection
occurs in traits that favour the survival and reproduction of individuals that disperse, the
metapopulation or population fitness can be impacted (Wright, 1968; Crow and Kimura, 1970;
Hanski, 1998). However, if natural selection or selective pressures occur at a specific habitat,
it may only impact the local population (Wright, 1968; Crow and Kimura, 1970; Hanski and
Saccheri, 2006). The maintenance of connectivity within a species allows the persistence of
standing genetic variation and evolutionary potential that may enable populations to adapt to

pressures such as climatic changes (Wright, 1968; Crow and Kimura, 1970; Hanski, 1998).

Marine ecosystems are dynamic heterogeneous environments, where the majority of species
exhibit high dispersal potential at some stage of their life (Palumbi, 2003; Shafer et al., 2015;
Kelley et al., 2016). This dispersal is, in most cases, modulated by oceanic circulation and food
availability, in which marine species seek the optimal foraging for achieving their energy
requirements (Emlen, 1966; MacArthur and Pianka, 1966; Spitz et al., 2012). Thus, marine
species are influenced by abiotic (i.e. oceanographic and environmental features) and biotic
(i.e. predator-prey interactions) factors, which impact the movement of individuals between
environments and can lead to genetic differentiation among their populations (Manel and
Holderegger, 2013; Rajora, 2019; Oleksiak and Rajora, 2020). Genetic variation can be
different between individuals inhabiting contrasting environments, which impacting on their

individual fitness (Riginos and Liggins, 2013; Hanson et al., 2017; Waters et al., 2020).

The use of methodologies that combine spatial and environmental data with genomic variation

in marine systems (i.e. seascape genomics), enable the assessment of how environmental
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heterogeneity leads to adaptive divergence of marine populations (Manel and Holderegger,
2013; Selkoe et al., 2016; Oleksiak and Rajora, 2020). In metapopulation systems,
understanding how genomic variation is associated with environmental and geomorphological
gradients and discontinuities can provide vital information for the conservation and
management of a species (Benestan et al., 2015; Oleksiak and Rajora, 2020; Xuereb et al.,
2020). Despite many marine taxa exhibiting a metapopulation structure (Kritzer and Sale,
2004; Riginos et al., 2016), studies assessing these systems using a seascape genomics
framework are still scarce (e.g. Bradbury et al., 2010; Sandoval-Castillo et al., 2018; D'Aloia
et al.,, 2020). The few seascape genomic studies of cetaceans have shown that population
structure in species with high connectivity can be impacted by ecological gradients or
discontinuities (e.g. Pratt, 2020; Andrews et al., 2021; Morin et al., 2021). The potential effects
of environmental heterogeneity on the divergence of marine predators within metapopulations

remains poorly understood.

Large marine predators, such as the common dolphin (Delphinus delphis), are essential for the
equilibrium and maintenance of food webs and ecosystem functioning (Goldsworthy et al.,
2013; Castro-Tavares et al., 2019; Bestley et al., 2020). The movements of common dolphins
are mainly driven by the distribution and density of their prey (e.g. Natoli et al., 2006; Moller
etal., 2011; Bilgmann et al., 2018). Some populations of common dolphins exhibit differences
in feeding specializations and strategies depending on the environment they inhabit and their
target prey (e.g. Neumann and Orams, 2003; Meynier et al., 2008). In Australia, common
dolphins feed mainly upon abundant small pelagic fish species such as jack mackerel
(Trachurus declivis, T.s. murphyi), sardines (Sardinops sagax) and anchovies (Engraulis
australis), and some cephalopods, such as arrow squid (Nototodarus gouldi) (Banks et al.,
2019; Goldsworthy et al., 2019b). However, they can also target different prey species
depending on the seasonal food availability and area they inhabit (e.g. Filby et al., 2010; Mason
et al., 2016).

Common dolphins are widely distributed around the world (Perrin, 2021). In Australia, their
group sizes range from about 2-20 individuals in shallow waters (e.g. Filby et al., 2010; Mason
et al., 2016) to over 500 individuals in oceanic waters (Bilgmann et al., 2018). The species live
in fission-fusion societies (Mdller, 2011; Mason et al., 2016), with some group sizes related to
their abundance and foraging strategies in an area (Filby et al., 2010; Mason et al., 2016). Their

movement patterns also differ, with groups or individuals presenting high site fidelity to
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relatively small areas (<200 km) (e.g. Filby et al., 2013; Mason et al., 2016; Hupman et al.,
2018), while others perform long-distances movements (>1,000 km) (e.g. Genov et al., 2012).
Common dolphins in Australasia inhabit a variety of habitats along southern and eastern
Australia, Tasmania and New Zealand, with contemporary gene flow within and among
regional populations (>1,000 km) exhibiting a hierarchical metapopulation (Barcelo et al.,

2021, Chapter 2).

The formation of Australian coasts in modern ocean basins occurred during the Pleistocene-
Holocene (~2.8 Ma), with distinctive topographic, oceanographic and climatic ranges (Brooke
et al., 2012; Brooke et al., 2017) leading to several distinct marine habitats (Bird, 2005;
Steeman et al., 2009; Kampf and Bell, 2014). These events also led to the submergence of the
Tasmanian land bridge (i.e. Bassian Isthmus), which separates three biogeographical
provinces, the Flinders on the south-west, the Peronia in the east, and the Maugea in the south-
east (York et al., 2008; Waters et al., 2010; Teske et al., 2017). These bioregions align closely
with the neutral hierarchical metapopulation structure of Australasian common dolphins

(south-west, east and south-east) previously disclosed (Barcelo et al., 2021, Chapter 2).

The genetic differentiation among populations of Australian common dolphin could also be
influenced by oceanographic conditions (Mdller et al., 2011; Bilgmann et al., 2014), which are
driven by two main currents. The first one follows the eastern Australian coast, and forms the
south flowing East Australian current. The second surrounds Indonesia and creates a poleward
current along the western Australian coast; the warm Leeuwin current that flows into the
southern Australian coast from west to east (Bird, 2005; Brooke et al., 2012). Both of these
branches have counter currents of cold water that promote seasonal upwellings in southern
Australia, as well as cyclonic and anticyclonic eddies along eastern Australia, leading to
differences in water masses across the two coasts (Condie et al., 2011; Suthers et al., 2011;
Kadmpf and Chapman, 2016). These currents in turn are known to impact on the distribution of
marine taxa with passive dispersal and the genetic differentiation of their populations (e.g.
Waters et al., 2005; Costello et al., 2017), possibly including common dolphins and their prey
(e.g. Moller et al.,, 2011; Bilgmann et al., 2014). All these different geomorphological,
oceanographic and biological characteristics across Australian temperate marine bioregions
provide a system for natural selection to act upon populations of common dolphins. In this
study, we use two filtered SNP datasets to characterise and analyse putatively adaptive genomic

variation across multiple segments of the Australian metapopulation of common dolphins (D.
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delphis). The analyses were carried out at the level of the entire metapopulation (i.e. the broad-
scale dataset, details below) and at the level of the eastern coast segment (i.e. the fine-scale
dataset). This arbitrary division builds on the main results of the two previous chapters, one
that characterised neutral metapopulation structure across Australasia and the other which
characterised adaptive divergence across the better sampled and highly heterogeneous marine
environment of southern Australia. The two-scale strategy used in this chapter allowed us to
test the relative influence of environmental heterogeneity and oceanographic features across
multiple, hierarchically structured population segments. The inferences made allowed us to
assess the roles of connectivity and adaptation over a range of spatial scales and selective
environments, providing new perspectives towards a better understanding of adaptive

resilience in a near-top marine predator.

Methods

Sample collection and study area

Common dolphins were biopsy sampled along eastern and southern Australia between 2000
and 2017 (same individuals utilised in Chapters 2 and 3) across a total of 13 sites. At-sea GPS
locations were obtained for each biopsy sampled individual, providing a total of 302 biopsies
for genomic analyses (Figure 4.1). Note that given the proximity of <50 km, eight individuals
from Forster were considered as Broughton Island (BI). These sites were chosen for a
comparative broad and fine spatial scale analysis encompassing the distribution of the species
along the two main Australian temperate marine bioregions (i.e. southern and eastern
Australia). Each sample was collected from a free-ranging individual using a hand held biopsy
pole (Bilgmann et al., 2007a) or a remote biopsy gun (PAXARMS) (Krutzen et al., 2002). In
an attempt to avoid the inclusion of closely related individuals, dependent calves were not
sampled. Biopsies were preserved in 90% ethanol or in a 20% salt-saturated solution of
dimethyl sulphoxide (DMSO), and kept in a -80°C freezer until laboratory analyses took place,
as suggested in Smith and Morin (2005).
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Figure 4.1 Study area in southern and eastern Australia showing the geolocations for common
dolphin (Delphinus delphis). A total of 302 individuals were used at broad-scale (southern and
eastern Australia) and 65 at fine-scale (eastern Australia). Acronyms: *Albany (ALB);
Esperance (ESP); Great Australian Bight (GAB); shelf waters, Spencer Gulf (SG); Gulf St
Vincent (GSV); Robe (ROB); Portland (PORT); Melbourne (MEL); East, Wilson Promontory
(EWP); Ballina (BB); Broughton Island (BI); Sydney (SYD) and Eden (EDN).

Laboratory analyses and bioinformatics

DNA extraction from skin samples were performed using a salting-out protocol (Sunnucks and
Hales, 1996). Quantity and quality controls, a total of 300ng and >5,000 bp per sample, were
determined using a Qubit 2.0 fluorometer (Life 178 Technologies), and a Nanodrop

spectrophotometer (Thermo Scientific).

Library preparation for the double digest restriction-site associated (ddRDA) was performed
following a modified protocol from Peterson et al. (2012). We used 96 individual barcodes per
lane in a total of four lanes with known replicate samples. These were single-ended sequenced
in an [llumina HiSeq 2500 platform at the South Australian Health & Medical Research
Institute (SAHMRI).

The raw data quality was assessed and demultiplexed using process_radtags, with STACKS
v1.48 (Catchen et al., 2011; Catchen et al., 2013) and the dDocent2.2.19 pipeline 219 (Puritz
et al., 2014). The resulting sequences were filtered using a modified protocol of VCFtools. The
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quality-filtered reads were then mapped against the genome of a closely related dolphin species
from southern Australia (Indo-Pacific bottlenose dolphin, Tursiops aduncus; Batley et al.,
2021), due to the absence of a high-quality genome for D. delphis. Detailed information of
laboratory and bioinformatics analyses are provided elsewhere (Barcelo et al., 2021, Chapter

2).

For this study, two datasets were selected based on the Australian metapopulation neutral
structure, and availability of samples from free-ranging individuals. The first one included
samples of common dolphins from the eastern Australia segment, corresponding to 68
individuals. The second dataset was selected based on the Australian common dolphin
metapopulation, which included 302 biopsy samples from both segments: eastern, 68 biopsies;
and southern, 234 biopsies (Chapters 2 and 3). Each dataset was analysed separately according
to their sampled sites (i.e. four and 13 sites, respectively). The arrangement of sites at the two
spatial scales provided similar number of samples per site for a comparison between and among
them. For each dataset, non-polymorphic loci were excluded using a Minor Allele Count

(MAC) of 1, as suggested in Tabangin et al. (2009) and Linck and Battey (2018).

Genotype-Environment Association (GEA)

A seascape genomics framework with a multivariate Redundancy Canonical Analysis (RDA)
was implemented to detect loci putatively under selection (as detailed in Brauer et al., 2016).
Based on the distribution of common dolphins and environmental heterogeneity along southern
and eastern Australia, this study utilised six available and relevant environmental variables to

test for associations to the dolphins’ genomic variation.

Selection of environmental variables

Environmental variables were selected following the same framework previously detailed
(Chapter 3), where six variables were used to tested for associations to the genomic variation
of common dolphins in Australia. These variables were bathymetry, sea surface temperature,
chlorophyll a, current velocity, primary productivity, and salinity. For each environmental
variable, annual maximum, mean, minimum, and range values between 2000 to 2014 were

downloaded from the database BioOracle at a resolution of ~9.2 km using the R package
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‘sdmpredictors’ (Tyberghein et al., 2012; Assis et al., 2018) (see Appendix E, Table E.1). The
range of bathymetry was not available from BioOracle database, and therefore it was calculated
based on the range of the minimum and the maximum values of the bathymetry. These resulted

in a total of 24 variables to be tested for each spatial scale.

Due to the complexity and heterogeneity of the Australian coasts, pairwise geographic
distances were calculated on an individual level for each dataset using GPS coordinates of each
individual and the R function viamaris from the ‘MELFU’ package (MELFU/pigmyperch
Github). This was done at a resolution of 5000 pixels accounting for complex coastlines and
avoiding land crossing. Pairwise geographic distances were then transformed to a Moran’s
eigenvector map (MEM) using the package ‘memgene’ (Galpern et al., 2014). The explanatory

MEM axes were then used as spatial variables.

Environmental variables were selected by first implementing a standardisation of the 24
variables with the package ‘pysch’ (Blanchet et al., 2008). After that two tests for
multicollinearity were implemented to avoid overfitting the model: excluding highly correlated
variables (|7| > 0.7) (Dormann et al., 2013; Prunier et al., 2015; 2017), and using a conservative
variance inflation factor (VIF) maximum of 3 (O’brien, 2007). All the selected variables were
identified using the forward selection method, and those included in the models had to explain
a significant portion (p <0.05) of the genomic variation of common dolphins to be included in

the final model (Blanchet et al., 2008; Legendre et al., 2011).

Redundancy Canonical Analysis (RDA)

A multivariate RDA was chosen due to its robust performance in detecting loci associated with
multiple environmental variables (e.g. Capblancq et al., 2018; Forester et al., 2018; Grummer
et al., 2019). The RDA analyses were implemented for both datasets using the R package
‘vegan’ (Oksanen et al., 2019). Additionally, for the metapopulation level analysis, regional
neutral population structure was taken into account to avoid confounding patterns of gene flow
and demographic history (e.g. Forester et al., 2018). This was done by incorporating the Q

values from the Admixture analysis as an additional condition in the RDA analyses.

The RDA was performed separately for each spatial scale, with selected environmental
variables and axes calculated through 1,000 permutations in an analysis of variance. Only RDA

axes that explained a significant portion (p <0.05) of the genomic variation were considered
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for the locus selection, and only loci that scored greater than three standard deviations (+ 3SD)
from the mean locus scores were considered as under selection (Legendre et al., 2011;
Capblancq et al., 2018; Forester et al., 2018). For the final step, Spearman’s correlation was
calculated between each candidate locus and selected environmental variable to establish

which variable had a greater association to a particular locus.

Test for outlier selection (Fst outlier)

Bayescan v2.1 analyses were implemented (Foll and Gaggiotti, 2008) for each dataset
independently, to compare with results from the RDA multivariate analyses with a GEA
approach . This method does not test for associations with environmental variables, however,
it is robust and conservative to identify loci putatively under selection. This method identifies
outlier loci through a logistic regression model; it considers the demographic population
component, and decomposes Fsr values into locus-specific components (Foll and Gaggiotti,
2008), reducing the number of false positives (e.g. Narum and Hess, 2011; Rellstab et al.,
2015). The outlier test was once again performed for each spatial scale separately, with the
same previously used parameters (Chapter 3), and a multinomial Dirichlet model. Loci were
considered candidates if their g-value was <0.1 (false discovery rate (FDR) <10%). This
allowed the identification of additional loci putatively under divergent selection, as this
software has a good performance in complex demographic scenarios (Foll and Gaggiotti,

2008).

Adaptive population structure

Based on the full dataset, loci that were identified as potentially under selection for each scale
independently, by both methodologies (RDA and Bayescan), were extracted to obtain two
unique putatively adaptive SNP datasets. The first dataset includes individuals only from the
eastern Australia segment, whereas the second dataset includes individuals from the
Australian-wide metapopulation, with the exception of Tasmania, as no samples from free-
ranging animals were available from this area. Adaptive genomic diversity and population
structure were assessed for each dataset. Measures of genomic diversity per site were
calculated, including expected heterozygosity (Hg) and observed heterozygosity (Ho), using
the software Genodive 2.0b27 (Meirmans and Van Tienderen, 2004).
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Principal Component Analysis (PCA) was implemented to investigate adaptive population
genomic structure using the R package ‘Adegenet’ (Jombart, 2008; Jombart and Ahmed, 2011).
The Bayesian Information Criterion (BIC) and Akaike Information Criterion (AIC) provided
the best-supported number of clusters for each spatial scale using the snapclust.chooseK
function (Beugin et al., 2018). Population stratification based on a Bayesian clustering
approach that estimates individual ancestries was also investigated using Admixture v1.3.0
(Alexander et al., 2009). This analysis was used only to compare the results to those based on
the putatively neutral dataset (Barcel6 et al., 2021, Chapter 2), given that Hardy-Weinberg
assumptions of equilibrium are likely violated by adaptive datasets (Funk et al., 2012).
Maximum likelihood estimates were calculated using the ancestry proportions and population
allele frequencies to identify the most likely number of K (i.e. populations) in the dataset, and
to model the probability of observed genotypes (Alexander and Lange, 2011). The broad-scale
dataset was tested for K 1-13, while the fine-scale dataset was tested for K 1-4, which related
to the number of sampling sites. Subsequently, cross validation with ten replicates for each of
the K values was performed to confirm and provide an accurate estimation on the number of

populations at each spatial scale.

Putatively adaptive genomic differentiation among sites was estimated as pairwise Fst (Weir
and Cockerham, 1984) using Genodive 2.0b27, for each spatial scale separately. Significance
levels were assessed using 10,000 permutations (FDR = 10%), and corrected by the B-Y
method (Benjamini and Yekutieli, 2001). Heatmap plots of Fst were constructed with the R
package ‘ggplot2’ (Wickham, 2016).

Functional enrichment analysis and annotation

A functional enrichment analysis was performed using the candidate loci detected with the
RDA for each dataset separately. For these analyses, the same analytical framework previously
detailed in Chapter 3 was used. First, the full dataset was compared to all available cetacean
nucleotides and non-redundant proteins available within the NCBI database at time of analysis
(Appendix E, Table E.2) (NCBI, 2020) for 601-bp length flanked sequences, with an e-value
threshold of 1X10, which was based on the linkage disequilibrium filter. The 601-bp
sequences represent 300-bp either side of every candidate SNP, and obtained from the full
dataset of 17,875 SNPs. Subsequently, an enrichment GO term analysis was performed for the

candidate loci (601-bp) at each scale. This was done using a Fisher’s exact test and a FDR of
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<5% (Gene Ontology, 2015). Specific candidate genes were obtained from the resulting GO
terms, in which each SNP with a variant in a candidate gene was further examined for its
position in an intronic or exonic region using snpEFF (Cingolani et al., 2012). Finally, using
the Reactome and UnitProtKB databases (UnitPro Consortium 2018), each SNP found in

coding and non-coding regions were further related to a gene pathway and function.

Results

Population genomic dataset

A total of 700 million filtered sequence reads were generated for the 302 common dolphin
samples. After filtering using stringent criteria, a high-resolution dataset of 17,875 filtered
SNPs was obtained, with 1% average missing data per locus (Appendix D, Table D.1) (detailed
in Barceld et al. 2021, Chapter 2). Exclusion of low quality, replicate samples, and closely
related individuals (i.e. three samples from eastern Australia and 20 from southern Australia),
resulted in two datasets: a broad-scale SNP dataset based on 279 common dolphins across
southern and eastern Australia; and a fine-scale dataset encompassing 65 individuals from
eastern Australia (Figure 4.1). After further filtering for non-polymorphic loci, the two final,
high quality datasets comprised of 17,539 SNPs at broad-scale and 16,326 SNPs at fine-scale
(Appendix D, Table D.1).

Genotype-Environment Association

After testing for multicollinearity (|| >0.7 and VIF <3) and significance of the RDA analyses
(p <0.05), six environmental variables were retained out of the 24 initially tested (Appendix D,
Figure D.1). At broad-scale (Australian-wide), the retained, significant variables were surface
temperature range, sea surface temperature mean, current velocity maximum, salinity range,
bathymetry and primary productivity minimum (Table 4.1 and Figure 4.2). At fine-scale
(eastern Australia), the only environmental variable retained was primary productivity
minimum (Table 4.1 and Figure 4.3). At broad and fine scales, the selected environmental
variables exhibited a contrasting visual gradient across the Australian temperate coasts (Figure

4.4).

106



— O
R
[e0)
L0
Te)
Al
N
ol (\Il — reduced.env$BO2_salinityrange_ss
<
a :
o :
reduced.env$BO_bathymean
< §
| :
reduced.env$BO_sstrange
© ;
I I I I I I I

RDA1 (26.76%)

Figure 4.2 Redundancy Canonical Analyses (RDA) displaying the influence of the six
significant environmental variables on individual genomic variances of Australian common
dolphins (Delphinus delphis). Analysis based on 279 samples and 13 sites from southern and
eastern Australia. The overall variance of the model explained was 3954 (p = 0.001) (see
Appendix D and Table 2 for more details). Legend displays sites from west to east, and north
to south, respectively in each coast, and colours correspond to the site membership where
common dolphins were sampled (as in Figure 4.1).
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Figure 4.3 RDA displaying the influence of the significant ecological variable of primary
productivity on genomic variances of eastern Australian common dolphins (Delphinus
delphis). Analysis based on 65 samples and 4 sites from eastern Australia. The overall variance
of the model explained was 3948 (p = 0.001) (see Appendix D and Table 2 for more details).
The second component was not significant and was only used for visualisation. Legend
displayed from north to south, and colours correspond to the site membership where common
dolphins were sampled (as in Figure 4.1).

The overall models of the RDA were significant (p < 0.001) at both broad and fine spatial
scales (Table 4. 1). At the broad-scale, genotype and spatial variables explained 1.3% of the
variation in the full model, while the environmental variables explained 3.3% of the variation.
At the fine-scale, genotype and spatial variables explained 8.9% of the variation in the full
model, while the primary productivity explained 1.9% of the variation. The number of loci

retained as adaptive candidates was 646 SNPs at broad-scale, and 172 at fine-scale.
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Table 4.1 Significance of the environmental variables selected in the MEM axis and in the
Redundancy Canonical Analysis model for southern and eastern Australian common dolphins
(Delphinus delphis) based on the full dataset of 17,539 SNPs at broad-scale, and on 16,236
SNPs at fine-scale. Portion of the constrained variance explained by each environmental
variable and the number of putative candidate loci is also presented.

Environmental p- value Percentage No. of
variable explained by | candidate loci
the model
Sea surface
0.001 *** 0.6196257 103
temperature range
Sea surface
0.001 *** 0.5867476 225
temperature mean
Eastern and
Current velocity
Southern ‘ 0.001 *** 0.46788063 76
Australia, maximum
broad-scale Primary productivity
0.0071 *** 0.44511887 110
minimum
Salinity range 0.001 *** 0.37936267 122
Bathymetry mean 0.0071 *** 0.35154274 11
Eastern
Primary productivity 1.84903749
Australia, 0.001 *** 172
minimum
fine-scale
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Figure 4.4 Environmental variables retained for the Genotype-Environment Association
analyses in southern and eastern Australian common dolphins (Delphinus delphis). (A) Sea
surface temperature mean (B) Sea surface temperature range, (C) Primary productivity
minimum, (D) Current velocity maximum (E) Salinity range, and (F) Bathymetry mean.
* Acronyms used as in Figure 4.1.

At the broad-scale, the first component explained 0.1% of the full model and 26.8% of the
constrained variance, while the second component explained 0.1% of the full model and 25.6%
of the constrained variance (Appendix D, Table D.2). In contrast, the only significant
component at the fine-scale explained 0.02% of the full model and 100% of the constrained
variance. The visualisation of each component of the RDA demonstrated how genomic
variation (i.e. individuals per site) covary in response to the retained environmental variable at
each spatial scale (Figure 4.2 and 4.3). Changes in sea surface temperature and salinity seem
to affect genomic differentiation of common dolphins mainly at the edge of their distribution.
These are represented by both the northern sites in eastern Australia, and the western sites in
southern Australia. At the contact zone of the two oceans, Pacific and Indian, represented by
the Bass Strait, RDA analysis clustered adjacent sites (i.e. Wilsons Promontory, Victoria; and

Eden, New South Wales) together. These were correlated to sea surface temperature and
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salinity. By contrast, sea surface temperature range, bathymetry mean, and current velocity
maximum appear to be separating common dolphins from Gulf St Vincent and some
individuals from Investigator Strait from all other sites in Australia. Finally, genomic variation
of common dolphins at the remaining sites along southern and eastern Australia (i.e. Great
Australian Bight, Spencer Gulf, Robe, Portland and Melbourne, and Broughton Island-Forster)

appears to be mainly influenced by primary productivity minimum.

Test for outlier loci under selection

At broad-scale, a total of 1,016 loci were identified by the Bayescan outlier test as being
putatively under selection (Figure 4.5), while at fine-scale, 33 loci were identified as such
(Figure 4.6). Subsequent analyses of adaptive population structure at each spatial scale were
implemented using a combined SNP dataset based on those identified as candidate loci by the
RDA and outlier loci identified by the Bayescan tests, which resulted in a putatively adaptive
dataset of 1,586 loci at broad-scale, and 205 at fine-scale (Appendix D, Figure D.2).

Fsr
0.15 0.20 0.25
| | |

0.10
|

0.05
1

qvalue

Figure 4.5 Result of the Bayescan analysis to detect outlier loci in common dolphins
(Delphinus delphis) from southern and eastern Australia. Locus specific Fst plotted against q
values with a false discovery rate (FDR) of 10%. Outlier loci are represented by the red dots.
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Figure 4.6 Result of the Bayescan analysis to detect outlier loci in common dolphins
(Delphinus delphis) from eastern Australia, Locus specific Fsr plotted against q values with a
false discovery rate (FDR) of 10%. Outlier loci are represented by the red dots.

Adaptive diversity and population genomic structure

The loci retained for the analyses at each spatial scale were independently extracted from the
filtered dataset (Appendix D, Figure D.2). The inferred levels of genome-wide diversity for the
putatively adaptive metapopulation loci were relatively high for all sites (Hg 0.265 to 0.345;
Ho 0.266 to 0.367) compared to the putatively neutral metapopulation (Hg 0.160 to 0.212; Ho
0.154 to 0.225) (Table 4.2A; Appendix D, Figure D.13). For eastern Australia, adaptive
diversity based on putative loci was also higher (Hg 0.359 to 0.424; Ho 0.407 to 0.424)
compared to the putative neutral loci (Hg 0.189 to 0.209; Ho 0.189 to 0.225) (Table 4.2B).
Across the Australian metapopulation, the adaptive loci presented the lowest diversity at the
edge of the distribution of common dolphins in both northern New South Wales (i.e. Ballina
and Forster) and southwestern Western Australia (i.e. Albany, Esperance), with the exception

of the semi-enclosed environment of Gulf St Vincent.

Admixture analyses of the putatively adaptive datasets indicated the presence of two highly
distinct regional populations at broad-scale (Figure 4.7; Appendix D, Figure D.5 and D.6),
represented by southern and eastern Australia; these are the same two regional populations
disclosed by the neutral dataset (Barcel?6 et al., 2021, Chapter 2). In comparison, analyses using
the fine-scale dataset, indicated the presence of up to four putatively distinct adaptive
populations of common dolphins in eastern Australia, supported by BIC analysis (Appendix

D, Figure D.5). The fine-scale, Admixture analysist exhibited a clear separation between
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individuals from Eden (EDN) at New South Wales’ south coast, individuals from Forster

(FOR) and Byron Bay (BB) on New South Wales’ north coast, with the more admixed
individuals from Sydney (SYD) to Broughton Island (BI) (Figure 4.8; Appendix D, Figure D.5
and D.7). Results from the PCA also supported the broad-scale (Appendix D, Figure D.8) and

fine-scale findings (Appendix D, Figure D.9).

Table 4.2 Measures of genomic diversity based on 14,799 putatively neutral SNPs for both
spatial scales, and putatively adaptive SNPs for (A) broad-scale (1,586 SNPs), and (B) fine-
scale (205 SNPs) in Australian common dolphins (Delphinus delphis). Observed
heterozygosity (Ho), expected heterozygosity (Hg) and Number of samples (N). * Acronyms

used as in Figure 1.

A)
neutral adaptive
Site N H, Hg H, Hg
ALB 15 0.167 0.166 0.306 0.301
ESP 18 0.171 0.172 0.317 0.314
GAB 22 0.170 0.176 0.313 0.325
SG 32 0.172 0.172 0.326 0.321
GSV 28 0.154 0.160 0.292 0.297
PORT 31 0.172 0.175 0.323 0.326
ROB 32 0.169 0.175 0.317 0.329
MEL 16 0.169 0.177 0.321 0.338
EWP 20 0.175 0.181 0.332 0.345
EDN 20 0.202 0.209 0.339 0.345
SYD 11 0.225 0.212 0.367 0.337
BI 20 0.201 0.205 0.304 0.306
BB 14 0.189 0.189 0.266 0.265
Total average 0.180 0.182 0.317 0.319
Total SD 0.019 0.017 0.024 0.023
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(B)

neutral adaptive
Site N H, Hg H, Hg
EDN 20 0.202 0.209 0.347 0.369
SYD 11 0.225 0.212 0.424 0.407
BI 20 0.201 0.205 0.355 0.424
BB 14 0.189 0.189 0.355 0.359
Total average 0.204 0.204 0.370 0.390
Total SD 0.015 0.010 0.036 0.031

- southern Australia .. eastern Australia
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Figure 4.7 Analysis of population genomic structure using Admixture, based on 1,586 putative
adaptive SNPs for southern and eastern Australian common dolphins (Delphinus delphis). The
results depict levels of admixture for each individual sample grouped into two genomic
clusters. Each sample is represented by one vertical line and is colour-coded by the membership
probability to one of the locally adaptive populations. * Acronyms used as in Figure 4.1.
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Figure 4.8 Analysis of population genomic structure analysis using Admixture, based on 205
putative adaptive SNPs for eastern Australian common dolphins (Delphinus delphis). The
results depict levels of admixture for each individual sample grouped into four genomic
clusters. Each sample is represented by one vertical line and is colour-coded by the membership
probability to one of the locally adaptive populations. *Acronyms used as in Figure 4.1.

Fixation indices indicated low to relatively high putatively adaptive genomic differentiation
between sites (broad-scale pairwise Fst = 0.003 to 0.442; fine-scale pairwise Fst = 0.025 to
0.153) (Appendix D, Figure D.3. and Table D.3). At broad-scale, the highest Fst values were
observed in comparisons between sites of the two main regional populations (southern vs
eastern Australia = 0.140 to 0.442), while in eastern Australia the highest Fsr values were
observed in comparisons between sites in northern and southern New South Wales (BB vs

EDN = 0.153) (Appendix D, Figure D.4. and Table D.3).

Functional enrichment and annotation using cetacean nucleotides and proteins

A total of 1,871 SNPs (~10%) out of the full dataset of 17,875 SNPs (Appendix D, Table D.1)
scored BLAST hits that annotated to the currently available cetacean nucleotides and non-
redundant proteins NCBI databases. For the broad-scale dataset, 132 SNPs were annotated out
of 646 SNPs identified as potentially under selection (~20%). At fine-scale, 25 SNPs were
annotated out of 172 SNPs retained (~15%). Functional enrichment analyses identified several
GO terms over-represented when comparing the SNPs from the full dataset to the SNPs
identified as potentially under selection. At broad-scale, 11 over-represented GO terms

corresponding to 23 SNPs in candidate genes were found (Appendix D, Table D.4). At the fine-
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scale, four over-represented GO terms corresponding to 13 SNPs in candidate genes were

disclosed (Appendix D, Table D.5).

At broad-scale, three of these SNPs were in exonic regions and non-synonymous (NR2F6,
RPS8, and Protrudin), whereas at fine-scale only one was in an exonic region and non-
synonymous (PDCD2L) (Appendix D, Table D.5; D.6). NR2F6, which is related to white
adipogenesis, was associated with salinity range. RPS8, which is related to structural
constitution of the ribosome, was associated with sea surface temperature mean. Protrudin,
related to metal-ion binding, and PDCD2L, related to programmed cell death, were both
associated with primary productivity minimum. The correlations between the candidate genes
and the environmental variables were low (r? <0.5), but still significant (Fisher’s p-value
<0.05). Noticeable changes in the allele frequencies of these candidate SNPs can be seen across

gradients of the seascape (Appendix D, Figures D.10; D.11; D.12).

Discussion

Metapopulations of marine species can show genetic connectivity over large spatial scales
(Watson et al., 2012; Gagnaire et al., 2015; Riginos et al., 2016). However, they can also exhibit
local adaptation, when ecological gradients or discontinuities lead to selective pressures on
their gene variants (Manel and Holderegger, 2013; Benestan et al., 2015; Xuereb et al., 2020).
The potential for both large-scale connectivity and local adaptation in marine metapopulations
makes them particularly sensitive to anthropogenic and climatic changes (Funk et al., 2019;
Xuereb et al., 2020), and it is paramount that they are conserved and managed at appropriate
scales (Oleksiak and Rajora, 2020). This study disclosed signals of adaptive divergence in
Australian common dolphins that varied depending on the metapopulation hierarchy tested.
Across the entire coastal range of the species in Australia, a combination of environmental
variables (i.e. sea surface temperature, current velocity, salinity, bathymetry, and primary
productivity) appeared to influence genomic divergence between Indian Ocean (southern
Australia) and Pacific Ocean (eastern Australia) dolphins. In the Pacific segment of the
metapopulation, only primary productivity was identified as a driver of population divergence
along Australia’s eastern coast. It appears that adaptive genomic variation between oceans

(Australian metapopulation) and within coastal segments (eastern coast) is influenced by three
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main oceanographic phenomena. These include (i) ocean circulation patterns at the edge of the
distribution of common dolphin in each coast; (ii) areas of eddies and upwellings promoted by
seasonal wind patterns; and (iii) the presence of protected, semi-enclosed coastal habitats. The
results suggest that broad scale environmental heterogeneity may impact upon genomic
diversity and structure of Australian common dolphins, including after taking into account the

effect of spatial distances.

Genomic diversity and population structure: adaptive vs neutral

Species with wide ranges, large population sizes, and capable of maintaining high levels of
gene flow generally present high genetic diversity (Wright, 1968; Hanski, 1998). In
metapopulations, the persistence of genetic connectivity over large spatial scales may promote
evolutionary potential by the rapid spread of beneficial mutations through the
interconnectedness of populations (Slatkin, 1987; Palumbi, 2003; Saccheri and Hanski, 2006).
In this study, results based on putatively candidate adaptive loci suggested a hierarchical
population structure for common dolphins in Australia. At a broader spatial scale, the most
supported number of dolphin populations was two, which was the same number suggested
using putatively neutral loci (Barcel6 et al., 2021, Chapter 2). These populations are located at
the interface between the Indian and the Pacific Oceans. As expected, the dolphins’ genomic
diversity was higher for the putatively adaptive markers compared to the neutral markers (e.g.
Frankham et al., 2017). However, one of the most distinct patterns at broad-scale was only
disclosed by the putatively adaptive markers. This was that adaptive diversity is lower at the
edge of the species’ distribution in the Australian metapopulation, compared to the central sites
where the two oceans meet. Lower adaptive genomic diversity at the edge of a species’
distribution has been described for other taxa, both in terrestrial and marine systems, and it is
attributed to lower levels of connectivity (e.g. Bradbury et al., 2010; Smith et al., 2020; Yiming
et al., 2020). These populations, peripherals and central, are relevant for the conservation and
management of the evolutionary diversity of this species in the region, for the persistence of

the high standing genetic variation.

At fine-scale in eastern Australia, adaptive loci suggested a different number of common
dolphin populations compared to neutral markers (Moller et al., 2011; Barcel6 et al., 2021,
Chapter 2). The adaptive markers suggested the presence of a maximum of four local

populations, while the neutral loci suggested a maximum of three populations (Moller et al.,
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2011; Barcelo et al., 2021, Chapter 2). Similarly, a fine-scale study of southern Australian
common dolphins using an adaptive SNP dataset suggested a larger number of populations
(Chapter 3) compared to results of studies using neutral loci (Bilgmann et al., 2014; Barcelo et
al., 2021, Chapter 2). Neutral and adaptive markers can account for different evolutionary
forces, and therefore cannot be a proxy for each other in population genomic assessments
(Wright, 1968; Crow and Kimura, 1970). Similar results, disclosing a larger number of
populations based on loci under putative selection compared to neutrality, have been shown in
studies of other marine taxa (e.g. Gastropoda: Haliotis laevigata, Sandoval-Castillo et al.,
2018; Stichopodidae: Parastichopus californicus, Xuereb et al., 2020), including for one small
delphinid from Australian coastal waters (Indo-Pacific bottlenose dolphins, Delphinidae: 7.
aduncus; Pratt et al., 2018; Pratt, 2020). The results highlight the importance of considering
both types of genomic markers, neutral and adaptive, for the assessment of metapopulations,
in which high standing genetic variation may assist with evolutionary adaptations when faced
with rapid climatic changes (Barrett and Schluter, 2008) and potential anthropogenic impacts

(Reed et al., 2020).

Selective environmental pressures on dolphin populations

Different environmental processes (e.g. currents, nutrient cycling) can produce analogous
genomic patterns of marine populations in different habitats (e.g. Bradbury et al., 2010;
Benestan et al., 2016a). In marine systems, genomic studies of adaptation in organisms with
passive and active dispersal have mostly demonstrated adaptive responses to thermal (e.g.
Decapoda: Homarus americanus, Benestan et al., 2016a; Stichopodidae: P. californicus,
Xuereb et al., 2018a; Phocoenidae: Phocoena phocoena, Morin et al., 2021) and salinity
variation (e.g. Perciforme: Mullus surmuletus, Dalongeville et al., 2018; Cottidae:
Trachidermus fasciatus, Li et al., 2019; Delphinidae: 7. aduncus, Pratt, 2020). However, other
environmental variables such as depth and dissolved oxygen can promote gradients in the water
column that may exert selective pressures on marine populations (Oleksiak and Rajora, 2020).
Although gradients in water characteristics may not be directly impacting on common
dolphins, it could be affecting prey composition and abundance, and since common dolphins
closely associate with their prey (e.g. Mdller et al., 2011; Bilgmann et al., 2014), it may

indirectly impact on dolphin movements and dispersal patterns.
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Genomic variation in Australian common dolphins was associated with various environmental
variables at the metapopulation level, and with one main variable (i.e. primary productivity) at
Australia’s east coast. The Australian metapopulation is impacted by two main currents (i.e.
Leeuwin Current and East Australia Current), which could be creating somewhat analogous
genomic patterns between these two heterogeneous environments. In contrast, specific
environmental heterogeneity in the Pacific coast (i.e. upwelling centres, eddies formation,
topographic discontinuities and embayments), could be shaping the adaptive divergence of
common dolphins in this region. These could be explained by three major oceanographic
phenomena occurring along the metapopulation in the Pacific and Indian Ocean coasts,

discussed separately below.

Lower adaptive diversity at the distributional edge of the Australian metapopulation

At the edge of the distribution of common dolphins in Australia, represented by the sites of
Albany and Esperance (southwestern Western Australia) and Ballina and Forster (northern
New South Wales), common dolphins were differentiated by the GEA and samples from the
localities were associated with two main variables, sea surface temperature and salinity (Figure
4.2). Common dolphins in these peripheral environments also exhibited lower levels of
adaptive diversity compared to the other sites. In these areas, the warm water masses with
seasonal fluctuations of salinity are represented by the Leeuwin Current in Western Australia
in the region of the Albany Canyon (Condie et al., 2011; Ké&dmpf and Chapman, 2016), and the
northern part of the Eastern Australian current in New South Wales (Keane and Neira, 2008;
Suthers et al., 2011). These similar environmental conditions could be driving parallel adaptive
patterns for common dolphins at each coast, which was not previously disclosed when
analysing separately each coast or using the neutral datasets (i.e. Barcel6 et al. 2021, Chapter
2; Chapter 3). A comparable scenario has been reported for Atlantic cod (Gadidae: Gadus
morhua), where parallel temperature patterns between populations at two coasts also similarly

impacted on their divergence (e.g. Bradbury et al., 2010).

The adaptive genomic variation observed in common dolphins from these two Australian
biogeographical regions included differences in minor allele frequencies of candidate gene
CFAP54 in sampling sites at the edge of the dolphins’ distribution compared to the other sites.
In mammals, CFAP54 is related to the functioning of the musculoskeletal system (Barrington

et al., 2015; Sha et al., 2020). Although information about functional validation of this gene in
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dolphins is non-existent, it is possible that differences in this gene may be somehow related to
fluctuations in temperature and salinity. Associations between temperature and salinity
gradients with genes related to the musculoskeletal system have also been suggested for Indo-
Pacific bottlenose dolphins across Australian waters (Pratt, 2020). By contrast, the highest
levels of adaptive diversity were found in dolphins at the sites near the Bass Strait, at the
interface between the Indian and Pacific Oceans. Here, variations in sea surface temperature
and salinity were also associated with the genomic variation. To the east and south of this
region, the more admixed Tasmania/New Zealand population of common dolphins is present
(Barcel6 et al., 2021, Chapter 2). Thus, these contact areas likely promote gene flow across
ocean boundaries leading to higher diversity in dolphins from the region and are highly
important areas for conservation. On the other hand, the Bass Strait presents seasonal
circulation patterns with differences in salinity and temperature on either side of the region
(Colton and Swearer, 2012). This is thought to act as barrier between common dolphins across
the two oceans and the three coastal biogeographical regions (i.e. Flinders, Peronia and
Maugea), as observed for other marine taxa (e.g. Crustacea: Catomerus polymerus York et al.,
2008; macroalgae Waters et al., 2010; Gastropoda: Nerita sp. and Gastropoda: Siphonaria sp.
Teske et al., 2017). The findings of higher adaptive diversity and occasional connectivity in
the Bass Strait emphasise the importance of conservation and management efforts in the region
for maintaining metapopulation processes and genomic variation in Australian common

dolphins.

The GEA analyses at a fine-scale in eastern Australia did not detect significant temperature or
salinity fluctuations at the edge of the common dolphin distribution in northern New South
Wales. However, the fine-scale GEA in southern Australia detected genomic differentiation
associated with current velocity in range-edge, westernmost common dolphins (Chapter 3).
Within eastern Australia, dolphins’ genomic differentiation appears to be mainly driven by
variation in primary productivity as suggested by the GEA analysis. The findings of different
GEA patterns at each region reinforce the importance of analysing genomic data at multiple
scales and several environments to unravel environmental gradients and discontinuities that

may impact upon local adaptation.
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Influences of upwellings and eddies on common dolphin adaptive divergence

Similar levels of adaptive diversity were observed for common dolphins along the continental
shelfin both southern and eastern coasts. The GEA analyses disclosed that variation in dolphins
at these sites was associated with minimum primary productivity. Seasonal currents and wind
patterns in these areas are known to promote upwellings and eddies, which are normally
associated with primary productivity fluctuations (Condie et al., 2011; Kdmpf and Chapman,
2016; Short, 2020). In southern Australia, the combination of the geomorphology, as well as
current and wind patterns, promote major seasonal upwellings such as the Bonney upwelling
and the western Tasmanian upwelling, where the nutrient-rich waters drives high biological
productivity (Condie et al., 2011; Ridgway and Godftrey, 2015; Kdmpf and Chapman, 2016).
In eastern Australia, geomorphological features and current patterns create periodic cyclonic
(cold core) and anticyclonic (warm core) eddies, leading to areas of high phytoplankton activity

and prey biomass (Condie et al., 2011; Suthers et al., 2011).

As near-top marine predators, common dolphins tend to depend on prey species with high
energy density (Spitz et al., 2010; Spitz et al., 2012), which in turn feed upon higher
phytoplankton biomasses present in areas of upwellings and eddies. At fine-scale in eastern
Australia, common dolphin genomic variation was associated with primary productivity
minimum. This ecological driver seems to be particularly impacting upon dolphins from
Forster and Broughton Island, located on the central-northern part of New South Wales (NSW),
which corresponds to a different water mass than other parts of the state, and with different fish
assemblages (e.g Keane and Neira, 2008). Different water masses in NSW may be indirectly
leading to differentiation between common dolphins from the northern, central, and southern
regions, as previously suggested (Moller et al., 2011). This resembles results from southern
Australian common dolphins, in which primary productivity seemed to be important in
differentiating dolphins from several sites (i.e. Great Australian Bight, Spencer Gulf, Robe,
Portland and Melbourne), which are known to be influenced by seasonal upwellings (Chapter
3). Seasonal upwellings and eddies present at each coast support high energy density species,
such as sardines and anchovies, which common dolphins generally feed upon (Ward et al.,
2006; Keane and Neira, 2008; Condie et al., 2011). These areas are also known to be seasonal
feeding grounds for other marine mammals (e.g. Otariidae: Arctocephalus forsteri, Foo et al.,
2020; Balanopteridae: Balaenoptera musculus brevicauda, Mdller et al., 2020). Thus, for
common dolphins that specialise in preying upon schooling fish, such as sardines and

anchovies, seasonal oceanographic phenomena could be promoting adaptive genetic
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divergence between populations (e.g. Moller et al., 2011; Barcel6 et al., 2021, Chapter 2). On
one hand, upwellings in Australia could be promoting gene flow between common dolphins
from regions further afield when they travel to aggregation areas to feed upon these high
productivity biomasses. On the other hand, the formation of different water masses in eastern
and parts of southern Australia could be promoting adaptive genomic differentiation of

common dolphins exerted by potential feeding specialisations on different fish assemblages.

Gradients in primary productivity and sea surface temperature created by eddies and upwelling
formations along southern and eastern Australia could be promoting environmental
discontinuities (Lourey et al., 2006; Kampf, 2010; 2015; Kdmpf and Chapman, 2016).
Common dolphins from sites where seasonal upwellings and eddies occur exhibited differences
in minor allele frequencies in the candidate gene ERC2, which was associated with sea surface
temperature. ERC2 has been associated with heat stress metabolism in other taxa (e.g. Emami
et al., 2020) and was also found to be positively selected when analysing data from only
southern Australian common dolphins (Chapter 3). It is possible this gene could be regulating
pathways of energy intake (e.g. Turcot et al., 2018; Boonanuntanasarn et al., 2019), particularly
in common dolphins from sites influenced by high fluctuations in sea surface temperatures in
areas of seasonal upwellings and eddies. These periodic, highly productive waters where
common dolphins and other marine mammals feed (e.g. 4. forsteri, Foo et al., 2020; B. m.
brevicauda, Mdoller et al., 2020), could lead to parallel patterns of adaptive variation in common

dolphins from southern and eastern Australia.

The impact of protected, semi-enclosed coastal habitats on common dolphins

Common dolphins inhabit a wide range of environments along southern and eastern Australia
(e.g. Moller et al., 2011; Bilgmann et al., 2014; Bilgmann et al., 2018), but only two of them
are characterised as protected or semi-enclosed areas and potential year-round habitats for the
species (e.g. Filby et al., 2010; Mason et al., 2016). The first environment encompasses the
inverse estuary of Gulf St Vincent and Investigator Strait in South Australia, an area protected
by Kangaroo Island (Ward et al., 2006; Kampf and Bell, 2014). The second, Port Phillip Bay,
is a semi-enclosed embayment with a narrow entrance at the western side of Bass Strait,
protected by Tasmania and characterised as a marine biogeographic boundary for many species

(Colton and Swearer, 2012; Short, 2020). Both areas show seasonal fish assemblages due to
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periodic fluctuations in salinity and temperature (e.g. Ward et al., 2006; Colton and Swearer,

2012).

Previous GEA studies for the southern Australian segment grouped common dolphins from the
two protected coastal habitats separately to other shelf water sites (Gulf St Vincent and Wilson
Promontory) due to the dolphins’ genomic variation association with salinity, primary
productivity and sea surface temperature (Chapter 3). However, at the metapopulation level,
GEA results showed that genomic variation of dolphins off Wilson Promontory appeared more
similar to the adjacent site in eastern Australia (i.e. Eden) than to Gulf St Vincent, although
there is a clear biogeographic separation between ocean basins. This emphasises the

importance of analyses at multiple spatial scales to assess GEA in metapopulations.

At a metapopulation level, results differentiated common dolphins from the protected habitat
of Gulf St Vincent and some individuals sampled around the mouth of Spencer Gulf and
Investigator Strait. These differentiations were mainly driven by associations with sea surface
temperature, bathymetry and salinity, with dolphins showing lower diversity compared to most
other Australian sites. This lower diversity could be related to the semi-closeness of the
environment, and lower levels of gene flow between embayment dolphins to individuals found
elsewhere (see Barcelo et al. 2021, Chapter 2, for details on migration rates). Moreover, minor
allele frequency differences for common dolphins from Gulf St Vincent were found in the gene
IGFBP7, which has been associated with osmoregulation (Yau et al., 2015; Breves et al., 2017,
Strobel et al., 2020). IGFBP7 was also found to be positively selected at fine-scale in southern
Australian common dolphins, with differences in minor allele frequencies in the protected
coastal habitats (Chapter 3). In marine fishes (Salmonidae: Salmo salar and Cottidae:
Scorpaenichthys marmoratus), other members of the IGFBP gene family have been associated
with physiological adaptations between freshwater and marine environments (e.g Breves et al.,
2017; Strobel et al., 2020). This is relevant for Australian common dolphins as genes such as
IGFBP could be assisting with osmoregulation in individuals inhabiting hyper-saline

environments, such as the waters of Gulf St Vincent.

Gene ontology

For non-model species, it is generally difficult to elucidate complex oceanographic and

demographic scenarios, and associations between key available environmental variables and
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candidate loci or genes do not necessarily infer causality (Sandoval-Castillo et al., 2018; Smith
et al., 2020). Nonetheless, provisional inferences about adaptive responses can be made based
on genes studied in model species (e.g. Vincent et al., 2013; Dalongeville et al., 2018; Oleksiak
and Rajora, 2020). At the fine-scale, the only candidate adaptive SNP within an exonic region
were found in the gene PDCD2L, which was associated with primary productivity. The
function of this gene has been associated with programmed cell death (i.e. apoptosis) and the
stability of genome, and was also found to be positively selected in humpback whales
(Balanopteridae: Megaptera novaeangliae) and elasmobranchs (e.g. Marra et al., 2019; Tollis

etal., 2019).

At broad-scale, three candidate adaptive SNPs were found in exonic regions and were also non-
synonymous. ZFYVE27 (also known as Protrudin and part of the Zinc Finger family) was
associated with primary productivity, and is involved in the regulation of neurite traffic and
formation (UnitProt Consortium, 2018). Genes of the Zinc Finger protein family can be
involved in a variety of biological roles (Matthews and Sunde, 2002). Another member of this
large family (ZFP57) has been shown to be positively selected in southern Australia common
dolphins (Chapter 3), whereas others genes in the same family were selected in the Antarctic
ecotype of killer whales (Delphinidae: Orcinus orca) (Foote et al., 2016). In our results, another
SNP in an exonic region was found in gene RPS8 (also known as 40S ribosomal protein 58),
which was associated with sea surface temperature, and is involved in KEGG pathways acting
at the ribosome level (e.g. hypoxia stress) (Desert et al., 2018). Some RPS genes have been
found to be positively selected in the transient ecotype of killer whales (O. orca) (Foote et al.,
2016), whale sharks (Rhincodontidae: Rhincodon typus) (Marra et al., 2019), and in delphinids
(T. truncatus and Monodontidae: Delphinapterus leucas) (Chen et al., 2015; Chen et al., 2016),
playing a role in basic metabolism as well as stability and maintenance of the cell. The third
candidate adaptive SNP in an exonic region was in gene NR2F6 (also known as CoupTFII).
This gene was also found to be positively selected in the fine-scale dataset of southern
Australian common dolphins (Chapter 3), and was correlated to salinity. NR2F6 has been
associated with the regulation of adipogenesis, glucose, homeostasis and metabolism of energy

(Li et al., 2009; Jeong et al., 2014; Baldwin et al., 2017).

All the four exonic SNPs disclosed here are associated within the stability of cell functions,
involved in many pathways, and may be responding to environmental pressures such as

salinity, temperature and primary productivity. However, there were also other positively
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selected SNPs identified in non-coding regions. For eastern Australian common dolphins,
several SNPs were located in intronic regions (i.e. genes MYHI14, PLEKHAS, INMT,
HNRNPULI1, ZC4H2, ABCC2 and PHEX), as well as in intergenic regions (i.e. genes
RPLI13A, CCDC188, SOX, TEAD2 and ZNF516). For the Australian-wide dataset, SNPs were
located in promoter regions (i.e. genes LMX1A, RPS8 and CNIH3), introns (i.e. genes DRC1,
SYT6, ERC2, OSBPL7, HIRA, CADPS2, KIAA1549, TLN2, STX7, CFAP45 and CFAP54),
as well as intergenic regions (i.e. genes LZTS1, PMSG4, LMXI1A, IGFBP7, NKD2, TASIR2,
EYA, AP1AR and CNIH3).

There is limited information about the relevance of non-coding regions, especially in marine
species, although some reports in other taxa show evidence that they could be impacting
adaptation (e.g. Andolfatto, 2005; Jones et al., 2012; Charlesworth et al., 2017). Some of these
non-coding regions have been associated with the regulation of hypoxia (e.g. RPL13) (Luo et
al., 2011), skeletal muscle regulation (e.g. MYH14, INMT, TLN2, CFAP, DRC1) (Conti et al.,
2009; Ikeda et al., 2013; Sha et al., 2020; Takeuchi et al., 2020; Wu et al., 2020), homeostasis
(e.g. STX7, NKD2, PHEX) (Zhang et al., 2007; Rowe, 2012; Roca-Agujetas et al., 2019),
osmoregulation (e.g. IGFBP7, KRBA1, KCTD16) (Breves et al., 2017), adipogenesis (e.g.
LZTS1, NR2F6, PLEKHAS, RPS8) (Qiu et al., 2007; Li et al., 2009; Desert et al., 2018; Xing
et al., 2020), and thermogenesis (e.g. ERC2, HNRNPULI) (Lietal., 2017; Turcot et al., 2018).
They are also involved in the regulatory pathways of the sensory system, such as
photoreceptors (e.g. ABCC2, KIAA1549) (Allikmets et al., 1997; deBruijn et al., 2018),
inhibitors of taste receptors (e.g. TAS1R2, PKDL1) (Horio et al., 2011; Pang et al., 2014), and
inhibitor of hearing receptors (e.g. EYA) (Abe et al., 2018). This could imply that multiple,
complex gene pathways and their regulatory processes are involved in the fitness of common
dolphins at different traits. Future comparative research using whole genomes from multiple
delphinid species could possibly elucidate other regions and pathways behind genomic

divergences.

Implications for conservation and management

The management of Australian common dolphin populations could benefit from assessing
appropriate spatial scales to ensure maintenance of the dolphins’ neutral and adaptive genomic
variation. It is thought that this type of management could enhance their long-term survival,

particularly in the face of rapid environmental change. In this study, putatively adaptive
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genomic markers revealed, at the broad-scale, the same number of regional populations of
common dolphins than did the neutral markers (Barcel6 et al., 2021, Chapter 2). However, at
the fine-scale in eastern Australia, adaptive markers suggested the presence of putatively local
adapted populations of common dolphins. This was comparable to the southern Australia GEA
analysis that suggested fine-scale, putatively local adapted populations of common dolphins
(Chapter 3). In both cases, fine-scale analyses suggested that the divergence of dolphin
populations might be associated with a few but significant different environmental variables
and potential oceanographic phenomena acting as barriers for dispersal at the region.
Therefore, conservation and management policies for the species need to ensure two aspects:
(1) maintenance of gene flow across the metapopulation of Australasian common dolphins, and
(i1) protection of each putatively local adapted population. These two aspects are expected to
promote the maintenance of standing genetic variation at both broad and fine spatial scales.
This is particularly crucial in contact areas between the two regional populations (Bass Strait),
and in sites where common dolphins are likely to aggregate seasonally (Bonney and Tasmania
upwellings, and areas of eddy formations). Likewise, conservation and management should
consider putatively local adapted populations as unique biological units. This is particularly
important at range edges of the Australian common dolphin distribution, as well as in protected
coastal environments. These sites, where lower adaptive diversity was exhibited, are likely the
most vulnerable to potential anthropogenic impacts such as fisheries by-catch (e.g. Bilgmann
et al., 2008; Bilgmann et al., 2018, Parra et al., in review), diseases outbreaks (e.g. Bossart,

2011; Kemper et al., 2016; Batley et al., 2021) and climate change.

Individuals from the putative divergent metapopulation of common dolphin in Australia are
subject to interactions with several fisheries (e.g. Bilgmann et al., 2008; Goldsworthy et al.,
2019b). Currently, several national (e.g. Australia, EPBC 1999, AFMA, 2020b; New Zealand,
Pact 1978, MPI, 2020), and international (e.g. FAO, 1995; IUCN, Hammond et al., 2008; Bonn,
CMS, 2020) agreements regulate the trade of these species and fisheries interactions with this
specie. However, the species management zones do not correspond to their population genomic
structure or stocks (e.g. AFMA, 2019b; Barcel¢ et al., 2021, Chapter 2), making it difficult to
assses interactions separately for each putative adaptive, local population, as well as across the
metapopulation. Thus, future management plans of the species need to acknowledge the
hierarchical metapopulation structure of common dolphins in the Australasia, especially in
consideration of future climate change that could exacerbate the vulnerability of populations.

This is particularly important for populations in semi-enclosed or sheltered waters, as reported
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for another small cetacean in the region (e.g. Bilgmann et al., 2019; Reed et al., 2020; Batley
et al., 2021). Future research for the conservation and management of Australasian common
dolphin populations should use boundaries of locally adapted populations to estimate local
abundance and to simulate population-specific responses to anthropogenic disturbances such
as bycatch, disease outbreaks, and climate change, among others (Reed et al., 2020). These
results emphasise the importance of inter-state and trans-Tasman cooperation (Barcel6 et al.,
2021, Chapter 2), in which efforts to preserve common dolphins’ genomic variation should
focus on the metapopulation level and at putative locally adapted populations, despite

geopolitical boundaries and differences in current intra-jurisdictional policies.

Conclusion

Common dolphins are mostly considered as a highly migratory marine species. However, this
study shows that they exhibit some neutral and adaptive hierarchical patterns of genomic
differentiation and gene flow, depending on the spatial scale assessed. These results need to be
considered during conservation and management of the species in the region. The GEA
analyses disclosed links between genomic divergence of common dolphins and key
environmental variables related to three oceanographic phenomena with somewhat analogous
patterns along southern and eastern Australia. Adaptive genomic diversity in semi-enclosed
habitat and at the edge of common dolphin distribution was lower compared to regions of
interface where adjacent regional populations seem to maintain some level of gene flow.
Moreover, signals of selection were found repetitively in some regions of the genome, a finding
that could potentially indicate parallel adaptation of these dolphins at different regions. Our
results provide novel baseline information for the conservation and management of common
dolphins in the context of a highly dynamic and heterogeneous marine environment,and
presents a first incursion towards our understanding about adaptive resilience of local and
regional populations of small cetaceans to potential natural environmental changes and to

anthropogenic selective pressures.
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CHAPTER 5. GENERAL DISCUSSION
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General overview

Anthropogenic impacts, including by-catch, diseases outbreaks and climatic changes, are
affecting many marine metapopulations. It is therefore paramount to understand the genomic
structure and connectivity of wide-ranging marine species to predict their evolutionary
potential and identify populations for priority conservation management (Manel et al., 2019;
Oleksiak and Rajora, 2020; Xuereb et al., 2020). For large marine predators, such as the
common dolphin, seascape genomics provides a robust framework to identify environmental
factors that are impacting the species’ genomic variation. Several genetic studies around the
world have previously hypothesised that the genetic differentiation of delphinid populations is
associated with environmental variables, such as temperature (e.g. Mirimin et al., 2009),
salinity (e.g. Natoli et al., 2005; Gaspari et al., 2015a), currents (e.g. Moller et al., 2011;
Bilgmann et al., 2014; Gkafas et al., 2017), and bathymetry (e.g. Tezanos-Pinto et al., 2009;
Stockin et al., 2014; Pratt et al., 2018), but few have explicitly tested for this (e.g. Mendez et
al., 2010; Viricel and Rosel, 2014; Morin et al., 2021).

In delphinids, the first seascape genetics study used remote-sensing environmental data to test
for associations with the mtDNA control region in isolated populations of the franciscana
dolphins (Pontoporia blainvillei) (Mendez et al., 2010). Since then, some other cetacean
studies have investigated associations between genetic variation and population structure with
environmental variables, mainly based on few microsatellite markers and fragments of the
mtDNA control region (e.g. Sousa chinensis, Mendez et al., 2011; Delphinus delphis, Amaral
et al., 2012a; Stenella frontalis, Viricel and Rosel, 2014). More recently, cetacean studies have
combined environmental data with genome-wide data (e.g. Indo-Pacific bottlenose dolphins,
Tursiops aduncus, Pratt, 2020; spinner dolphins, S. longirostris, Andrews et al., 2021; harbor
porpoises, Phocoena phocoena, Morin et al., 2021), offering new insights about population

adaptations and their evolutionary potential.

The main objectives of this thesis were to integrate neutral and adaptive genomic variation of
Australasian common dolphins to investigate population structure and connectivity, as well as
to combine environmental data and genomics to assess adaptive divergence across the
metapopulation. Over 18,000 SNPs were utilised to differentiate between neutral and adaptive
genomic variation in these dolphins. For the first part of the thesis, the use of SNPs under
putative neutrality allowed to compare and resolve neutral population structure and gene flow

of common dolphins from Australia and New Zealand. Analyses suggested the presence of
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three regional populations, with connectivity and further substructure within them impacted
mainly by signals of isolation by distance (Barcel6 et al., 2021, Chapter 2). For the second and
third parts of this thesis, putative selection at several genetic variants associated with specific
environmental variables suggested the presence of putatively adaptive, locally divergent
populations in Australia (Chapters 3 and 4). These analyses also indicated a different number
of common dolphin sub-populations in the southern and eastern Australian, providing further
subdivisions at these fine-scales segments compared to that indicated based on the putatively
neutral markers (Chapters 2, 3 and 4). This metapopulation assessment at different segments
allowed the detection of environmental drivers likely affecting genomic variation of regional
and local populations of common dolphins. Results also highlighted similarities and
differences between southern and eastern Australian heterogeneous marine environments,
particularly in regard to oceanographic and geomorphological features that may affect common

dolphin dispersal and in turn shape their populations.

Signals of adaptation in common dolphins from Australia

Sampling over large spatial scales is required to assess eco-evolutionary processes impacting
on the genomic variation of widely dispersed marine species. If we recognise that natural
selection is the ultimate inventor of nature (Pianka, 2000), understanding adaptations between
marine organisms and the environment could be key for well-informed conservation and
management strategies. In large populations, such as those of the Australasian common dolphin
hierarchical metapopulation (Chapter 2, 4), contemporary gene flow could act as a reservoir of
high standing genetic variation for population persistence (Manel and Holderegger, 2013;

Oleksiak and Rajora, 2020).

Microevolutionary studies of delphinids are still mainly limited to assessing selection on genes
associated with ecological adaptations between ecotypes or subspecies (Moura et al., 2013b;
Foote et al., 2016). To the best of my knowledge, only three microevolutionary studies using a
reduced representation of the genome have been done between cetacean ecotypes and
populations (Pratt, 2020; Andrews et al., 2021; Morin et al., 2021). This thesis used this type
of genomic dataset for common dolphins to identify candidate loci under selection, disclosing
over 1,500 loci across the southern and eastern Australia metapopulation, approximately 800
in the southern Australia segment, and about 200 in the eastern Australia segment (Chapters 3

and 4). A multivariate Genotype-Environment Association (GEA) analysis used to investigate
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the genomic basis of adaptation to different environmental variables disclosed selected variants
in coding and non-coding regions of various genes across the common dolphin metapopulation.
High standing genetic variation in large marine populations could act as a source for parallel
adaptive evolution (Riginos et al., 2016). Several putatively selected loci were found
repeatedly, supporting the idea of signals of parallel evolution in southern and eastern

Australian common dolphins.

Oceanographic patterns occurring in areas of upwelling and eddies between southern and
eastern Australia coast may explain variation at genes, such as ERC2, which is involved in
thermogenesis. This gene was associated with temperature at fine-scale in southern Australia
(Chapter 3) and at broad-scale across Australia (Chapter 4) in dolphins from areas of
upwellings and eddies. The ERC family of genes has been identified as putatively selected in
cetacean macroevolutionary studies (e.g. 7. truncatus, McGowen et al., 2012; Balanoptera
acutorostrata, Yim et al., 2014), suggesting selection and specialisation to different
environments over time. For this gene, and other genes showing similar patterns (e.g. SYT6,
TLN?2), differences in allele frequencies at each coast could perhaps be related to gradients of
temperature along eastern Australia (£ 6° C) and southern Australia (£ 3°C). Australian
common dolphins exhibited admixed populations (Chapter 2, 3, 4), with clear evidence of
shared historical origin (e.g. Amaral et al., 2012b; Amaral et al., 2016). This shared historical
origin and similar oceanographic circulation patterns of upwellings and eddies could in turn be

creating similar adaptive responses in local populations of common dolphins.

The candidate NR2F6 (nuclear receptor), which is involved with the regulation of
adipogenesis, glucose, homeostasis and metabolism of energy (Li et al., 2009; Jeong et al.,
2014; Baldwin et al., 2017), was associated with differences in salinity and was putatively
selected for common dolphins in southern Australia (Chapter 3), but also for dolphins at the
Australian metapopulation level (Chapter 4). Nuclear receptor genes were suggested to be
involved in the macroevolution of the common bottlenose dolphin (7. truncatus) when
compared to other cetacean lineages (Nery et al., 2013). In the present study, common dolphin
variation at the gene IGFBP7, which is involved in osmoregulation, was also associated with
salinity gradients in southern Australia (Chapter 3) and across Australia (Chapter 4). Some IGF
genes have been reported as important in the macroevolution of marine mammals (e.g. Ursus
maritimus, Liu et al., 2014; B. acutorostrata, Yim et al., 2014; Orcinus orca, Foote et al.,

2016). These candidate genes were correlated to salinity and could suggest adaptation of
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common dolphins to coastal, hyper-saline environments. This is similar to previous studies that
found microevolutionary adaptation between ecotypes of toothed whales inhabiting freshwater
and oceanic environments (finless porpoises, Neophocaena phocaenoides, Ruan et al., 2015;
Zhou et al., 2018a) or hyper saline areas (Indo-Pacific bottlenose dolphins, 7. aduncus, Pratt,
2020)

Candidate genes of the sensory system, which are involved as photoreceptors and receptors of
taste (Allikmets et al., 1997; Pang et al., 2014), were also found to be putatively selected at
fine and broad-scales (i.e. ABC and TAS1R; Chapters 3 and 4), and were associated with either
primary productivity or sea surface temperature. These genes mainly showed differences in the
allele frequencies of dolphins inhabiting coastal protected environments, and in eastern
Australia. Sensory genes have been disclosed as under selection in cetacean macroevolutionary
studies (e.g. Zhou et al., 2013; McGowen et al., 2014; Zhu et al., 2014), with ancestral cetacean
lineages losing taste receptors genes (i.e. ABC, TASIR and TAS2R) and not able to distinguish
between many tastes (sweet, sour, umami and bitter), with the exception of salt (McGowen et
al.,2014; Zhu et al., 2014). A sour taste receptor in potassium channels of the PKD gene (Zhou
et al., 2018b) was also found putatively selected in common dolphins, and associated with the
hyper-saline coastal environments of southern Australia (Chapter 3). It was previously
suggested this is for cetaceans to further reduce their dependence in taste during optimal
foraging in saline environments (e.g. McGowen et al., 2014; Zhu et al., 2014), which could

also be occurring in common dolphins inhabiting hyper-saline environments.

Overall, the candidate genes identified suggest that selection in common dolphins has allowed
them to colonise different environments and subsequently specialise in those habitats.
Relatively fast adaptations are expected to have evolved from high standing genetic variation
(Barrett and Schluter, 2008). In these cases, populations with high genetic diversity provide a
reservoir to resilience upon ongoing and future climatic changes (Pespeni et al., 2013). Since
this is the first investigation of microevolutionary adaptation in common dolphins, future
research should verify the importance of these candidate genes in other populations and regions

of the world.
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Adaptive resilience of common dolphins to climate change

Changes in ocean circulation and temperature regimes, as well as various anthropogenic
impacts, are threatening the connectivity of marine populations (Xuereb et al., 2018a; Manel
et al., 2019). Due to the aquatic life cycle of cetaceans it is often difficult to monitor and
describe patterns impacting their populations (Bestley et al., 2020). Thus, an understanding of
the potential impacts of environmental factors on cetacean dispersal is essential for elucidating
patterns and processes driving their population structure, and for designing well-informed and

effective conservation management strategies (Baker et al., 2019; Stephenson et al., 2020).

The idea that breeding or feeding strategies of cetaceans and other marine mammal populations
are influenced by ocean circulation patterns, such as upwelling centres, have been suggested
by many non-genetic studies, including in Australia (e.g. Arctocephalus forsteri, Foo et al.,
2020), New Zealand (e.g. Cephalorhynchus hectori maui, Derville et al., 2016; various
cetaceans, Stephenson et al., 2020), and the Pacific Islands (e.g. Megaptera novaengliae,
Derville et al., 2019; various cetaceans, Peters and Stockin, 2021). These findings are similar
to genetic studies in Australia and New Zealand that suggest that ocean circulation and
topography are delimiting factors for the dispersal of common and bottlenose dolphins (e.g.
Moller et al., 2011; Stockin et al., 2014; Pratt et al., 2018). Indeed, the seascape genomics
framework has confirmed theoretical predictions that the Australian common dolphin
metapopulation has population segments that may be driven by putatively localised, adaptive
divergence (Chapters 3 and 4). The putatively adaptive divergence suggested by the GEA
analysis of common dolphins in southern Australia seems to be mainly associated with the
tested variables, sea surface temperature, current velocity, salinity and primary productivity
(Chapter 3). In eastern Australia, dolphin genomic variation in the GEA analysis was
associated with one main ecological driver, primary productivity (Chapter 4). The same
variables, in addition to bathymetry, were found to be associated with the dolphins’ genomic
variation at the Australian metapopulation level (Chapter 4). These findings are somewhat
analogous to seascape genomic studies of cetaceans elsewhere that disclosed correlations
between various environmental factors (e.g. gradients of temperature, salinity, current velocity)
and genetic variation (7. aduncus, Pratt, 2020; S. longirostris, Andrews et al., 2021; P.
phocoena, Morin et al., 2021). Cetacean species with locally adapted populations, particularly
in regard to environmental factors known to be under considerable change, such as temperature

and salinity, might be particularly vulnerable to future climatic scenarios.

134



Climatic changes may compromise cetacean populations and lead to declines or habitat
displacements (e.g. Watson et al., 2013; Derville et al., 2019; Reed et al., 2020). Projections of
increasing sea temperature and ocean acidification also suggest other catastrophic events, such
as eutrophication of whole marine ecosystems (e.g. Hobday and Lough, 2011; Ké&mpf and
Chapman, 2016). Such events may lead to changes in food-webs, displacement of migratory
corridors, collapse of areas of high biological productivity, or fragmentation of marine
ecosystems (e.g. Wernberg et al., 2011; Dunn et al., 2019; Bestley et al., 2020). For cetacean
species, these changes may impact migratory timing, food availability, reproductive success,
and overall health (e.g. Derville et al., 2019; Sousa et al., 2019; Bestley et al., 2020). In turn,
these can influence the vulnerability of cetacean populations (e.g. Sousa et al., 2019) and
potentially lead to extinctions. Given that lower genetic variation has been attributed to
susceptibility of small cetacean populations to disease outbreaks (e.g. Cammen et al., 2015;
Batley et al., 2021), persistence of genetic variation by gene flow is key for their resilience, as
also suggested for other marine taxa (Xuereb et al., 2020). For some Indo-Pacific bottlenose
dolphin populations, simulations of specific responses indicated their main vulnerability to
disease outbreaks, anthropogenic impacts, and climate change (Reed et al., 2020). This thesis
provides baseline information for future research that aims to investigate the long-term

genomic vulnerability to climate change of common dolphins.

Delineating populations based on neutral and adaptive genomic variation

Studies assessing neutral and adaptive genomic variation bring a new perspective for
delineating populations for conservation and management (Funk et al., 2012; Oleksiak and
Rajora, 2020; Xuereb et al., 2020). Neutral and adaptive variation often respond to different
evolutionary forces, with the former best suited for addressing questions about biogeography
and gene flow, and the latter best suited for studying natural selection (Shafer et al., 2015;

Benestan et al., 2016b; Cammen et al., 2016).

This thesis disclosed some similar patterns, while other where distinctive patterns of population
differentiation and diversity between putatively neutral and adaptive datasets from common
dolphins of Australasia. At the metapopulation level across Australia and New Zealand,
putatively neutral markers indicated strong genetic differentiation mainly explained by
geographical distance and biogeographic divergence between ocean basins (Barceld et al.,

2021, Chapter 2). Using putatively adaptive markers for Australian common dolphins (except
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for Tasmania, as this part of the study was restricted to samples from free-ranging animals),
two regional populations were identified, one in the Pacific and one in the Indian Ocean, and
also lower diversity at semi-enclosed and peripheral environments (Chapter 4). These
genomically differentiated populations are located at either side of an old biogeographical
break, the Bass Isthmus, which currently exhibit different ocean circulation patterns, but
limited migration between them still occur. These results are comparable to previous studies
that disclosed significant genetic differences between common dolphins of these two oceans
basins with share an ancestral origin (e.g. Amaral et al., 2012b; Bilgmann et al., 2014), a pattern
also observed for various marine taxa (e.g. Catomerus polymerus, York et al., 2008;

Carcharodon carharias, Blower et al., 2012; Nerita atramentosa and Siphonaria diemenensis,

Teske et al., 2017).

In contrast, within the eastern and southern Australian segments, the analyses of the putatively
adaptive datasets revealed further differentiation in the number of putatively, locally adapted
populations compared to the neutral datasets. For southern Australia, results based on neutral
markers suggested two sub-populations (Barcel6 et al., 2021, Chapter 2), whereas the adaptive
markers suggested five sub-populations (Chapter 3). In the case of eastern Australia, two sub-
populations were suggested based on the neutral markers (Barcel6 et al., 2021, Chapter 2),
while the adaptive markers suggested up to four sub-populations (Chapter 4). For the
Tasmanian/New Zealand regional population, results based on neutral markers suggested at
least two sub-populations (Barcel6 et al., 2021, Chapter 2). However, for this last regional
population, which also includes Tasmania, the adaptive genomic variation was not investigated
using GEA methods since most samples originated from stranded individuals, and therefore at-
sea geographic location of the animals was not known. It is important to note that the sub-
populations identified with the putatively adaptive markers are not demographically
independent from other adjacent sub-populations, as suggested by the moderate levels of gene
flow disclosed based on the putatively neutral markers. Assessments of both neutral and
adaptive genomic variation are useful for delineating marine populations and clarifying their
evolutionary potential (Sandoval-Castillo et al., 2018; Xuereb et al., 2020). The results from
this study indicates that both datasets should be incorporated in to the management and

conservation strategies for the species in Australasia.

Wide-ranging marine species, such as cetaceans and other marine mammals, are currently

safeguarded by several international (e.g. FAO, 1995; IUCN, Hammond et al., 2008; Bonn,
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CMS, 2020) and national agreements (e.g. Australia, EPBC 1999, AFMA, 2020b; New
Zealand, Pact 1978, MPI, 2020). These regulations control the trade of these species and have
greatly reduced their mortalities in fisheries (Tulloch et al., 2020; Fisheries New Zealand,
2020). However, to date, fishery interactions still occur (e.g. AFMA, 2020b; Tulloch et al.,
2020; Fisheries New Zealand, 2020) despite agreements, implementations of codes of practice
(e.g. SASIA, 2015) and/or even electronic monitoring of fisheries (e.g. AFMA, 2020a).
Currently, one major problem is that fisheries manage interactions based on fishery defined
stocks, which in many cases do not consider the population genetic structure of the target (e.g.
Papa et al., 2020) or non-target species (e.g. Leslie and Morin, 2018; Barcel6 et al., 2021,
Chapter 2). This lack of genetic information is also noticeable in international agreements that
categorise species threats (e.g Gardner et al., 2020). Nowadays, conservation efforts mainly
focus on small, isolated populations where high levels of genetic diversity may have been
already lost (e.g. Tetushkin, 2013). In addition, these metrics of genetic diversity and
differentiation tend to still focus on traditional, neutral genetic datasets and analytical
frameworks, and do not include information about the potential capacity of populations to adapt
to rapid environmental changes (e.g. Gagnaire et al., 2015; Funk et al., 2019; Xuereb et al.,

2020).

This thesis provides evidence for a hierarchical metapopulation system from a context of both
neutral and adaptive genomic variation of Australasian common dolphins. This needs to be
considered for management of their populations and to reduce fisheries by-catch. It is therefore
recommended that management plans should aim to maintain connectivity across all the
metapopulation for the persistence of neutral and adaptive standing genetic variation (i.e.
across the three regional populations). In addition, potentially adaptive divergent sub-
populations (i.e. five sub-populations in southern Australia and four sub-populations in eastern
Australia) should also be considered in common dolphins management plans, with a
continuous assessment of anthropogenic impacts. This is particularly important for Gulf of St
Vincent, which exhibits low genomic diversity, restricted gene flow to neighbouring
populations, and a strong putative signal of local adaptation. However, other sub-populations
could also benefit from long-term assessments given their unique local diversity and their role

in contributing to genomic variation across the metapopulation.
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Limitations and Future directions

This thesis elucidated patterns of neutral and adaptive genomic variation in Australasian
common dolphins and eco-evolutionary processes shaping their populations at various spatial
scales. However, limitations exist in relation to genomic coverage, availability of dispersal

models, and environmental, ecological and biological information.

The use of a small representation of the genome (<2%) (Oleksiak and Rajora, 2020) can
certainly answer questions about evolutionary history, population structure, and gene flow with
more resolution than traditional genetic markers can. However, it exhibits limited resolution
for comprehensively tackling questions about adaptation as many genomic variants under
selection may go undetected (Rajora, 2019). These issues could be overcome by the use of
Whole Genome Sequencing (WGS), which is becoming more accessible and affordable, except
perhaps in the case of large sample sizes such as the one used in this study. WGS should be
considered to elucidate both micro and macroevolutionary adaptations (Rajora, 2019), but cost-
efficiency needs to be contemplated if the focus of the study is at multiscale and requires a
large sample size (Manel et al., 2019). Thus, genome scans from a small fraction of the genome
allows assessments with many more individuals, contributing to baseline knowledge of
potential adaptive mechanisms, that can lead to future genome-wide association studies with
fewer individuals (Rajora, 2019; Grummer et al., 2019). However, given the nature of marine
species, inferring impacts fitness based on the understanding of gene functions is extremely
difficult, especially in marine mammals with current limited genomic resources and deficiency

of experimental validation.

Various studies have conducted simulations of passive dispersal for marine taxa based on both
biological and physical models (e.g. Waters, 2008; Teske et al., 2016; Xuereb et al., 2018a).
Marine organisms with active dispersal, such as large predators, are normally associated with
their prey movements and there is limited data about their dispersal capability and migratory
paths (but see fur seals, 4. forsteri, Foo et al., 2020; pygmy blue whale, B. musculus
brevicauda, Mdller et al., 2020; various baleen whales, Stephenson et al., 2020). Terrestrial
studies have addressed the active dispersal of large predators by analysing potential migratory
paths, and integrating with data on genetic differentiation (e.g. Mateo-Sanchez et al., 2015;
Draheim et al., 2020). Future studies of marine predators, such as common dolphins, should

try to combine these types of data to predict migratory paths and dispersal potential.
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Seascape genomics as a research field is still in its early stages. Analytical frameworks which
demonstrate associations between environmental variables and candidate loci or genes do not
imply causality (Sandoval-Castillo et al. 2018), and there are many limitations in regard to
biologically relevant environmental data for marine species. For example, researchers working
with terrestrial and freshwater systems can integrate environmental variables in their studies
with WorldClim, which encompasses more than 19 broad predictors (Fick and Hijmans, 2017).
In contrast, studies on marine systems are usually restricted to fewer environmental predictors
(Tyberghein et al., 2012; Assis et al.,, 2018). Increased accessibility to remote-sensing
oceanographic and topographic variables, as well as biological and ecological data can provide
additional information on complex interactions at different life history traits (e.g. Castro-
Tavares et al., 2019). Genotype-environment analyses can only identify loci that have allele
frequencies associated with environmental variables included in the analyses. These
environmental variables can be in some cases strongly correlated with each other and
geographical distances (Hohenlohe et al., 2020), and if done without caution can lead to a high
number of false positives, making associations difficult to detect (Forester et al., 2018; Rajora,
2019; Grummer et al., 2019). Thus, expanding accessibility of environmental data should f
improve the ability to predict genomic divergences for marine species at various spatial scales

in response to anthropogenic impacts and climatic changes.

Final Remarks

This thesis contributes towards elucidating population structure, connectivity and adaptive
potential of an abundant marine predator in Australasian waters, the common dolphin D.
delphis. The study represents one of the largest population genomic datasets for a cetacean
species. The evidence presented here suggests that common dolphins in Australasia exhibit a
hierarchical metapopulation system, with higher adaptive genomic diversity in areas where
connectivity is maintained, and lower adaptive diversity at range edge populations in eastern
and southern Australia, as well as in semi-enclosed coastal protected environments. The
seascape genomics framework disclosed associations of genomic variation to primary
productivity, sea surface temperature, salinity, current velocity and bathymetry. The novel
information about metapopulation structure and adaptively divergent populations should be
incorporated and prioritised in conservation and management plans, both at intra- and inter-

jurisdiction levels. It is thought that promoting connectivity across the metapopulation system
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will ensure high standing genetic variation that acts as a reservoir for adaptive resilience. The
work presented in this thesis represents an important step towards understanding the
microevolutionary potential of wide-ranging marine species at the near-top of the trophic web.
It is suggested that SNPs or/and candidate genes described here are used as a baseline for future
comparative research, as these variants may be under selection in other closely related
delphinid species. This catalogue could be used in combination with other genomic
technologies, such as microarray chips, transcriptomics in a candidate gene approach or WGS,
to compare signatures of selection. The integration of results across the main objectives of each
chapter demonstrated that information about neutral and adaptive genomic variation needs to

be considered into current conservation and management policies for marine populations.

This study reinforces the value of a seascape genomics framework at a metapopulation level
for a wide-ranging species found over a dynamic and heterogeneous environment. This type of
assessment enables to distinguish populations inhabiting interconnected habitats, as well as
environmental variables influencing adaptive divergence. This framework could be quite
relevant for managers and policy makers that aim to preserve genomic variation in wide-

ranging, large marine predators.
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An understanding of population structure and connectivity at multiple spatial scales is
required to assist wildlife conservation and management. This is particularly critical for
widely distributed and highly mobile marine mammals subject to fisheries by-catch. Here,
we present a population genomic assessment of a near-top predator, the common
dolphin (Delphinus delphis), which is incidentally caught in multiple fisheries across
the Australasian region. The study was carried out using 14,799 ddRAD sequenced
genome-wide markers genotyped for 478 individuals sampled at multiple spatial scales
across Australasia. A complex hierarchical metapopulation structure was identified, with
three highly distinct and genetically diverse regional populations at large spatial scales
(>1,500 km). The populations inhabit the southern coast of Australia, the eastern coast of
Australia, New Zealand, and Tasmania, with the latter also showing a considerable level
of admixture to Australia’s east coast. Each of these regional populations contained two
to four nested local populations (i.e., subpopulations) at finer spatial scales, with most
of the gene flow occurring within distances of 50 to 400 km. Estimates of contemporary
migration rates between adjacent subpopulations ranged from 6 to 25%. Overall, our
findings identified complex common dolphin population structure and connectivity across
state and international jurisdictions, including migration and gene flow across the Tasman
Sea. The results indicate that inter-jurisdictional collaboration is required to implement
conservation management strategies and mitigate fisheries interactions of common
dolphins across multiple spatial scales in the Australasian region.
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Barcel6 et al.

Genomic Structure and Connectivity of Common Dolphins

INTRODUCTION

Genetic connectivity and the delineation of populations,
including their boundaries, are fundamental issues in
conservation biology, because such information can advise
on the scale of which to conserve and manage wildlife species
(Leslie and Morin, 2016; Taylor et al., 2017; Dunn et al., 2019;
Pierre, 2019; Sousa et al., 2019; Taft et al., 2020; Tulloch et al.,
2020). Studies using molecular markers can inform on the
number and distribution of populations, their genetic diversity,
their resilience to environmental change, as well as their
vulnerability to anthropogenic impacts and disease outbreaks
(DiBattista et al., 2017; Holland et al., 2017; Bradburd et al.,
2018; Batley et al,, 2019; Breed et al., 2019; Grummer et al,,
2019; Jasper et al., 2019; Perry and Lee, 2019; Leitwein et al.,
2020). However, incorporating genetic data into conservation
policy and management remains a challenge, and enhanced
collaboration between conservation geneticists and wildlife
managers is needed (Funk et al., 2012; Hendricks et al., 2018;
Gardner et al., 2020; Holderegger et al., 2020; Taft et al., 2020).

Studies of population structure and dynamics emerged with
the theories of island biogeography and metapopulation
dynamics (MacArthur and Wilson, 1967; Levins, 1969;
Hanski, 1998), and have evolved since then into characterizing
connectivity of species among habitat patches in heterogeneous
environments under different spatial and temporal scales
(Waples and Gaggiotti, 2006; Compton et al., 2007; Manel et al.,
2019). In marine environments, there is still limited information
about how geographic barriers and spatial scales impact on
population genetic structure (Riginos et al., 2016). Population
structure and the dispersal of marine species may be associated
with a range of factors such as spatial distance, oceanographic
features (e.g., currents, upwellings, environmental gradients)
and ecological traits (e.g., feeding ecology and life history),
making it difficult to disentangle these factors (Selkoe et al.,
2016; Bernatchez et al, 2018), and establishing policies for
conservation and management.

The movement of marine species with active dispersal, such
as delphinids, can occur at any life stage. Despite this, dolphins
can exhibit population genetic structure at relatively small
spatial scales (e.g., Hoelzel, 1998; Natoli et al., 2006; Méller
et al., 2007; Quérouil et al, 2007) and are often subdivided
into local populations (e.g., Natoli et al., 2005; Hoelzel et al,,
2007; Mendez et al., 2008; Moller, 2011; Caballero et al., 2012;
Nykanen et al, 2018; Parra et al, 2018; Pratt et al, 2018).
When these populations are interconnected, but exhibit specific
ecological and/or behavioral traits in a geographic area, a
complex metapopulation system may arise (Riginos et al., 2016;
Selkoe et al., 2016; Perry and Lee, 2019).

At large scales, the dispersal and population structure of
dolphins is influenced by oceanographic or environmental
variables such as depth, currents, upwellings, salinity gradients,
sea surface temperatures, and primary productivity (Fullard et al.,
2000; Natoli et al., 2005; Quérouil et al., 2007; Mirimin et al.,
2009; Moéller et al., 2011; Amaral et al., 2012a; Bilgmann et al.,
2014; Fruet et al., 2014; Gaspari et al., 2015a; Pratt et al., 2018).
At smaller scales, localized site fidelity, complex social behavior,

and feeding specializations may result in adaptations to local
environments, which leads to further population subdivision
(Hoelzel et al., 2007; Méller et al., 2007; Ansmann et al., 2012;
Fruet et al., 2014; Cammen et al., 2016; Foote et al., 2016; Zanardo
et al., 2017; Pratt et al., 2018).

Common dolphins (Delphinus delphis) have a high dispersal
potential and inhabit coastal and pelagic environments in
temperate and subtropical waters of both southern and northern
hemispheres (Natoli et al., 2008; Whitehead et al., 2008; Moller,
2011). In Australasia, common dolphin distribution ranges from
embayment and gulf waters, to coastal and shelf waters of
Australia and New Zealand (Moller et al., 2011; Bilgmann et al.,
2014; Stockin et al., 2014; Mason et al., 2016; Zanardo et al.,
2016; Dwyer et al., 2020; Peters and Stockin, 2021). At its most
extreme, common dolphins in some semi-enclosed, relatively
shallow embayments, show moderate to high site fidelity, such as
in Port Phillip Bay (Victoria, Australia), Gulf St Vincent (South
Australia) (Filby et al., 2010; Mason et al,, 2016), and in the
Hauraki Gulf (New Zealand) (Stockin et al., 2008; Hupman, 2016;
Hupman et al., 2018; Pawley et al., 2018).

Differences in prey abundance, distribution and diversity can
lead to feeding specializations in common dolphins (Neumann
and Orams, 2003), which may shape their population structure
at fine and medium spatial scales (Moller et al., 2007, 2011;
Tezanos-Pinto et al., 2009). Movements of common dolphins are
known to generally associated with the movement of their prey,
which includes schooling fish such as jack mackerel (Trachurus
declivis, T. symmetricus. Murphyi, and T. novaezelandiae),
blue mackerel (Scomber australasicus), sardines (Sardinops
sagax), southern calamari (Sepioteuthis australis), and anchovies
(Engraulis australis) (e.g., Meynier et al., 2008; Goldsworthy
et al,, 2019a). In turn, most of these prey species are heavily
targeted by fisheries, both for human consumption and to
feed fish held in aquaculture farms, making common dolphins
particularly susceptible to interactions with fisheries and to
incidental mortalities (Kemper et al., 2003; Bilgmann et al., 2008;
Stockin et al., 2009b).

Indeed, common dolphins in Australasia suffer mortalities as
by-catch in multiple fisheries (Hamer et al., 2008; Thompson
et al, 2013; Abraham et al, 2017; Tulloch et al., 2020). In
Australia, common dolphins are incidentally by-caught in purse-
seine, trawl, and gillnet fisheries (e.g., Hamer et al., 2008; AFMA,
2019b), with ~380 mortalities recorded in purse-seine nets in
2004-2005 (Hamer et al., 2008), and more than 100 mortalities
during 2011-2019 in gillnets (AFMA, 2019a, 2020). In New
Zealand, common dolphins are mainly threatened by trawl and
surface long-line fisheries (Abraham et al., 2017; Pierre, 2019),
with at least 200 captures occurring from 2002 to 2017 in the
trawl fishery (MPI, 2019). While mitigation of common dolphin
by-catch in these countries has led to a general reduction in
mortalities over time (Rowe, 2007; Ward and Grammer, 2018;
Goldsworthy et al., 2019b), by-catch incidents have continued
and occasionally spike in numbers (Abraham et al, 2017;
Goldsworthy et al., 2019b). Notably, the cumulative impacts
of dolphin-fishery interactions are currently unknown (Mackay
et al,, 2016), and by-catch is still managed separately by each
fishery and based on fishing management zones, not based on
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dolphins’ stock structure. These issues are exacerbated by limited
information about dolphin abundance in Australasia, and how
many dolphins can be caught without compromising the long-
term viability of the populations. These estimates of potential
biological removal (PBR), have been estimated based on aerial
surveys and fisheries surveys. For South Australia, an aerial
assessment done over 40,000 km2 led to an estimation of 21,733
common dolphins (CV = 0.25; 95% CI = 13,809-34,203) (Parra
et al., in review), while in New Zealand an estimation for the
Northern Island was of 18,145 common dolphins (CV = 0.33,
95% CI = 9,669-33,726) (Abraham et al., 2017).

In Australasia, common dolphins are known from previous
studies to exhibit a degree of population genetic structure
(Bilgmann et al., 2007b, 2014; Méller et al., 2011; Amaral et al.,
2012a; Zanardo et al., 2016). These studies utilized traditional
genetic markers such as mitochondrial DNA (mtDNA)
and microsatellites and have identified population genetic
differentiation at broad spatial scales (>1,500km) between
common dolphins of the Pacific and Indian Oceans (Amaral
et al,, 2012a; Bilgmann et al., 2014), as well as over finer spatial
scales (<1,000km; in southern (Bilgmann et al, 2014) and
eastern Australia (Moller et al., 2011), and New Zealand (Stockin
et al., 2014). However, studies based on a few molecular markers
may not be accurate for determining spatial population structure
(e.g., Teske et al,, 2018; Rajora, 2019). The use of thousands
of genome-wide markers circumvents this issue by providing
powerful data to clarify spatially complex population structure
(Frankham et al., 2010; Funk et al., 2012; Cammen et al., 2016;
Teske et al., 2018; Manel et al., 2019).

Here, we assess the population genomic structure of common
dolphins using a multi-scale approach across its distribution
in Australasia. Our primary aims are to elucidate patterns
of genomic diversity, population structure, and connectivity
using a novel and powerful genome-wide dataset for common
dolphins based on single nucleotide polymorphisms (SNPs). We
complement this population genomic assessment with analyses
of novel and previously published mtDNA sequences. Our
study combines broad and fine-scale approaches to resolve
structure and connectivity and provides detailed information
to enhance the conservation management of common dolphins
in Australasia.

METHODS
Study Area and Sampling

The study area encompasses two major oceanic regions, the
southern Indian Ocean (Australia’s southern coast) and the
south-western Pacific Ocean (Australia’s eastern coast, Tasmania
and New Zealand). Skin samples were collected from live
animals (i.e., biopsied) and carcasses (i.e., stranded and by-caught
animals) over 17 years (2000-2017) at 16 localities across the
species range in Australia and New Zealand (Figure 1). Samples
from live individuals were obtained using a hand held biopsy pole
(Bilgmann et al., 2007a) or a remote biopsy system (PAXARMS)
(Krutzen et al, 2002). A total of 510 samples were analyzed
for population genomics, including 310 biopsy samples and 200

stranding and by-catch samples, with the GPS location allocated
to where an individual was found/caught (Figure 1).

DNA Extraction and Sex Determination
Genomic DNA was extracted from samples using a modified
salting out protocol (Sunnucks and Hales, 1996). Extraction
quality was then assessed using a NanoDrop-2000 (Thermo
scientific) spectrophotometer, quantity estimated by a Qubit 2.0
fluorometer (Life Technologies), and integrity evaluated with
agarose gels. If degradation was observed, DNA fragments >5
Kbp were selected using AMPure XP magnetic beads (Beckman
Coulter Genomics), using a ratio of 0.8:1 (beads: DNA). The sex
was genetically determined by the amplification of fragments of
the ZFX and ZFY genes for all DNA samples, following Banks
et al. (1995).

Mitochondrial DNA Control Region (mtDNA

CR) Sequencing and Data Analysis

A fragment of the mtDNA CR of ~450 base pairs was amplified
by the polymerase chain reaction (PCR) with primers DLP1.5
and DLP5, as modified by Moller and Beheregaray (2001),
and sequenced in an Applied Biosystems 3730XL Sequencer.
MtDNA CR sequences were then trimmed and aligned using
Geneious v.6.0.4 (Kearse et al, 2012). ARLEQUIN v3.5.2.2
(Excoffier and Lischer, 2010) was used to estimate nucleotide
and haplotype diversities overall and for each locality. To assess
genetic differentiation between localities, pairwise ®gp (Weir
and Cockerham, 1984) was estimated with significance assessed
using 10,000 permutations False Discovery Rate (FDR = 10%)
and corrected for multiple tests by the B-Y method (Benjamini
and Yekutieli, 2001). Heatmap plots of pairwise ®gr values were
then constructed in the language R (R Development Core Team,
2018), with the package ggplot2 (Wickham, 2016). A haplotype
network was built in PopART 1.7, using the ancestral parsimony
and 95% cut-off (Clement et al., 2002). The latter was carried
out to assess evolutionary relationships of the inferred maternal
lineages (i.e., mtDNA CR haplotypes). Together with estimates
of nucleotide diversity, this provides an indication of long-
term evolutionary divergence (or similarity) of common dolphin
lineages. A total of 197 samples were sequenced and retained for
analysis after filtering out poor quality peaks, and trimming to
440 base pairs to match the sequence fragments of Moller et al.
(2011) (N = 63), Stockin et al. (2014) (N = 24), and Bilgmann
et al. (2014) (N = 110). Altogether a total of 394 individual
sequences were available for analyses based on mtDNA CR.

Genomic Library Preparation and ddRAD
Sequencing

Double digest restriction-site associated DNA (ddRAD)
libraries were prepared following Peterson et al. (2012), with
modifications. Each sample was digested with two restriction
enzymes Sbfl and Msel, and then ligated with one of 96 individual
barcodes designed in-house. Samples were then pooled into
a multiplex of 12 individuals. Libraries were size selected for
250-800 bp fragments with a Pippin prep electrophoresis gel
(Sage Science). The samples were amplified by PCR, and after
this removal of PCR byproducts was done using AMPure XP
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FIGURE 1 | Study area in the Australasian region showing the geolocations for 478 common dolphin (Delphinus delphis) samples used for the genome-wide
analyses. Blue lines correspond to main current systems in Australasia. WSC, *West, Southern coast of Australia; GBSC, Great Australian Bight, Southern coast of
Australia; SGSC, shelf waters in Spencer Gulf, Southern coast of Australia; GSVSC, Gulf St Vincent, Southern coast of Australia; ESC, East, Southern coast of
Australia; WPSC, Wilson Promontory, Southern coast of Australia; NECA, North, Eastern coast of Australia; CECA, Central, Eastern coast of Australia; SECA, South,
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Zealand; Cl, Chatman Island, New Zealand; ESI, East, South Island, New Zealand.

magnetic beads (ratio of 0.8:1). Real-time PCR was used to
determine the DNA concentration to accurately pool eight
libraries of 12 samples together in equal concentrations, creating
one multiplex library of 96 uniquely barcoded samples sent
for sequencing. The multiplex libraries were then single-end,
100 bp sequenced using multiple lanes in an Illumina HiSeq
2500 at the South Australian Health & Medical Research
Institute (SAHMRI).

Sequences and SNP Filtering

Sequence quality checks were performed on the raw reads,
followed by demultiplexing, trimming of barcodes and RAD tags
(only one error allowed) and sorting into individual samples
using process_radtags with STACKS v1.48 (Catchen et al., 2013).
Next, filtered sequences were processed to generate a final SNP
dataset using the dDocent2.2.19 pipeline (Puritz et al., 2014). The
resulted variant calling file (VCF), with sequence variation across
all samples (raw SNP catalog), was then filtered using VCFtools

(Danecek et al., 2011) (for details see Supplementary Material).
To further assess the quality of the SNP dataset and to exclude
exogenous sequences, the quality-filtered reads were mapped
against two genomes from closely related dolphin species:
the Tursiops truncatus genome (Tur_tru_Illumina_phased_v1,
GenBank Assembly ID: GCA_003435595.3) and the southern
Australian bottlenose dolphin (SABD), Tursiops aduncus genome
(Batley et al, unpublished). This was done using Bowtie2,
following suggested standard procedures from Langmead and
Salzberg (2012), allowing no mismatches in seed alignment
and up to 20 consecutive seed fails. A linkage disequilibrium
(LD) filter was implemented to obtain a dataset with the
most likely number of independent markers (for details see
Supplementary Material).

Detecting Neutral SNPs
SNPs putatively under selection were identified and removed
from the dataset so that population structure analyses were based
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on markers conforming to neutral expectations (Luikart et al.,
2003). This was done using an outlier test in BayeScan v2.1
(Foll and Gaggiotti, 2008) run with 100,000 iterations and prior
odds of 10,000. Loci with a false discovery rate <10% were
considered as not behaving as neutral and removed from the
population analyses.

Relatedness Estimates for Excluding

Potential Duplicate Samples

Relatedness between pairs of individuals was estimated using
the triadic likelihood estimator (TrioML) in Coancestry v1.0.1.9
(Wang, 2011) to exclude potential re-sampled individuals (set at
r > 0.7) from the population analyses. This method estimates
pairwise relatedness (r) by using a third individual as a control,
thus decreasing the chance of genes identical in state being
mistakenly inferred as identical by descent (Wang, 2007).

Genomic Data Analyses

Genomic Diversity, Population Structure, and
Genomic Differentiation

Genomic diversity was estimated for each locality sample as
expected heterozygosity (Hg), observed heterozygosity (Ho),
the inbreeding coefficient (Fis), and percentage of polymorphic
loci (P) using Genodive 2.0b27 (Meirmans and Van Tienderen,
2004). Population genetic structure was assessed using a Principal
Component Analysis (PCA) and Discriminant Analysis of
Principal Components (DAPC) with the R package Adegenet
(Jombart and Ahmed, 2011) using an annealing simulation of
50,000 steps, and an optimal number of PCs to be retained,
as suggested in Adegenet (Jombart and Collins, 2015). Both
PCA and DAPC are model-free approaches for investigating
population structure. The Bayesian information criterion (BIC)
and Akaike information criterion (AIC) were then used to
determine the best-supported number of clusters in the dataset,
using the snapclust.chooseK function in the R package Adegenet
(Beugin et al., 2018). Bayesian clustering was used to infer
population stratification based on estimated individual ancestries
using Admixture v1.3.0 (Alexander et al., 2009). This was done by
performing a maximum likelihood estimates, using the ancestry
portion and the population allele frequency to assign the most
likely number of K (e.g., populations) in the dataset, testing
for K1-16, and to model the probability of observed genotypes.
The maximum likelihood of K and the fast-sequential quadratic
algorithm were subsequently used as a cross validation with
10 replicates for each K value, using K1-8 (Alexander et al,
2009; Alexander and Lange, 2011). Genetic differentiation among
localities was estimated as pairwise Fsp (Weir and Cockerham,
1984) using Genodive 2.0b27. Significance levels were assessed
using 10,000 permutations (FDR = 10%), and then corrected
by the B-Y method. Heatmap plots of Fsr were constructed
with the R package ggplot2. A Mantel test (Mantel, 1967) was
used to test for isolation by distance (IBD) using the shortest
waterway distance matrix calculated in ArcMap v10.4 (Esri Inc.,
Redlands, CA) and a linearized pairwise Fgt matrix (Fst /1- Fst)
as genetic distance. Scatterplots were then generated with the R
package Adegenet.

Contemporary Migration Rates and First-Generation
Migrants

Contemporary migration rates were estimated with BayesAss
v3.0.4 (Wilson and Rannala, 2003) using the putatively neutral,
unlinked SNPs. The method applies a Bayesian Markov chain
Monte Carlo approach to estimate asymmetrical rates of
recent migration (m), which represents the proportion of each
population having migrant ancestry over the last generations.
Common dolphins exhibit a long generation time ~15 years,
with interbirth intervals from 1 to 3 years (Taylor et al., 2007;
Moller, 2011). The analysis was run with 10 million iterations
and 1 million iterations as burn-in, and mixing parameters (allele
frequencies, inbreeding coefficients, and migration rates) were
adjusted to achieve recommended acceptance rates (Wilson and
Rannala, 2003). Convergence was then inspected by plotting the
cumulative log likelihoods of the iterations using TRACER 1.7
(Rambaut et al., 2018), with three runs used to verify consistency
across runs.

First generation migrants were identified by performing a
population assignment test in GeneClass2 (Piry et al., 2004),
using the criteria of Rannala and Mountain (1997). This uses
the multilocus genotypes and 1,000 simulations to provide a
probability of an individual belonging to a population (Paetkau
et al,, 2004). An exclusion rate of 0.01 was applied. Only 800
SNPs were used due to the limitations of the software which only
allowed successful runs to this maximum number of SNPs. The
SNP subset was chosen using a random generator in R studio, and
extracted from the full dataset of filtered putatively neutral SNPs.

RESULTS

Diversity and Differentiation Based on
mtDNA CR

In the 440 bp of the mtDNA CR sequences of 394 Australasian
common dolphins, three indels and 94 substitutions were
observed. This resulted in 173 unique mtDNA haplotypes, 66 of
which were not previously described for common dolphins in
this region (Moller et al., 2011; Bilgmann et al.,, 2014; Stockin
et al, 2014). Most haplotypes were represented by only one
individual in the dataset. The overall haplotype diversity was
high (h = 0.860), while the nucleotide diversity was low (7
= 0.0160) (Supplementary Table 4). The haplotype diversity
observed was similar to that previously reported for the eastern
and southern Australia and for New Zealand (e.g., Moller et al.,
2011; Bilgmann et al., 2014; Stockin et al., 2014). Fixation indices
based on mtDNA CR indicated low to moderate differentiation
between samples from the Pacific and the Indian Ocean (0.029-
0.620) (Supplementary Figure 2, Supplementary Table 7). The
haplotype network indicated very shallow phylogeographic
structure (Supplementary Figure 3).

Genome-Wide SNP Data and Filtering for
Putatively Neutral Loci

A total of 1,601,109,786 raw sequence reads were obtained, and
a raw SNP catalog of 339,932 SNPs (Supplementary Table 1).
The alignment rates with the Tursiops genomes were very high,
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TABLE 1 | Measures of genomic diversity based on 14,799 SNPs for Australasian common dolphins (Delphinus delphis) by locality”.

Population Locality N Ho He Fis P%
SC WSC 33 0.169 0.172 0.015 73.295
GBSC 22 0.170 0.176 0.032 74.816
SGSC 32 0.172 0.172 0.000 81.053
GSVSC 28 0.154 0.160 0.037 59.862
ESC 79 0.170 0.176 0.033 91.155
WPSC 20 0.175 0.181 0.033 71.005
EC NECA 14 0.189 0.189 —0.001 58.862
CECA 31 0.209 0.209 —0.003 80.587
SECA 20 0.201 0.209 0.037 67.126
NZTAS TAS 37 0.209 0.209 0.002 93.614
cs 26 0.207 0.208 0.004 82.215
WNI 41 0.204 0.206 0.013 87.209
NENI 87 0.194 0.200 0.031 85.134
ENI 6 0.179 0.190 0.061 52.760

Cl 1 NA NA NA NA

ESI 1 NA NA NA NA

Total average 29.875 0.186 0.190 0.021 75.621

Total SD 0.018 0.017 0.019 12.523

Ho, observed heterozygosity; He, expected heterozygosity; Fs, inbreeding coefficient; P%, percentage of polymorphic loci; NA, not applicable (due to only one sample available). SC,
*Southern coast of Australia; EC, Eastern coast of Australia; TAS, Tasmania; NZ, New Zealand. WSC, West, Southern coast of Australia; GBSC, Great Australian Bight, Southern coast
of Australia; SGSC, shelf waters in Spencer Gulf, Southern coast of Australia; GSVSC, Gulf St Vincent, Southern coast of Australia; ESC, East, Southern coast of Australia; WPSC,
Wilson Promontory, Southern coast of Australia; NECA, North, Eastern coast of Australia; CECA, Central, Eastern coast of Australia; SECA, South, Eastern coast of Australia; CS, Cook
Strait, New Zealand; WNI, West North Island, New Zealand; NENI, North East Island, New Zealand; ENI, East, North Island, New Zealand; CI, Chatman Island, New Zealand; ESI, East,

South Island, New Zealand.

attesting to the high quality of the SNP dataset: 97% aligned with
the T. truncatus genome and 99% with the SABD T. aduncus
genome (retaining 26,199 SNPs, Supplementary Table 1).
Filtering with stringent criteria resulted in a high-resolution
dataset of 17,875 SNPs (Supplementary Table 1). The outlier
test detected 3,076 SNPs likely not behaving as neutral,
and these were excluded from the total dataset. This final
dataset included 14,799 unlinked, putatively neutral SNPs
(Supplementary Table 1, Supplementary Figure 1) that were
used for the population structure analyses and to estimate
migration rates.

Exclusion of Duplicate Samples

Thirty-two sample pairs were estimated as likely originating from
duplicate individuals (r > 0.7), including 24 pairs of biopsies and
eight pairs of stranding or by-caught individuals. One sample
from each of the pairs was excluded, resulting in a final dataset
of 478 individuals (Figure 1).

Genomic Diversity, Population Structure,
and Genomic Differentiation

Genome-wide diversity was relatively high for all localities
(Table 1) and there was no indication of population-level
inbreeding (Table 1). When analyzing all samples combined,
PCA and DAPC analyses suggested three distinct regional
populations: (1) southern coast of Australia; (2) eastern coast
of Australia; and (3) New Zealand and Tasmania, although the
latter shows a degree of admixture to Australia’s eastern coast

(Supplementary Figures 5, 6). Admixture analysis suggested
a hierarchical metapopulation structure in Australasia, with
moderate levels of admixture within the regional populations
(Figure 2, Supplementary Figure 7). At a metapopulation level,
three clusters (K = 3), corresponding to geographical regional
populations, were considered most likely (Figure2). The
membership probability of an individual belonging to a
population varied according to the geographic position of the
locality, with individuals from localities close to the interface
between the Indian and Pacific Oceans (i.e., Wilsons Promontory
in Victoria and southern localities in New South Wales,
Australia), and between Tasmania and Australia’s eastern coast
being more admixed (Supplementary Figure 7A).

Further subdivision was disclosed within each regional
population, when analyzing the three datasets separately,
with two additional clusters (K = 2) within each region
(Figure 2, Supplementary Figures 7B-D) best supported, but
three and four clusters also highly supported for eastern and
southern Australia (Figure 2, Supplementary Figures 7B-D),
respectively. In the southern coast of Australia, the strongest
separation was disclosed between individuals from Gulf St
Vincent and the other localities, followed by Wilsons Promontory
compare to the west coast individuals. In the case of Australia’s
eastern coast, the northern localities were most distinct from the
central-south localities, with a greater proportion of admixed
individuals in the central localities, possibly representing
a further sub-population. For New Zealand and Tasmania,
differentiation was disclosed mainly between localities in the east
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and Tasmania. *Acronyms used as in Figure 1.

FIGURE 2 | Population genomic structure analysis using Admixture based on 14,799 SNPs for Australasian common dolphins (Delphinus delphis) (labeled by
locality*). The results depict levels of admixture for each individual sample and grouping into two and/or three genomic clusters. Each sample (labeled by geographic
sample groups in the x axis) is represented by one vertical line and is color-coded by the membership probability to (A) one of the three regional populations in
Australia and New Zealand or (B-D) one of the potential local populations of the: (B) Southern coast of Australia; (C) Eastern coast of Australia; or (D) New Zealand

D

coast and west coast of New Zealand, with Tasmanian individuals
considerable admixed. However, most of the Tasmanian common
dolphins showed higher probability of assignment to the New
Zealand population (~57%) based on Admixture’s Q-values
(>0.8), and DAPC results (Supplementary Figures 6, 7), and
were therefore considered primarily part of the New Zealand
regional population.

Fixation indices indicated moderate genetic differentiation
between the southern coast of Australia (SCA), eastern
coast of Australia (ECA), and the New Zealand/Tasmania
(NZT) regional populations (SCA vs. ECA = 0.060-0.213;

SCA vs. NZT = 0.045-0.142; ECA vs. NZT = 0.018-
0.142) (Figure 3A, Supplementary Table 6). In contrast, low
genetic differentiation was observed between common dolphin
subpopulations (Figures 3B-D). In the southern coast of
Australia, the highest differences of Fst were between Gulf St
Vincent, Wilsons Promontory, and west southern coast vs. the
other localities; whereas for the eastern coast of Australia, the
northern localities showed the highest differentiation compared
to the southern localities, followed by the central localities vs.
the northern and southern localities. For New Zealand/Tasmania,
the differentiation occurred between West coast of New
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Zealand/Tasmania vs. the localities from the east coast of New
Zealand (Figure 3, Supplementary Figure 8).

A significant signal of IBD was observed at the
metapopulation level (> = 0.084, p = 0.003) (Figure 4A),
and for the populations from the southern and eastern Australia
(r* = 0.346, p = 0.001; r* = 0.742, p = 0.03, respectively). In
contrast, there was no evidence of IBD in the New Zealand
and Tasmania regional population (r* = 0.005, p = 0615)
(Figures 4B-D).

Contemporary Migration Rates and
First-Generation Migrants

Estimates of contemporary migration rates based on BayesAss,
that provide inferred rates of the portion of recent immigration
over the last generations, indicated asymmetric migration
between population pairs (Supplementary Table 2, Figure 5).
There was relatively low estimates of migration (2-9%)
between pairs of the three main regional populations, and
moderate estimates of migration (6-25%) between pairs of
the two subpopulations (Figure 5). First-generation migrants
were detected in GeneClass between the three main regional
populations, with 14 individuals rejected (p < 0.01) from the
population they were sampled in Supplementary Table 3. These

individuals were retained in all the population analyses to
provide a representative picture of the metapopulation dynamics
(Supplementary Table 3).

DISCUSSION

The delineation of populations and their respective geographic
boundaries, as well as estimation of the degree of connectivity
between populations are crucial for the conservation
management of small cetaceans (Rosel et al., 2017; Taylor
etal., 2017; Dunn et al., 2019; Pierre, 2019; Sousa et al., 2019; Taft
etal., 2020). Integrating genomic technology for answering these
questions can inform about the dolphin populations and scale
at which anthropogenic activities may impact upon them (e.g.,
Leslie and Morin, 2016). Genomic analyses also provide baseline
information for design of further studies and the monitoring
of populations; for example, the area at which to estimate
population abundance and trends, data on parameters for
modeling population persistence, and for estimating sustainable
by-catch rates (Waples and Gaggiotti, 2006; Allendorf et al.,
2010; Frankham et al., 2010; Grummer et al., 2019; Manel et al.,
2019).
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This study revealed a hierarchical metapopulation structure
for Australasian common dolphins, with high levels of genome-
wide diversity and negligible inbreeding among them. At a
broad scale, the southern Indian Ocean was represented by
a single regional population inhabiting the southern coast
of Australia. The south-west Pacific Ocean was represented
by two regional populations, one along the eastern coast of
Australia and the other in New Zealand/Tasmania, which

suggests substantial connectivity across the Tasman Sea. Further
subdivision was disclosed at finer scales, with evidence for at least
two subpopulations within each regional population, but perhaps
more. The varying levels of population connectivity identified
across inter-state and international jurisdictions, have substantial
implications for the conservation and management of common
dolphins, which are subject to interactions and mortalities in
multiple fisheries in the region.
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Population Structure of Australasian

Common Dolphins

Studies investigating genetic partitioning at fine spatial scales
in the sea usually provide evidence for distinct subpopulations,
whereas metapopulations are generally disclosed when broader
spatial scales are explored (Pitt and Kingsford, 2000; Dawson
et al.,, 2014; Calo et al., 2016; Almany et al., 2017; Jasper et al.,
2019). Nonetheless, sampling effort often makes it difficult to
assess marine systems over broad scales, and as a consequence
metapopulations may remain largely undisclosed (Manel et al.,
2019). We assessed the population structure of common dolphins
over a broad geographical area and revealed a hierarchical
metapopulation structure across Australasia. Metapopulations
have also been described for other dolphin species, such as
spinner dolphins (Stenella longirostris) among Pacific Islands
(Oremus et al., 2007), Hector’s dolphins (Cephalorhynchus hectori
hectori) between the west and east coasts of New Zealand
(Heimeier et al., 2018), bottlenose dolphins (Tursiops truncatus)
in the North Atlantic Ocean and Mediterranean Sea (Louis et al.,
2014; Gaspari et al,, 2015b), and Indo-Pacific bottlenose dolphins

(Tursiops cf. australis) in southern Australia (Pratt et al., 2018).
Although our sampling took place over 17 years, we believe there
was little impact on the population genetic structure disclosed
given than common dolphins exhibit a long generation time (~15
years; Taylor et al.,, 2007). In addition, we found similar patterns
of genomic diversity for sites sampled in multiple years, and
similar levels of genomic differentiation between sites sampled
in same and different years (data not shown).

At a broad scale, Australasian common dolphins showed
moderate genomic differentiation at the level of the two
ocean basins investigated, the Indian and Pacific Oceans. The
mtDNA dataset provided enough resolution to distinguish
historical population structure between the two oceans basins,
as previously demonstrated in other genetic studies of common
dolphins (e.g. Amaral et al, 2012a,b), bottlenose dolphins
(Tursiops spp.) (e.g., Tezanos-Pinto et al., 2009; Charlton-Robb
et al, 2011), and killer whales (Orcinus orca) (e.g., Reeves
et al, in review). This regional distinction was also clear
based on analyses of the SNP dataset. In Australia, we found
pronounced genomic divergence between common dolphins of
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the southern coast, the eastern coast, and Tasmania. This split was
evident along the Wilsons Promontory, which was once a land-
bridge (the Bassian Isthmus, ~14,000 ybp), which connected
mainland Australia with Tasmania (Waters, 2008; Condie et al.,
2011). The Wilsons Promontory region has been described as
a prominent biogeographic boundary for many marine species
(e.g., invertebrates, algae, small pelagic fish), accounting for
many of the genetic discontinuities observed today along these
coastlines (York et al., 2008; Teske et al., 2015, 2017; Costello
etal., 2017).

An  oceanographic perspective can also assist the
interpretation of the pattern of regional genomic differentiation
inferred in this study. The East Australian current (EAC) flows
from the western boundary current into a southward direction,
bringing warm and productive waters along the coast. The
EAC is dominated by anticyclonic eddies, that creates three
different water masses, and gradients of oceanographic variables
along the coast, represented by northern, central and southern
areas (Suthers et al., 2011). It then becomes weaker as it enters
Tasmania and diverges eastward into New Zealand via the
Tasman Front, where upwelling occurs mainly on the west
coast (York et al., 2008; Flynn et al., 2018). These may impact
on common dolphin movements along the eastern Australian
region, leading to the pattern of local differentiation (Moller
etal, 2011) and Tasman Sea regional separation.

The warm Leeuwin current runs south from western Australia
into the southern coast of Australia. It then becomes the Great
Australian Bight current, and later the Zeehan current, which
extends from western Victoria into western Tasmanian waters,
excluding the Bass Strait where currents in shallow waters tend
to follow an eastward direction (York et al, 2008; Kimpf,
2015). Likewise, these currents may impact on common dolphin
movements along the southern Australian region, leading to the
proposed differentiation at finer-scales. The Zeehan current is
weaker, and during the summer it is replaced by the cold Flinders
current that enters from the west coast of Tasmania into the
southern coast of Australia, bringing productive waters toward
the continental shelf and leading to upwelling events (York et al.,
2008; Lynch et al., 2014; Kampf, 2015; Flynn et al., 2018). These
complex oceanographic features cause variations in primary and
secondary productivities along the two Australian coasts and in
Tasmania, and may act as contemporary barriers that maintain
historical divisions between marine organisms (Waters, 2008;
Condie et al., 2011; Teske et al., 2017). While common dolphins
have a high dispersal capability, their distributions are known
to associate closely with that of their prey movements (e.g.,
Bilgmann et al., 2008; Meynier et al., 2008; Natoli et al., 2008;
Zanardo et al., 2016; Peters et al., 2020), which may coincide
with areas of high primary productivity along the two Australian
coasts, as well as in New Zealand and Tasmania.

Previous population genetic studies of common dolphins
based on microsatellite DNA markers suggested five
subpopulations along the southern coast of Australia, including
Tasmania (Bilgmann et al., 2014), three in the eastern coast of
Australia (Moller et al., 2011), and three in New Zealand (Stockin
et al,, 2014), with the last two studies not including samples
from Tasmania. At finer spatial scales, the genetic differences

disclosed in our study suggested further subdivision within the
identified Australasian regional populations. Two additional
sub-populations were disclosed for New Zealand/Tasmania,
two to four in southern Australia, and two to three in eastern
Australia. These could potentially be explained by geological
and oceanographic features (as mentioned above) reflecting on
the contemporary population and feeding ecology of common
dolphins. In the Australasian region, common dolphins are
mainly found along continental shelf waters between the 20 and
200 m isobaths (Stockin et al., 2008, 2014; Maoller et al., 2011;
Meissner et al., 2015; Bilgmann et al., 2018; Peters and Stockin,
2021). By contrast, in the Gulf St Vincent, common dolphins are
present in relatively shallow, protected waters (~20m) of the
inner gulf (Supplementary Figure 4), with seasonal circulation
year-round and may represent a resident population (Filby
et al,, 2010; Kampf and Bell, 2014). The geological formation
during the Cenozoic, established the Gulf St Vincent and Spencer
Gulf as inverse estuaries (Bourman et al., 2016). These unique
formations provide highly productive ecosystems, offering
shelter for common dolphin prey species, such as sardines (S.
sagax) and anchovies (E. australis) (Filby et al.,, 2010; Kampf
and Bell, 2014). These characteristics may have impacted on site
fidelity of dolphins to this area and over time leading to genetic
differentiation of Gulf St Vincent animals to those outside
the gulf.

In the case of the eastern Australia, the northern localities
are oceanographically and biologically differentiated due to the
presence of a distinct water mass (Keane and Neira, 2008;
Suthers et al., 2011). This could affect the distribution of
common dolphins if they feed upon particular fish assemblages
(Moller et al., 2011), and in turn lead to restricted movement
and genetic differentiation between subpopulations. Common
dolphins along the continental shelf of southern and eastern
Australia presented a strong signal of IBD, a finding consistent
with other common dolphin studies carried out across different
ocean basins (Amaral et al.,, 2012a; Bilgmann et al., 2014). With
the use of genomic markers, the pattern of IBD was also disclosed
in this study at smaller spatial scales.

In the New Zealand and Tasmania regional population,
genetic subdivision was found between the west and east
coasts of New Zealand. This pattern between west and
east coast subdivision has also been reported for Hector’s
dolphins that inhabit the southern island of New Zealand
(Heimeier et al,, 2018). Common dolphins from the west
coast of New Zealand and Tasmania appear to comprise a
subpopulation exhibiting moderate gene flow to dolphins on
New Zealand's east coast and, to a lesser extent, with populations
in Australias eastern coast. The latter could also be due to
historical factors. After the last glacial cycle (12,000-120,000
ybp) (Ashe and Wilson, 2019), subpopulation differentiation
of dolphins across the Tasman Sea could have occurred due
to habitat preferences and changes in prey availability. In
New Zealand, differences in major currents, such as the east
and the west Auckland current in the North Island, and
the D’Urville current in the Cook Strait (Ayers and Waters,
2005; Ross et al., 2009; Chiswell et al., 2015), may influence
fish distribution (Papa et al, 2020), and could have also
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led to restrictions on dolphin movement, and subsequent
genetic differentiation.

Contemporary Migration Within and

Between Ocean Basins

In an idealized population, individuals that are closer to each
other, are genetically more similar than individuals that are
further apart (Hanski, 1998). This may lead to a pattern of
IBD, which was a common finding of the study across both
broad and fine spatial scales. Migration of individuals between
populations can also be shaped by intrinsic and extrinsic
factors, promoting genetic discontinuities across heterogeneous
environments (Armansin et al., 2019; Grummer et al., 2019;
Rajora, 2019). For example, individuals may be unable or unlikely
to disperse across physical or environmental barriers, and
thus gene flow between populations may become compromised
(Armansin et al,, 2019). The estimated migration rates were
relatively small between ocean basins (i.e., Pacific and Indian
Oceans) and the regional populations (i.e., Southern Australia,
Eastern Australia, and New Zealand/Tasmania, as described
above) (<6%), separated by strong oceanographic discontinuities
(i.e., unique biogeographic region in the Bassian Isthmus
(Waters et al., 2010; Teske et al., 2017) (Figure 5). By contrast,
estimated migration rates between subpopulations within ocean
basins and between more homogeneous environments were
higher (<18%). The migration rates and the number of first-
generation migrants identified support the idea that genetic
connectivity mainly occurs between subpopulations nested
within regional populations. This suggests that if an extinction
event was to occur, by either natural or anthropogenic causes,
a subpopulation’s home range will more likely be recolonized
by individuals from within that region (e.g., Sandoval-Castillo
et al,, 2018; Riginos et al., 2019; Waters et al., 2020). However,
if such events are strong enough to prevent gene flow and
change the availability of prey resources, the subpopulation
could decline without replacement. These types of events
have been recorded for common dolphin populations from
the Mediterranean Sea, which suffered dramatic declines due
to combined impacts from by-catch mortalities, reduction
of prey availability, and habitat degradation (Genov et al,
2020).

It appears that, in addition to spatial distance, heterogeneous
marine environments found across the distribution of
Australasian common dolphins have led to low and moderate
connectivity between and within regional populations,
respectively. In southern Australia, gene flow is restricted
from continental shelf waters to Gulf St Vincent (~5%). This
protected environment allows common dolphin prey species
to be locally available throughout the year (Filby et al., 2013;
Ward et al., 2017; Goldsworthy et al., 2019a). The year-round
availability of food resources could influence the feeding
behavior of the common dolphins, maximizing their energy
efficiency due to a lesser need for long-range movements, and
perhaps increase reproductive success and lifetime fitness.
All of these could lead to high site fidelity and residency
by common dolphins to Gulf St Vincent, which while rare

for the species, has been suggested for other semi-enclosed
embayments in Australia, such as Port Philip Bay (Mason
et al., 2016), and the Hauraki Gulf in New Zealand (Stockin
et al., 2008, 2009a; Hupman, 2016; Peters et al., 2020). These
characteristics, which may have led to genetic divergence of the
Gulf St Vincent dolphins, also make them particularly at risk
of decline due to interactions with fisheries in Gulf St Vincent
and Investigator Strait (Hamer et al., 2008; Goldsworthy et al.,
2019b).

In eastern Australia, stronger differentiation of common
dolphins from the northern and southern localities translated
in the lowest estimated migration rates (~3%) between any two
subpopulations in Australasia. In this area, the EAC creates
eddies, which act as barriers for eggs and larval fish (Condie
etal,, 2011; Suthers et al., 2011). Thus, given the close association
of common dolphins’ distribution to that of their prey, these
circulation patterns and differences in water masses could
potentially act as oceanographic barriers for dolphin movements
and gene flow (Moller et al., 2011).

Within the New Zealand and Tasmania population, moderate
migration rates were estimated between the two subpopulations
(~18%). Migration here was strongly asymmetric, occurring
mostly from the east into the west coast of New Zealand. Along
the east coast of New Zealand there are several habitats (e.g.,
Hauraki Gulf), which have been proposed as breeding and
calving areas for groups of common dolphins (Stockin et al.,
2008; Dwyer et al., 2020). In this regional population, New
Zealand’s east coast appears to be acting as a genetic source, while
the west coast, which presents higher rates of dolphin mortality
due to fisheries (Thompson et al., 2013; Abraham et al., 2017),
may be acting as a sink, similar to source-sink dynamics observed
in other marine species (e.g., Benestan et al., 2016; DiBattista
et al,, 2017; Lal et al., 2017; Manel et al.,, 2019). Interestingly,
Tasmania in Australia and the west coast of New Zealand
displayed high connectivity over more than 1,000 km across
the Tasman Sea, and genetic signatures show that individuals
from western New Zealand are also found in Tasmanian
waters. However, to the best of our knowledge, movements of
common dolphins over long distances (~1,000km) have only
been document across the Mediterranean Sea through photo-ID
(Genov et al., 2012). Similar patterns of connectivity across the
Tasman Sea have been disclosed for other marine species, such
as teleosts and invertebrates (e.g., Hippocampus abdominalis,
Hoplosthethus atlanticus, Nerita melanogastrus) (Cumming et al.,
2016; Flynn et al, 2018; Ashe and Wilson, 2019; Gardner
etal. unpublished). Historically, dispersal of marine species
across the Tasman Sea seems to have occurred during the last
glacial cycle (12,000-120,00 ybp), leading to the colonization
of multiple areas by marine species in both countries (Ashe
and Wilson, 2019). However, contemporary genetic connectivity
seems to have been retained by oceanographic currents (Flynn
et al, 2018). Further sampling and assessment of common
dolphins from Tasmania may clarify whether this represents a
contact area, and if they should be considered as a separate
or combined unit for management with New Zealand. The
latter would involve cross jurisdictional cooperation between
policy makers.

Frontiers in Marine Science | www.frontiersin.org

February 2021 | Volume 8 | Article 616673

152



Barcel6 et al.

Genomic Structure and Connectivity of Common Dolphins

Implications for Conservation and
Management of Australasian Common
Dolphins

Common dolphins in Australasia are mainly threatened due
to by-catch in commercial fisheries (Abraham et al, 2017;
Tulloch et al., 2020), and potentially by anthropogenic-associated
competition for food resources. In Australia, incidental by-catch
has occurred mainly in trawl fisheries and purse-seine fisheries
that catch mackerel (T. declivis, T.s. murphyi, T. novaezelandiae,
and S. australasicus) and sardines (S. sagax), as well as in gillnet
fisheries targeting gummy sharks (Mustelus sp.) (Australian
Goverment, 2019b). In New Zealand the observed incidental
by-catch of common dolphins occurs mainly in mid-water
trawl fisheries that catch the same mackerel species (Thompson
et al.,, 2013; Abraham et al, 2017). However, by-catch within
recreational set nets has also been documented as a threat to
these dolphins (Stockin et al., 2009b). These incidental catches
are known to have resulted in mortalities of hundreds of common
dolphins in at least two of these fisheries (Abraham et al.,
2017; Goldsworthy et al., 2019b). High mortalities were disclosed
in 2004-2005 in the South Australian Sardine Fishery (SASF)
(Hamer et al., 2008), likely exceeding the potential biological
removal of individuals for one of the population’s segment (Parra
et al., in review). For New Zealand, an increase of common
dolphin mortalities was reported between 2002 and 2003 in the
trawl fishery (Thompson et al., 2013; MPI, 2019). After these
periods, codes of practices were implemented in both fisheries,
leading to a reduction in mortality rates (Hamer et al., 2008;
Goldsworthy et al., 2019b; Pierre, 2019). More recently the Small
Pelagic and Gillnet fisheries of Australia also implemented a
by-catch trigger limit of six dolphins per operator, leading to a
temporally exclusion of the vessel for 6 months from the fishing
management zone if that occurs (Mackay et al., 2016; AFMA,
2019a,b). A recent study in New Zealand also reported that
common dolphins are still one of the main marine mammal
species accidentally caught by commercial fisheries (Abraham
et al,, 2017), although use of mitigation measures in the jack
mackerel trawl fisheries has reduced mortalities to negligible
levels in 2016-18 (Fisheries New Zealand, 2020). In Australia’s
SASF, an upsurge in mortalities has been recorded between 2018-
19, with discrepancy in the data recorded by fishermen and
independent observers (Goldsworthy et al., 2019b). These issues
suggest that information about common dolphin population
structure, connectivity and abundance are critical to evaluate
the risk of by-catch to particular dolphin populations, and to
establish strategies to mitigate the combined interactions and
mortalities within the multiple fisheries.

In the Australasian region, fisheries that threaten common
dolphins operate under different jurisdictions based on
geographic delimitation and stock delineation for each prey
targeted (Abraham and Thompson, 2015a,b,c; Patterson et al.,
2019). The delineation of fish stocks represents different
management zones (e.g., Supplementary Table 5) and often it
does not consider the population structure of the targeted fish
species (Papa et al., 2020). In addition, these management zones
are not only used to manage the targeted species, but also to

manage interactions and mortalities of by-caught species, such as
common dolphins (Abraham and Thompson, 2015a,b,c; Mackay
etal., 2016; AFMA, 2019a,b; Goldsworthy et al., 2019b; Patterson
et al,, 2019). Our findings suggest that regional populations and
subpopulations of Australasian common dolphins are currently
allocated across and within different fishing management zones.
This suggests that the use of the management zones as presently
implemented (e.g., Supplementary Table 5) could differentially
impact populations of common dolphins.

Marine species that present connectivity over large
spatial scales, such as common dolphins, need planning
and implementation of conservation and management strategies
over broad spatial scales that can guarantee the long-term
persistence of populations (Rosel et al., 2017; Taylor et al., 2017;
Dunn et al., 2019; Grummer et al,, 2019; Manel et al,, 2019;
Sousa et al., 2019; Taft et al., 2020; Tulloch et al., 2020). Some
of the dolphin subpopulations identified here are potentially
at higher-risk of negative impacts from the fisheries. For
example, the Gulf St Vincent subpopulation, which is possibly
resident and relatively small (Filby et al., 2010), suffers by-catch
induced mortalities by the SASF (Goldsworthy et al., 2019b),
and these could potentially impact their long-term viability.
In the West coast of New Zealand-Tasmania subpopulation,
interactions with common dolphins and other top predators
occur mainly with the mid-water trawl fisheries (Kemper et al.,
2003; Thompson et al, 2013; Hamilton and Baker, 2019).
Both of these fisheries have implemented codes of practice
to reduce the number of entanglements and mortalities,
including not setting nets when a cetacean sighting occurs,
reporting cetacean interactions, modifying the fishery’s gear
(FAO, 1995; Rowe, 2007; Hamer et al, 2008; Goldsworthy
et al, 2019b), and/or implementing an annual assessment
with independent observers (Hamer et al.,, 2008; Goldsworthy
et al, 2019b). Nevertheless, the management zones used to
mitigate common dolphin interactions with these fisheries
(Supplementary Table 5) are not in concordance with the
population genomic structure of common dolphin disclosed
here (Figure 2).

In Australasia, small cetacean populations have been
generally managed in zones or units that do not reflect their
genetic structure (e.g., Moller et al, 2001, 2011; Krutzen
and Sherwin, 2004; Moller and Beheregaray, 2004; Bilgmann
et al., 2007b, 2008, 2014, 2018; Wiszniewski et al., 2009;
Amaral et al, 2012a; Stockin et al, 2014; Zanardo et al,
2016, 2017; Pratt et al,, 2018). These could potentially make
dolphin populations more vulnerable to decline due to
anthropogenic impacts, as exemplified for common dolphins
in the Mediterranean Sea (e.g., Natoli et al, 2008; Moura
et al, 2013; Genov et al, 2020). These challenges highlight
the need of using genetics and genomics markers as a tool
for delineating population and estimating connectivity for
biological meaningful management zones to be implemented
(Funk et al., 2012; Leslie and Morin, 2016; Rosel et al., 2017;
Taylor et al., 2017; Dunn et al., 2019). In particular, genetic and
genomic analyses provide an opportunity to identify populations
or subpopulations that require prioritization or additional
conservation policies.
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In this study, we found that Australasian common
dolphins present a complex hierarchical metapopulation,
with nested subpopulations within regional populations. The
estimated contemporary migration rates between most of these
subpopulations suggest that they are not entirely genetically
or demographically independent, and therefore common
dolphins in the Australasian region should be managed on
both meso-scale (regional population level) and fine-scale
(subpopulation level). Each population and subpopulation
are relevant to conserve for the maintenance of the complex
metapopulation system. Subpopulations with potentially high-
risk of anthropogenic impacts due to fisheries may act as sink
population as previously reported for other marine species
with sink-source dynamics (e.g., Benestan et al., 2016; Lal et al.,
2017; Manel et al., 2019; Rajora, 2019). However, the levels
of contemporary migration suggest that the subpopulations
identified cannot be managed entirely separately. Thus,
we suggest that assessment and management of by-catch
interactions and mortalities of common dolphins needs to be
considered across multiple fisheries, management zones, and
jurisdictions for adequate conservation management to occur.
For example, interactions and mortalities in the West coast of
New Zealand need to be perhaps considered in conjunction
with impacts on common dolphins in Tasmania, as they
(provisionally) appear to belong to the same subpopulation,
albeit with moderate connectivity to other southeastern
Australian localities. The equivalent level of management
should be applied within southern Australian states (southern
Western Australia, South Australia, Victoria) and within
eastern Australia states (New South Wales and southern
Queensland). Therefore, potential management zones for
mitigation and assessments of common dolphin by-catch in
Australasia need to be based on populations’ boundaries and
connectivity, and through collaboration between inter-state and
international jurisdictions.

Our findings integrating genetics and genomics markers
provide reliable estimates of population structure and
connectivity at broad and fine spatial scales for common
dolphins of Australasia. Future risk assessments of by-
catch and potential biological removal will require an
application of the population structure and connectivity
information presented here. Genomic analyses are also
essential in additional studies addressing adaptation in
marine ecosystems, in which selection can potentially further
clarify substructure within regional populations (e.g., Shafer
et al., 2015; Bernatchez et al., 2018; Hendricks et al., 2018;
Sandoval-Castillo et al, 2018; Xuereb et al, 2018; Rajora,
2019). This is a topical issue that needs to be considered in
future conservation policies of marine ecosystems given the
increase in anthropogenic impacts and ongoing changes of
Earth’s climate.
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APPENDIX B. ADDITIONAL INFORMATION FOR
CHAPTER 2

SNP filtering

The resulted variant calling file (VCF) with sequence variation across all samples (raw SNP
catalogue) was then filtered using VCFtools (Danecek et al., 2011) to remove SNPs that are
likely to be the result of sequencing errors, paralogs, multi-copy loci, and/or artefacts of library

preparation (Table B.1).

First, SNPs that were bi-allelic, genotyped in 80% of the individuals, with base quality >30 and
minor allele frequency >0.03 were retained. In addition, individuals with more than 20%
missing data were removed. Next, the allelic balance filter removed SNPs that deviated largely
from the expected equal number of reads in each allele. Subsequently, loci with genotypic
frequencies not consistent with Hardy-Weinberg equilibrium expectations (p < 0.05) were also
removed. A linkage disequilibrium (LD) filter was implemented to improve the likelihood that
the remaining SNPs in the dataset represented independent markers. This was done by using
VCFtools (Danecek et al., 2011) to calculate the LD (r?) for each pair of SNPs. After this, LD
exponential decay was estimated using a spline that fitted the data. Using Tukey’s criteria for
anomalies (the 95% probability distribution; Tukey, 1949), we determined the genetic distance
at which LD decay was no longer significant. Finally, we selected only one SNP within that
distance (i.e. 330 base pairs, Figure B.1). Obtaining a final average missing data per sample
and per locus of 1.3% and 1.2% respectively. These allowed us to generate a joint, unbiased,

high-resolution SNP dataset for all Australian and New Zealand common dolphins.
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Table B.1. Filtering steps and number of SNPs retained after each step in the double digest
restriction-site associated DNA study of common dolphins (Delphinus delphis) in the
Australasian region. AUS: Australia; NZ: New Zealand; SABD: southern Australian bottlenose

dolphin; FDR: false discovery rate.

Filtering Step SEIIESC/(;?t
Raw SNP catalogue 339,932

Genotyped in 80% of individuals, base
quality > 30, minor allele frequency >0.03 33,467
and bi-allelic.

Split multiple nucleotide polymorphisms

into SNPs 33,010
Read depth < mean depth + (2 x standard
o 32,031
deviation)
Read quality (ratio quality/coverage depth >
31,160
0.2)
Allele balance > 20% and < 80% 31,020
Vot PP °
Har(!y. Weinberg equilibrium in > 80% 29224
localities
Present in 75% of individuals and in each
. . 26,431
putative populations
Alignment against SABD, Tursiops aduncus 26,199
genome (Batley et al. unpublished) (99% alignment)
Exclude all SNPs but one within 330bp 17,875
. — 100 .
Exclude outliers (FDR = 10%) to retain only 14,799

putatively neutral loci

Average depth coverage per locus and per
individual 21.446
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Table B.2. Estimates of contemporary migration rates (m) between and within identified
regional populations and subpopulations of common dolphins (Delphinus delphis) in the
Australasian region. Within-population rates are showed in italic. Migration rates between
populations and sub-populations greater than 0.05 are in bold. 95% confidence intervals are
showed in brackets. Direction of migration is from columns to rows. (A) Migration rates
between regional populations: Southern coast of Australia, Eastern coast of Australia and New
Zealand/Tasmania. (B) Migration rates between local populations: Southern coast of Australia
(SC), Eastern coast of Australia (EC), Tasmania (TAS) and New Zealand (NZ). Gulf St
Vincent, Southern coast of Australia (GSVSCA); Continental shelf localities, Southern coast
of Australia (CSISCA); Northern localities, East coast of Australia (NIECA); Southern
localities, East coast of Australia (SIECA); West coast, New Zealand and Tasmania

(WCNZ/TAS); East coast, New Zealand (ECNZ).

(A)

Pobulation Southern coast Eastern coast New Zealand
pu of Australia of Australia and Tasmania

Southern coast 0.9862 0.007 0.0061

of Australia (0.977-0.995) (0-0.014) (0-0.012)

Eastern coast 0.0098 0.9314 0.0588

of Australia (0-0.023) (0.900-0.963) (0.029-0.089)

New Zealand 0.0396 0.0380 0.9225

and Tasmania  (0.025-0.054)  (0.023-0.053)  (0.903-0.942)
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(B)

Subpopulations CSISCA GSVSCA SIECA NIECA WCNZ/TAS ECNZ
0.9705 0.0104 0.0017 0.0087 0.0067 0.0019
CSISCA (0.957- (0.002- (0-0.005) (0.001- (0-0.013) (0-0.006)
0.984) 0.019) ’ 0.016) ’ ’
GSVSCA (061015(1‘9_ (00.874990(? 0.0099 0.0098 0.0098 0.0098
0.168) 0.909) (0-0.029) (0-0.028) (0-0.028) (0-0.028)
SIECA 0.0118 0.0118 0.9289 0.0235 0.0119 0.0120
(0-0.034) (0-0.034) (0.879-979) (0-0.055) (0-0.034) (0-0.035)
0.0136 0.0068 0.0329 0.9126 0.0272 0.0068
NIECA (0-0.032) (0-0.020) (0.005- (0.871- (0.002- (0-0.020)
’ ’ 0.061) 0.954) 0.052) ’
0.0422 0.0638 0.6961 0.1888
WCNZ/TAS (0.021- ((())_8%6114) ((())_8%%09) (0.039- (0.676- (0.155-
0.064) ’ ’ 0.088) 0.716) 0.222)
ECNZ, 0.0067 0.0033 0.0033 0.0033 (0600634; (0098] 9806_
(0-0.016) (0-0.010) (0-0.010) (0-0.010) 0.091) 0.947)

Table B.3. Number and most likely origin of first-generation migrants identified at a

metapopulation level from each regional population of common dolphins (Delphinus delphis)

in the Australasian region.

Population Southern coast of Eastern coast of New Zealand and

Australia Australia Tasmania
Number of individuals 4 (Eastern coast of 2 (New Zealand and 3 (Southern coast of
assigned to another Australia) Tasmania) Australia)

population

Tasmania)

1 (New Zealand and

4 (Eastern coast of

Australia)
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Table B.4. Measures of genetic diversity at the mitochondrial DNA control region for
Australasian common dolphins (Delphinus delphis) by locality, including number of samples
(N), haplotype diversity (%), nucleotide diversity (x), and number of haplotypes (NH) (some

haplotypes are shared between localities). * Acronyms used as in Figure 2.1.

Population Locality N h .4 NH
SC WSC 34 0.809 0.015 22

GBSC 13 0.910 0.017 3

SGSC 32 0.925 0.018 17

GSVSC 26 0.932 0.018 3

ESC 31 0.907 0.024 14

WPSC 18 0.667 0.008 15

EC NECA 14 0.494 0.007 7

CECA 29 0.5665 0.006 2

SECA 20 0.963 0.017 11

TASNZ TAS 37 0.989 0.017 20

CS 20 1.000 0.020 5

WNI 38 0.990 0.018 30

NENI 75 0.991 0.019 30

ENI 5 0.900 0.016 1

CI 1 NA NA 1

ESI 1 NA NA 1

Total average 28.000 0.860 0.016 12.857
Total S.D. 16.719 0.166 0.005 9.991
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Table B.5. Management zones used by each fishery that have recorded mortalities of common

dolphins (Delphinus delphis) in the Australasian region, compared to the population genomic

structure disclosed in the study.

No. of
fisheries .
Type management Fishery Does the management
yp . Objective of the implementations for
of zones in the e . zones correspond to the
. Source management mitigation of . .
Fisher common ., genomic population
. zones common dolphins
y dolphins interactions structure?
habitat and
region
AFMA 2 - Australian Management Risk assessments, No -The two management
waters. zones used in the | code of practices, zones do not correspond to
(AFMA, by-catch work some modification of = the dolphin population
2019b) plan 2016, and fishing gear, a structure disclosed in
Small . . :
: Small pelagic minimum 10% of Figure 2.2.
Pelagic .
S fishery strategy independent observed
Fisheri
- report 2019. coverage, and a
(SPF) trigger limit to cease
or exclude from the
fisheries for 6 months
if 6 or more dolphin
interactions occur.
Easter AFMA 1 - [Eastern Management Risk assessments, No -The management
n tuna Australian zone reported by | code of practices, zone do not correspond to
and  (Patterso = waters. ETBF based on some fishing gear the dolphin population
. . . . . :
= Billfis netal, their fish stocks. | modification, a structure disclosed in
- h 2019) minimum 10% of Figure 2.2.
Z Fisher independent observed
y coverage.
(ETBF
)
AFMA 4 - Australian Management Risk assessments, No -The four management
Southe : . i
i and waters. zones reported by = code of practices, zones, which are in
Easter (Patterso SSESF based on  some fishing gear accordance to the sectors
] netal, their fish stocks. = modification, and a that operate in the region
Scalefi 2019) minimum 10% of (Commonwealth Trawl
independent observed = and Scalefish Hook
sh and
coverage and a Sector, East Coast
Shark . ..
Fisher trigger limit of cease = Deepwater trawl Sector,
or exclusion from the = Great Australian Bight
(SIEZ]S S fisheries for 6 trawl sector and Shark
F) months, with 6 or Gillnet and Shark Hook),

do not correspond to the
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more dolphin dolphin population
interactions. structure disclosed in
Closure of some Figure 2.2.
areas.
Gillnet AFMA 2-South Managemer}t Risk assessm.ents, No -The two management
Hook (AFMA, Australian zones used in the | code of pr'actlces, zones do pot correspond to
and 2019a) waters. G{ll.net .dolphm some ﬁsh.mg gear the dolphlg populat}on
Trap mitigation m941ﬁcat10n, a stmcture disclosed in
Fisher strategy report minimum 10% of Figure 2.2.
2019. independent observed
(G}}]I A coverage, e}nd a
T).a trigger limit to cease
i or exglude from the
fisheries for 6 months
2t if 6 or more dolphin
SESFF . . 2
Interactions occur.
PIRSA,  2-South Management Annual risk No - The two management
Sardin | SARDI  Australian zones reported by = assessments, code of = zones do not correspond to
e waters. SASF based on practices, some the dolphin population
Fisheri (Goldsw their fish stocks. | fishing gear structure disclosed in
es orthy et modification, and a Figure 2.2.
(SASF | al., minimum 10% of
) 2019b) independent observed
coverage.
MPI 9-New Management Risk assessments, No - The nine
Zealand zones reported by = code of practices, management zones do not
Trawl @ (Abraha @ waters. MPI based on some fishing gear correspond to the dolphin
Fisheri m and their fish stocks. = modification, and a population structure
es Thomps variable observed disclosed in Figure 2.2.
on, coverage.
2015c¢)
MPI 9-New Management Risk assessments, No - The nine
= Zealand zones reported by = code of practices, management zones do not
%’ (Abraha  waters. MPI based on some fishing gear correspond to the dolphin
N Setnet m  and their fish stocks. = modification, and a population structure
£ Thomps variable observed disclosed in Figure 2.2.
Z on, coverage.
2015a)
MPI 9-New Management Risk assessments, No - The nine
Zealand zones reported by = code of practices, management zones do not
Surfac | (Abraha = waters. MPI based on some fishing gear correspond to the dolphin
elong- m and their fish stocks.  modification, and a population structure
line = Thomps variable observed disclosed in Figure 2.2.
on, coverage.
2015b)
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Table B.6. Pairwise Fsr values based on 14,799 SNPs dataset between different sampling sites

of Australasian common dolphins (D. delphis). Lower left p-values and upper right significance

of the p-values, ***0.0001, **0.001, *0.05

. Acronyms used as in Figure 2.1.

WSC | GBSC | SGSC | GSVSC | ESC | WPSC | NECA | CECA | SECA | TAS | CS WNI | NEI | ENI
WSC 0 | A " | Rk o o e R T e N T
GBSC 100151 0 o o P o o k| R | Ak | ek | wer | Rk
SGSC | 0017 | 0007 0 " | Rk o o e T e N T
GSVSC 1 0042 | 0033 | 0019 0 | Rk o o e T e N T
ESC 1 0014 | 0005 | 0.003 | 0.024 0 o o o e T e N T
WPSC | 0.036 | 0.026 | 0.025 | 0.047 [0.020] 0 o o e R O B BT
NECA | 0.193 | 0.180 | 0.189 | 0213 [ 0.178 | 0.157 0 o e R O B BT
CECA | 0.138 | 0.124 | 0.133 | 0.154 | 0.127 | 0.103 | 0.032 0 e R O B BT
SECA | 0.092 [ 0.079 | 0.087 | 0.110 | 0.079 | 0.060 | 0.061 | 0.018 0 S B I T B
TAS | 0.073 | 0.062 | 0.070 | 0.095 | 0.063 | 0.047 [ 0.095 | 0.050 | 0.018 [ 0 N BT
CS [ 0070 | 0.058 | 0.068 | 0.095 |0.060 | 0.048 | 0.116 | 0.070 | 0.033 | 0.003 | 0 - o |
WNI | 0.067 | 0.056 | 0.064 | 0.090 | 0.057 | 0.045 | 0.116 | 0.070 | 0.033 | 0.004 | 0.000 | 0 o | e
NEI | 0.094 | 0.083 | 0.093 | 0.118 [ 0.085 | 0.069 | 0.124 | 0.079 | 0.044 | 0.007 | 0.004 | 0.006 | 0 *
ENI | 0.109 | 0.095 | 0.108 | 0.142 [ 0.095 | 0078 | 0.142 | 0.086 | 0.048 | 0.011 | 0.007 | 0.009 | 0.006 [ 0
Table B.7. Pairwise ®@st values based on mtDNA CR dataset between different sampling sites
of Australasian common dolphins (D. delphis). Lower left p-values and upper right significance
of the p-values, ***0.0001, **0.001, *0.05. Acronyms used as in Figure 2.1.
WSC | GBSC | SGSC | GSVSC | ESC | WPSC | NECA | CECA | SECA | TAS CS | WNI | NENI | ENI
WSC 0 - o * | o o - | wwn | wER | R |
GBSC | 01341 0 - - * o o o - | wwr | wE | e | o
SGSC | 0128 | 0.057 0 * - o o o - * * | e |-
GSVSC | 0.069 | 0.045 | 0.063 0 * ok Hokk ok * Hohk * S T
ESC | 0.138 | 0.112 | 0.045 [ 0.079 0 o o Hx * * - o e [
WPSC | 0228 | 0.381 | 0246 | 0202 [0203] 0 o * I T O N N
NECA | 0503 | 0.489 [ 0.400 | 0410 |0.269 | 0.620 0 Hx N R O B N
CECA | 0344 | 0464 | 0311 | 0278 [0244 | 0.134 | 0619 0 S BT T B BT
SECA | 0.132 | 0.114 | 0.029 | 0.058 [0.070 | 0.171 | 0425 | 0.224 0 - - * - -
TAS | 0.172 ] 0.142 | 0.058 | 0.080 [ 0071 [ 0.150 | 0362 | 0.167 | 0.001 | 0 - - - -
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CS 0.152 | 0.130 | 0.050 0.069 | 0.036 | 0.151 0.309 | 0.186 | 0.011 | 0.003 0 - -
WNI 0.187 | 0.132 | 0.065 0.084 | 0.074 | 0.178 0312 | 0.202 | 0.037 | 0.012 | 0.001 0 -
NENI | 0.152 | 0.129 | 0.059 0.064 | 0.064 | 0.138 0316 | 0.152 | 0.015 | 0.000 | 0.004 | 0.010 0
ENI 0.230 | 0.164 | 0.107 0.070 | 0.088 | 0.230 0.558 | 0.292 | 0.018 | 0.003 | 0.000 | 0.038 | 0.013

Figure B.1. Linkage disequilibrium (LD)-decay (R?) for each pair of SNPs from Australasian

common dolphins (Delphinus delphis), and their corresponding genetic distance.

Linkage R
0.6

04

1000

2000

Position bp

3000

WSC —
GBSC
SGSC
GSVSC —
ESC —

WPSC
%)

T SECA
TAS |
cs
WNI -

NENI —|

ENI —

c

O NECA

D

O

OC CECA —
<

O O O O O L P D O QD
& P 64% & Q\Q% $<</<:; & o & §<§ S

S

14 Regions

0.4

— 0.3

— 0.2

— 0.1

— 0.0

Fsr

Figure B.2. Heatmap of pairwise Fsr values based on mtDNA CR dataset between different
sampling sites of Australasian common dolphins (Delphinus delphis). * Acronyms used as in

Figure

2.1.
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Figure B.3. Haplotype network of the mitochondrial DNA control region sequences of
Australasian common dolphins (Delphinus delphis) showing (A) location of samples used in
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the map and (B) phylogenetic relationships among haplotypes across the 16 regions. Circles
represent the observed haplotypes, with the size of the circle proportional to the number of
individuals bearing a haplotype. Small circles in black represent haplotypes that were not
observed (i.e. either not sampled or extinct). Each line between haplotypes indicates one
mutational change. * Acronyms used as in Figure 2.1.
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0 125 250 500
km

T T T
120°0'E 130°0'E 140°0'E

* West, Southern coast of Australia (WSC); Great Australian Bight, Southern coast of Australia
(GBSC); Spencer Gulf, Southern coast of Australia (SGSC); Gulf St Vincent, Southern coast
of Australia (GSVSC); East, Southern coast of Australia (ESC); Wilson Promontory, Southern
coast of Australia (WPSC).

Figure B.4. Geolocations of the regional population of the southern coast of Australia used for
the genomic analyses, compared to 20m, 50m, 100m and 200m isobaths. (A) Five localities*
in the southern coast of Australia regional population. (B) Localities of Spencer Gulf (SGSCA)
and the Gulf St Vincent (GSVSCA).
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Figure B.5. Population genomic structure analysis using Principal Component Analysis
(PCA), based on 14,799 SNPs for Australasian common dolphins (Delphinus delphis) (1abelled
by locality *) at metapopulation level and regional populations: (A) Australia and New
Zealand; (B) Southern coast of Australia; (C) Eastern coast of Australia; and (D) New Zealand

and Tasmania. *Acronyms used as in Figure 2.1.
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Figure B.6. Population structure analysis using Discriminant analysis of Principal Components
(DAPC), based on genome-wide neutral SNPs for Australasian common dolphins (Delphinus
delphis) per population and locality*: (A) Southern coast of Australia; (B) Eastern coast of

Australia; and (C) New Zealand and Tasmania. *Acronyms used as in Figure 2.1.
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Figure B.7. Population genomic structure analysis using Admixture, based on genome-wide
neutral SNPs of Australasian common dolphins (Delphinus delphis) (labelled by region).
Showing Bayesian information criteria (BIC) and Akaike information criteria (AIC) for each
scale (A) Australia and New Zealand hierarchical metapopulation. Subpopulations within each
regional population: (B) Southern coast of Australia; (C) Eastern coast of Australia; or (D)

Tasmania and New Zealand. * Acronyms used as in Figure 2.1.
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Figure B.8. Heatmap of pairwise Fsr values based on 14,799 putatively neutral SNPs between
different sampling sites for Australasian common dolphins (Delphinus delphis), with the
dendrogram clustering sites with the lowest Fst values between them. *Acronyms used as in

Figure 2.1.
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APPENDIX C. ADDITIONAL INFORMATION FOR
CHAPTER 3

Table C.1. Filtering steps and number of SNPs retained after each step for common dolphins
(Delphinus delphis) in southern Australia. SABD: southern Australian bottlenose dolphin;
FDR: false discovery rate.

Filtering Step SNP count

Raw SNP catalogue 339,932

Genotyped in 80% of individuals, base
quality > 30, minor allele frequency >0.03 33,467
and bi-allelic.

Split multiple nucleotide polymorphisms into

SNPs 33,010
Read depth < mean depth + (2 x standard
o 32,031
deviation)
Read quality (ratio quality/coverage depth >
31,160
0.2)
Allele balance > 20% and < 80% 31,020
Vot PP . °
Har(!y. Weinberg equilibrium in > 80% 29224
localities
Present in at least 75% of individuals and in
. . 26,431
each putative population
Alignment against SABD, Tursiops aduncus 26,199
genome (Batley et al. unpublished) (99% alignment)
Best quality SNP (higher average Q) within 17.875

330bp

Minor allele count <0.01 based on the
unrelated (R <0.7) 214 samples for southern 17,327
Australian common dolphins

Average missing data per locus 1%
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Table C.2. Significance of the RDA and the proportion explained by each component of the

full model selection, with an overall significance of the model at p = 0.0001.

Inertia Proportion | Rank
Total 3.41E+03 | 1.00E+00
Conditional 1.68E+02 | 4.92E-02
Constrained 1.20E+02 | 3.53E-02
Unconstrained | 3.12E+03 | 9.16E-01 202

Table C.3. Pairwise Fst values between sites based on putatively adaptive and neutral datasets

for southern Australian common dolphins (Delphinus delphis). Upper right, neutral Fsr values,

and lower left adaptive Fsr values, with their significance of the p-values by the B-Y method

corrected represented by ***0.0001, **0.001, *0.05. Acronyms for sites as in Figure 3.1.

ALB ESP GAB SG GSV ROB PORT | MEL EWP

ALB 0 0.0227%** 1 0.026*** | 0.029*** | 0.056*** | 0.025%** | 0.026%** | 0.033*** | (0.047***
ESP 0.083*%* | 0 0.015%** | 0.017**% | 0.044*** | 0.014*** | 0.015%** | 0.022%** | 0.036***
GAB | 0.056%*%* | 0.025*** | O 0.007*** | 0.034*** | 0.005*** | 0.006%** | 0.012%** | 0.026***
SG 0.059*** | 0.027*** | 0.014*** | 0 0.02%** | 0.004*** | 0.003*** | 0.010*** | 0.026***
GSV 0.120%*** | 0.087*** | 0.081*** | 0.047*** | 0 0.027*** | 0.025%** | 0.029*** | 0.048***
ROB | 0.055%** | 0.024*** | 0.007*** | 0.009*** | 0.060*** | 0 0.0027*** | 0.007*** | 0.023%**
PORT | 0.056%** | 0.029%%* | 0.009*** | 0.009*** | 0.058*** | 0.001 0 0.005%*** | 0.021%**
MEL | 0.070*** | 0.030*** | 0.016*** | 0.011** | 0.066*** | 0.010*** | 0.009*** | 0 0.02%**
EWP | 0.089*%** | 0.066*** | 0.049%*** | 0.038*** | 0.088*** | 0.048*** | 0.047*** | 0.033*** |

186




Table C.4. Significance of Gene Ontology (GO) Terms for southern Australian common dolphins (Delphinus delphis), comparing the full dataset
with the putative candidate loci by Fisher’s exact test. Biological Process (BP), Molecular Function (MF), Cellular Component (CC).

GO.ID Term Annotated | Significan | Expected | Fisher’s p-
t value

G0:0019219 Regulation of nucleobase-containing 86 9 20.67 0.0021
compound metabolic process

G0O:0019438 Aromatic compound biosynthetic process 111 9 26.68 0.005

GO:1901362 Organic cyclic compound biosynthetic 115 9 27.64 0.0052
process

GO:0018130 Heterocycle biosynthetic process 111 9 26.68 0.0056

G0:0032774 RNA biosynthetic process 88 9 21.15 0.0068

G0O:0009889 Regulation of biosynthetic process 84 8 20.19 0.009

BP | GO:0071705 Nitrogen compound transport 48 5 11.54 0.009

G0:0034654 Nucleobase-containing compound 105 9 25.24 0.0105
biosynthetic process

G0O:0008284 Positive regulation of cell proliferation 5 2 1.2 0.0111

GO:0051171 Regulation of nitrogen compound metabolic 100 9 24.03 0.0118
process

G0:0006351 Transcription, DNA-templated 88 9 21.15 0.0127

G0:0031326 Regulation of cellular biosynthetic process 83 8 19.95 0.0142

G0:0009059 Macromolecule biosynthetic process 138 10 33.17 0.0207

187



G0:0034645 Cellular macromolecule biosynthetic process 136 10 32.69 0.0215
G0:0044271 Cellular nitrogen compound biosynthetic 133 9 31.97 0.0241
process
G0:0060255 Regulation of macromolecule metabolic 105 9 25.24 0.0255
process
GO:1905114 Cell surface receptor signaling pathway 6 2 1.44 0.0326
involved in cell-cell signaling
GO:0080135 Regulation of cellular response to stress 6 2 1.44 0.0406
G0:0033036 Macromolecule localization 60 5 14.42 0.0536
GO:0070647 Protein modification by small protein co. 16 2 3.85 0.0543
G0:0030246 Carbohydrate binding 25 5 5.23 0.02
GO:0001067 Regulatory region nucleic acid binding 12 3 2.51 0.025
G0:0008234 Cysteine-type peptidase activity 22 3 4.6 0.027
G0:0044212 Transcription regulatory region DNA bind. 12 3 2.51 0.05
G0O:0005506 Iron ion binding 17 3 3.56 0.079
MF | GO:1990837 Sequence-specific double-stranded DNA bi. 9 2 1.88 0.083
G0:0048037 Cofactor binding 47 6 9.84 0.083
G0:0016491 Oxidoreductase activity 67 7 14.02 0.102
GO:0043169 Cation binding 297 25 62.16 0.109
G0:0008092 Cytoskeletal protein binding 72 6 15.07 0.112
GO:0060089 Molecular transducer activity 68 7 14.23 0.115
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G0:0004497 Monooxygenase activity 6 2 1.26 0.115
GO0:0016705 Oxidoreductase activity, acting on paire. 13 3 2.72 0.127
GO:0016758 Transferase activity, transferring hexos. 13 2 2.72 0.148
G0:0031406 Carboxylic acid binding 10 2 2.09 0.153
G0:0043177 Organic acid binding 10 2 2.09 0.157
GO:0005319 Lipid transporter activity 5 1 1.05 0.171
GO:0005488 Binding 845 56 176.85 0.171
GO:0008135 Translation factor activity, RNA binding 12 1 2.51 0.176
G0O:0008081 Phosphoric diester hydrolase activity 15 2 3.14 0.176
GO:0030054 Cell junction 14 3 3.37 0.045
G0:0042995 Cell projection 17 3 4.09 0.057
GO:0030117 Membrane coat 9 2 2.16 0.074
GO0:0031410 Cytoplasmic vesicle 13 2 3.12 0.1
G0:0048475 Coated membrane 9 2 2.16 0.108
CC | GO:0031982 Vesicle 13 2 3.12 0.121
GO:0097708 Intracellular vesicle 13 2 3.12 0.127
GO0:0005929 Cilium 12 2 2.88 0.131
GO:0031514 Motile cilium 5 2 1.2 0.152
G0:0044433 Cytoplasmic vesicle part 6 1 1.44 0.194
G0:0098796 Membrane protein complex 57 5 13.7 0.216
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G0O:0044429
G0O:0044456
G0O:0016020
G0O:0005730
G0O:1904949
GO:0044425
GO:0044451
GO:0012505
GO:0097458

Mitochondrial part
Synapse part
Membrane

Nucleolus

ATPase complex
Membrane part
Nucleoplasm part
Endomembrane system

Neuron part

16
577

535
16
56

1.68
3.85
138.7
1.92
1.44
128.6
3.85
13.46
1.92

0.223
0.243
0.243

0.27
0.274
0.296
0.308
0.357
0.361
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Table C.5. Function of the candidate genes found in exonic regions, which were over enriched by the Gene Ontology analyses, for the 747

putatively adaptive SNPs discovered by the RDA of southern Australian common dolphins (Delphinus delphis).

Genes in | Environmental | Pathway (reactome) Function Family | General References
exons variable . function
associated (Uniprot) described
MAN2B1 RDA primary Lysosome lumen: Lipotes vexillifer (Yangtze river MAN Breaks complex | (Dineshram et al.,
. productivity max | Lysosomal oligosaccharide dolphin) Protein Alpha- sugar molecules | 2015; Lazzarotto,
Missense catabolism mainly. mannosidae. “more energy” in | 2(16: Sproles et
exon Human: Necessary for the the carbohydrate | . 20’19. Tivey et
catabolism of N-linked metabolism h al. 2’020)
carbohydrates released during ’
glycoprotein turnover.
NR2F2 RDA salinity max | Nucleoplasm- NR2F6:Gene Lipotes vexillifer (Yangtze river NR2 Regulation of (Li et al., 2009;
. expression in transcription dolphin) NR2F2-gene and COUP adipogenesis, Jeong et al., 2014;
Missense pathway. Adipogenesis is transcription factor 2-like isoform glucose, Baldwin et al.
exon the process of cell X3. homeostasis and 2017) ’
differentiation by which Human: NR2F2 Ligand-activated metabolism
preadipocytes become transcription factor. energy
adipocytes.
ZPF57 RDA primary ZPF: Nucleoplasm- Gene | Physeter macrocephalus (Sperm | Part of Acts by (Amarasekera et
productivity max | expression in transcription: | whale). ZPF57-gene, zinc finger | the large | controlling DNA | a]1..2014: Yim et
Synonymo . . . : ; 5
generic transcriptions protein 57 homolog. Molecular | group of methylation al.. 2014: Foote et
us exon pathway, genes and factors | function: metal ion binding and ZPF during earliest alﬂ 2016" Zglejc
involve in megakaryocyte | nucleic acid binding. Biological multicellular a;l d Fra;lczak
differentiation, metabolism | process: regulation of transcription stages of ’

mRNA stability by
proteins.

DNA-templated.

Human: Transcription regulator
required to maintain maternal and
paternal gene imprinting.

development and
may be altered
by nutrients in
the diet.

2017; Irwin et al.,
2019)
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Figure C.1. Variance inflation factors (VIF) of the five environmental variables used for the

RDA.

Salinity maximum (BO2_salinitymax_ss),

primary productivity —maximum

(BO2 ppmax_ss), sea surface temperature minimum (BO_sstmin), current velocity maximum

(BO2_curvelmax_ss) and current velocity range (BO2_curvelrange ss).
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Figure C.2. Heatmap of pairwise Fsr values between sites * based on the adaptive and neutral
SNP datasets for southern Australian common dolphins (Delphinus delphis). Upper right,

neutral dataset, and lower left, adaptive dataset. Acronyms for sites as in Figure 3.1.
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Figure C.3. Candidate loci putatively under selection for southern Australian common
dolphins (Delphinus delphis) based on the candidate loci from RDA and the Bayesian outlier

test.
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Figure C.4. Bayesian Information Criterion (BIC) and Akaike Information Criterion (AIC)
used to determine the best-supported number of clusters in the putative adaptive datasets of
southern Australia.

(A) K2

195



K3

B

K4*

©

196






(F) K7

Figure C.5. Population genomic structure analysis using Admixture based on putatively
adaptive SNPs for southern Australian common dolphins (Delphinus delphis) (labelled by
sampling site and individual). K represents the number of populations tested (A to F), in which
K4* and K5* are both correctly assigned as they are the most supported and highly likely

number of local populations suggested by the analysis. Acronyms for sites as in Figure 3.1.
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Figure C.6. Principal Component Analysis (PCA) based on 806 candidate adaptive loci for

southern Australian common dolphins (Delphinus delphis). Acronyms for sites as in Figure

3.1.
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Figure C.7. Allele frequency changes for the candidate gene variants found in exonic regions
across sampling sites of common dolphins (Delphinus delphis) in southern Australia. (A)
NR2F6/NR2F2 was associated with maximum salinity, (B) ZFP57, with primary productivity

maximum, and (C) MAN2B1, with primary productivity maximum.
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APPENDIX D. ADDITIONAL INFORMATION FOR
CHAPTER 4

Table D.1. Filtering steps and number of SNPs retained after each step for common dolphins
(Delphinus delphis) in southern and eastern Australia. AUS: Australia; SABD: southern
Australian bottlenose dolphin; FDR: false discovery rate.

Filtering Step SNP count

Raw SNP catalogue 339,932

Genotyped in 80% of individuals, base
quality > 30, minor allele frequency >0.03 33,467
and bi-allelic.

Split multiple nucleotide polymorphisms into

SNPs 33,010
Read depth < mean depth + (2 x standard
o 32,031
deviation)
Read quality (ratio quality/coverage depth >
31,160
0.2)
Allele balance > 20% and < 80% 31,020
Vot PP . °
Har(!y. Weinberg equilibrium in > 80% 29.224
localities
Present in 75% of individuals and in each
. . 26,431
putative populations
Alignment against SABD, Tursiops aduncus 26,199
genome (Batley et al., 2021) (99% alignment)
Exclude all SNPs but one within 330bp 17,875

Minor allele count <0.01 based on the 279
samples for southern and eastern Australian 17,539
common dolphins

Minor allele count <0.01 based on the 65 16,236
samples for eastern Australian common

dolphins

Average missing per locus 1%
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Table D.2. Significance of the RDA and the portion explained by each component of the full

model selection, at each scale, with an overall significant model of p = 0.0001.

Scale Component Inertia | Proportion

Total 3.95E+03 | 1.00E+00

Southernand | Conditional | 5.13E+02 | 1.30E-01
Eastern

Australia Constrained 1.31E+02 | 3.32E-02

Unconstrained | 3.31E+03 | 8.37E-01

Total 3.95E+03 | 1.00E+00

Eastern Conditional 3.52E+02 | 8.92E-02

Australia | Congtrained | 7.30E+01 | 1.85E-02

Unconstrained | 3.52E+03 | 8.92E-01
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Table D.3. Pairwise Fst values between sites based on putatively adaptive and neutral datasets for common dolphins (Delphinus delphis) in (A)
southern and eastern Australia (B) eastern Australia. Upper right, neutral values (as in chapter 2), and lower left, adaptive values with their

significance of the p-values by the B-Y method corrected represented by ***0.0001, **0.001, *0.05. Acronyms used as in Figure 4.1.

(A)
ALB ESP GAB SG GSV ROB PORT MEL EwP EDN SYD BI BB

ALB 0 0.022%%% | 0.026%** | 0.029*** | 0.056*** | 0.025*** | 0.026*** | 0.033*** | 0.047*** | 0.096%** | 0.134*** | 0.157*** | 0.201***
ESP 0.027%%* | 0 0.015%%% | 0.017*** | 0.044*** | 0.014%** | 0.015*** | 0.022%*%* | 0.036*** | 0.088*** | 0.124*** | 0.148*** | 0.190%**
GAB 0.036%** | 0.018*** | 0 0.007#%% | 0.034*** | 0.005%** | 0.006%** | 0.012%** | 0.026%** | 0.079*** | 0.114*** | 0.139%** | 0.180%***
SG 0.038##* | 0.018*** | 0.011*** | 0 0.020%%* | 0.004*** | 0.003*** | 0.010%** | 0.026*** | 0.087*** | 0.124%** | (0.148*** | (.189***
GSV 0.084*** | 0.067*** | 0.068*** | 0.038*** | 0 0.027#%% | 0.025%** | 0.020%** | 0.048*** | 0.111%** | 0.150%** | 0.172%** | 0.214***
ROB 0.033##* | 0.015%** | 0.008*** | 0.007*** | 0.055%** | 0 0.002%%* | 0.007*** | 0.023%** | 0.081*** | 0.117*** | 0.142%%* | (.182%**
PORT | 0.036%** | 0.018*** | 0.008*** | 0.007*** | 0.053*** | 0.003*** | 0 0.005%%* | 0.021*** | 0.078%** | 0.115%** | 0.140*** | 0.180%**
MEL | 0.053*%* | 0.031*** | 0.015%** | 0.016*** | 0.059*** | 0.012%*** | 0.009* 0 0.020%%* | 0.066*** | 0.099%** | 0.123%** | 0.165%**
EWP | 0.087*%% | 0.069%*** | 0.049%** | 0.051*** | 0.098*** | 0.047*** | 0.040*** | 0.031*** | 0 0.060%** | 0.092%** | 0.116%*** | 0.158***
EDN 0.248##% | 0.235%** | 0.210%** | 0.220%%* | 0.282%** | 0.212%** | 0.207*** | 0.182%*** | 0.140*%** | 0 0.010%** | 0.026*** | 0.062%**
SYD 0.305%%* | 0.290%*** | 0.264*** | 0.286%** | 0.339%*** | 0.267*** | 0.262%** | 0.237*** | 0.196*** | 0.017*** | 0 0.009%%* | (.043%**
BI 0.353##* | 0.339%** | .314%** | (0.333%#* | 0.383%** | 0.317+%*%* | 0.312%** | 0.201*** | 0.251%*%* | 0.045%** | 0.011* 0 0.032%**
BB 0.421%%% | 0.401%*** | 0.376%** | 0.392%** | 0.442%** | 0.379%** | (0.373%#* | 0.355%** | 0.317*%%* | 0.113*** | 0.065%** | 0.044*** | 0
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(B)

BB BI SYD EDN
BB 0 0.032%** 0.043 %% 0.062%**
BI 0.040%* 0 0.009* 0.026%**
SYD 0.070%** 0.025 0 0.010%**
EDN 0.153%** 0.080%** 0.026%** 0

Table D.4. Gene Ontology (GO) Terms significance for southern and eastern Australian common dolphins (Delphinus delphis), comparing the
full dataset with the putative candidate loci by Fisher’s exact test. Biological Process (BP), Molecular Function (MF), Cellular Component (CC).

GO.ID Term Annotated | Significan | Expected | Fisher value
t
G0:0016192 vesicle-mediated transport 47 7 9.66 0.0058
cellular nitrogen compound biosynthetic
G0O:0044271 process 133 7 27.34 0.0158
GO:0007267 cell-cell signaling 26 4 5.34 0.0222
BP regulation of nucleobase-containing
G0:0019219 compound metabolic process 86 6 17.68 0.0231
GO:0051252 regulation of RNA metabolic process 81 6 16.65 0.0304
G0O:0009889 regulation of biosynthetic process 84 6 17.27 0.0413
GO:0018130 heterocycle biosynthetic process 111 6 22.82 0.0429
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G0:0032774 RNA biosynthetic process 88 6 18.09 0.0491
protein modification by small protein
GO:0070647 conjugation or removal 16 2 3.29 0.0543
G0:0031326 regulation of cellular biosynthetic process 83 6 17.06 0.0574
G0:0010256 endomembrane system organization 8 2 1.64 0.0581
GO:1901615 organic hydroxy compound metabolic process 9 2 1.85 0.0589
G0O:0006508 proteolysis 27 3 5.55 0.0589
nucleobase-containing compound
G0:0034654 biosynthetic process 105 6 21.58 0.0641
regulation of macromolecule biosynthetic
GO:0010556 process 83 6 17.06 0.0712
G0:0006351 transcription, DNA-templated 88 6 18.09 0.0729
G0:0032940 secretion by cell 20 3 4.11 0.085
GO:0010817 regulation of hormone levels 13 3 2.67 0.0888
G0O:0006979 response to oxidative stress 5 1 1.03 0.0893
GO:0006887 exocytosis 10 3 2.06 0.0949
G0:0008234 cysteine-type peptidase activity 22 3 3.63 0.027
G0:0101005 ubiquitinyl hydrolase activity 13 2 2.14 0.059
MF oxidoreductase activity, acting on CH-OH
GO:0016614 group of donors 11 2 1.81 0.068
G0:0030246 carbohydrate binding 25 3 4.12 0.086
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G0:0030594 neurotransmitter receptor activity 8 2 1.32 0.107
G0:0004713 protein tyrosine kinase activity 7 1 1.15 0.119
G0:0035639 purine ribonucleoside triphosphate binding 188 7 31 0.125
G0:0044877 protein-containing complex binding 32 3 5.28 0.151
G0O:0060089 molecular transducer activity 68 5 11.21 0.155
transmembrane receptor protein  kinase
GO:0019199 activity 5 1 0.82 0.175
G0:0008081 phosphoric diester hydrolase activity 15 2 2.47 0.176
G0:0019200 carbohydrate kinase activity 5 1 0.82 0.181
G0:0043565 sequence-specific DNA binding 28 3 4.62 0.182
thiol-dependent ubiquitin-specific protease
GO:0004843 activity 6 2 0.99 0.192
GO0O:0016209 antioxidant activity 5 1 0.82 0.195
G0:0008092 cytoskeletal protein binding 72 5 11.87 0.202
Ras guanyl-nucleotide exchange factor
GO:0005088 activity 10 1 1.65 0.208
GO:0005319 lipid transporter activity 5 1 0.82 0.209
oxidoreductase activity, acting on peroxide as
GO:0016684 acceptor 5 1 0.82 0.211
GO:0008134 transcription factor binding 5 1 0.82 0.211
CC | GO:0099568 cytoplasmic region 5 2 0.95 0.015
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GO:0042995
G0O:0005929
GO:0045202
GO:0005768
G0O:0030054
GO:0044441
G0O:0099023
G0O:0044456
GO:0043233
G0O:0044429
GO:0044463
GO:0005815
GO:0044421
GO:0005875
GO:0097458
GO:0030117
G0O:0098590
G0O:1902494
GO:0044444

cell projection

cilium

synapse

endosome

cell junction

ciliary part

tethering complex

synapse part

organelle lumen
mitochondrial part

cell projection part
microtubule organizing center
extracellular region part
microtubule associated complex
neuron part

membrane coat

plasma membrane region
catalytic complex

cytoplasmic part

17
12
23

14

16
39

21
11

41
113

W N W

3.23
2.28
4.36
1.14
2.66
1.14
1.14
3.04
7.4
1.33
1.14
1.14
3.98
2.09
1.52
1.71
1.52
7.78
21.44

0.035
0.091
0.095
0.107
0.144
0.153
0.163
0.178
0.181
0.223
0.242
0.257
0.269
0.299

0.31
0.315

0.33
0.337
0.346
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Table D.S. Gene Ontology (GO) Terms significance for eastern Australian common dolphins (Delphinus delphis), comparing the full dataset with
the putative candidate loci by Fisher’s exact test. Biological Process (BP), Molecular Function (MF), Cellular Component (CC).

GO.ID Term Annotated | Significan | Expected | Fisher value
t
GO0:0032259 methylation 19 2 2.32 0.039
G0:0006366 transcription by RNA polymerase 11 20 2 2.44 0.05
regulation of transcription by RNA
GO:0006357 polymerase 19 2 2.32 0.054
G0O:0008152 metabolic process 399 7 48.72 0.057
G0O:0031328 positive regulation of cellular biosynthetic 8 1 0.98 0.085
G0:0009891 positive regulation of biosynthetic proc. 9 1 1.1 0.09
Bp | GO:0010557 positive regulation of macromolecule bio 8 1 0.98 0.107
G0:0009890 negative regulation of biosynthetic proc 11 1 1.34 0.111
GO0O:0031327 negative regulation of cellular biosynthetic 11 1 1.34 0.121
GO:0051172 negative regulation of nitrogen compound 13 1 1.59 0.124
GO:0010558 negative regulation of macromolecule bio 10 1 1.22 0.135
G0:0010628 positive regulation of gene expression 7 1 0.85 0.137
G0:0045934 negative regulation of nucleobase-contain 9 1 1.1 0.139
GO:0051173 positive regulation of nitrogen compound 15 1 1.83 0.14
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GO:2000113 negative regulation of cellular macromolecule 10 1 1.22 0.141
G0:0045935 positive regulation of nucleobase-contain 10 1 1.22 0.15
G0O:0009889 regulation of biosynthetic process 84 2 10.26 0.152
GO:1902680 positive regulation of RNA biosynthetic 7 1 0.85 0.152
GO:0051254 positive regulation of RNA metabolic pro. 7 1 0.85 0.153
GO:0010467 gene expression 139 3 16.97 0.153
GO:0140110 transcription regulator activity 42 3 4.72 0.014
GO:0016741 transferase activity, transferring one-c. 29 2 3.26 0.079
GO:0003712 transcription coregulator activity 8 2 0.9 0.088
G0:0003676 nucleic acid binding 225 5 25.27 0.122
GO:0016817 hydrolase activity, acting on acid anhyd. 92 2 10.33 0.125
G0:0016740 transferase activity 230 4 25.83 0.166
GO:0005515 protein binding 218 4 24.48 0.18
M GO:0005088 Ras guanyl-nucleotide exchange factor ac. 10 1 1.12 0.208
G0:0022803 passive transmembrane transporter activi. 49 2 5.5 0.211
GO:1901363 heterocyclic compound binding 435 6 48.85 0.283
GO:0097159 organic cyclic compound binding 437 6 49.08 0.288
G0:0044877 protein-containing complex binding 32 1 3.59 0.295
G0O:0046982 protein heterodimerization activity 7 1 0.79 0.304
GO0:0031267 small GTPase binding 15 1 1.68 0.306
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G0:0004386 helicase activity 17 1 1.91 0.34
GO0:0005267 potassium channel activity 14 1 1.57 0.341
GO:0098772 molecular function regulator 98 2 11.01 0.351
G0:0046983 protein dimerization activity 23 1 2.58 0.362
GO:0015079 potassium ion transmembrane transporter 18 1 2.02 0.391
GO:0016758 transferase activity, transferring hexos 13 1 1.46 0.394
GO:0044464 cell part 445 10 56.19 0.013
G0:0005623 cell 457 10 57.7 0.016
G0:0043226 organelle 297 7 37.5 0.052
G0:1902495 transmembrane transporter complex 23 1 2.9 0.163
G0:0032991 protein-containing complex 174 4 21.97 0.17
G0:0008076 voltage-gated potassium channel complex 8 1 1.01 0.17
GO0:0044427 chromosomal part 10 1 1.26 0.201
cc G0:0016459 myosin complex 11 1 1.39 0.208
GO:0005887 integral component of plasma membrane 30 1 3.79 0.214
GO:0015629 actin cytoskeleton 14 1 1.77 0.215
GO0O:0031226 intrinsic component of plasma membrane 31 1 3.91 0.219
G0O:0005694 chromosome 12 1 1.52 0.233
G0O:0044431 Golgi apparatus part 19 1 2.4 0.259
G0:0044422 organelle part 143 3 18.06 0.275
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GO:0043231
G0O:0031090
GO:0005622
GO:0044424
GO:0043227
GO:0034705

intracellular membrane-bounded organelle
organelle membrane

intracellular

intracellular part

membrane-bounded organelle

potassium channel complex

199

30
350
350
209

AN O O

25.13
3.79
44.19
44.19
26.39
1.01

0.318
0.33
0.334
0.334
0.334
0.4
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Table D.6. Genes and function of the candidate genes found in exonic regions that were over enriched by the Gene Ontology analyses for the

putatively adaptive SNPs discovered by the RDA of southern and eastern Australian common dolphins (Delphinus delphis). (A) 646 loci at broad-

scale (southern and eastern Australian common dolphins), and (B) 172 at fine-scale (eastern Australian common dolphins).

A)
Genes in | Environmental | Pathway (reactome) Function Family | General function | References
exons variable . described
associated (Uniprot)
NR2F2/6 salinity range Nucleoplasm- Lipotes  vexillifer (Yangtze NR2 Regulation of (Li et al., 2009;
] NR2F6:Gene expression | river dolphin) NR2F2-gene adipogenesis, Jeong et al., 2014;
Missense in transcription pathway. | and COUP transcription factor glucose, homeostasis Baldwin et al.,
exon Adipogenesis is the 2-like isoform X3. and metabolism 2017)
process of cell Human: NR2F2  Ligand- energy.
differentiation by which | activated transcription factor.
preadipocytes become
adipocytes.
RPS8/40S sea surface RPS8 Humans Cytosol: | Tursiops truncatus: Molecular | RPS KEGG pathways (Chen et al.,
ribosomal temperature Metabolism different function structural constituent acting at the ribosome | 2015; Chen et al.,
protein 58 mean routes of ribosome and biological level, that regulated 2016; Foote et al.,
. process-translation. Humans lipogenesis when 2016; Desert et
Missense Bovine: RNA b1.nd1ng and switching .dletary al., 2018: Marra
structural  constituent  of source and ribosomal
cxon ribosome and  biological hypoxia stress ctal., 2019)
process-translation.
ZFYVE27/ primary ZFYVE: Early endosome | Tursiops truncatus: Metal ion | ZPF Acts by controlling
Protrudin productivity membrane. binding. DNA methylation
minimum Humans: Key regulator of during earliest (Matthews and
Missense RAB-dependent vesicular multicellular stages Sunde, 2002;
exon trafficking during neurite

of development at
multiple imprinting
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extension through polarized control regions and | Foote et al., 2016;
membrane transport. may be altered by Lim et al., 2020)
nutrients in the diet.

(B)
Gene in | Environmental | Pathway (reactome) Function Family General References
exons variable Uniorot function
associated (Uniprot) described
PDCD2L primary PDCD2: Interaction with | Physeter macrocephalus (Sperm | PDC Program cell | (Dineshram et al.,
) productivity Q16342 Metabolism  of | whale) PDCD2L-gene death 2015; Bidle, 2016;
Missense i d cell death with tosi
proteins programmed cell death with no (apoptosis), e.g. Marra et al.,
exon PDCDI: Plasma membrane- function provided help's. in the 2019; e.g. Tollis et
. stability of the
Immune system | Human: PDCD2L Over- genome al., 2019)
costimulation by the CD28 | expression  suppresses  API, '
family (T cells). CREB, NFAT, and NF-kB
transcriptional ~ activation, and
delays cell cycle progression at S
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Figure D.1. Variance inflate factor (VIF) of the six environmental variables used for southern
and eastern Australia analysis of RDA. Salinity range (BO2 salinityrange ss), primary
productivity minimum (BO2_ ppmin_ss), sea surface temperature mean (BO_sstmean), sea
surface temperature range (BO_sstrange), current velocity maximum (BO2_curvelmax_ss) and

bathymetry mean (BO_bathymean).
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Figure D.2. Candidate loci putatively under selection for southern and eastern Australian
common dolphins (Delphinus delphis) based on the candidate loci RDA, and the Bayesian

outlier test. (A) broad-scale, and (B) fine-scale.
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Figure D.3. Heatmap of pairwise Fst values between sites* values based on the adaptive and
neutral datasets for southern and eastern Australian common dolphins (Delphinus delphis).

Upper right, neutral dataset (as in chapter 2), and lower left, adaptive dataset.
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Figure D.4. Heatmap of pairwise Fsr values between sites* values based on the adaptive and
neutral datasets for eastern Australian common dolphins (Delphinus delphis). Upper right,

neutral dataset (as in chapter 2), and lower left, adaptive dataset.
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Figure D.5. Bayesian Information Criterion (BIC) and Akaike Information Criterion (AIC)
used to determine the best-supported number of clusters in the putative adaptive datasets. (A)

broad-scale, and (B) fine-scale.
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Figure D.6. Population genomic structure analysis using Admixture, based on putatively
adaptive SNPs for southern and eastern Australian common dolphins (Delphinus delphis)
(labelled by sampling site and individual). K represents the number of populations tested (A to
H), in which K2* is the only most supported and highly likely number of populations suggested

by the analysis. Acronyms used as in Figure 4.1.
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(D)K5

Figure D.7. Population genomic structure analysis using Admixture, based on putatively
adaptive SNPs for eastern Australian common dolphins (Delphinus delphis) (labelled by
sampling site and individual). K represents the number of populations tested (A to D), in which
K3* and K4* are both correctly assigned as they are the most supported and highly likely

number of local populations suggested by the analysis. Acronyms used as in Figure 4.1.
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Figure D.8. Principal Component Analysis (PCA) based on 1586 candidate adaptive loci for

southern and eastern Australasian common dolphins (Delphinus delphis). * Acronyms used as

in Figure 4.1.
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Figure D.9. PCA based on 205 candidate adaptive loci for eastern Australasian common
dolphins (Delphinus delphis). (A) *Acronyms used as in Figure 4.1. (B) Alternative PCA
separating individuals from Forster (FOR) and Broughton Island (BI).
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Figure D.10. Allele frequency changes for the candidate genes found in exonic regions across

sampling sites of common dolphins (Delphinus delphis) in southern and eastern Australia. (A)

NR2F6/NR2F2 associated with salinity. (B) Protrudin associated with primary productivity,

and (C) RPS8 associated with temperature.
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Figure D.11. Allele frequency changes for the candidate genes found in exonic regions across
sampling sites of common dolphins (Delphinus delphis) in eastern Australia. PDCD2L

associated with primary productivity.

229



09 : BDALB ®mESP mGAB mSPG 0OGSY ®mROB ®mPORT mMEL mEWP mBB =Bl mSYD ®mEDN
0.8
0.7 4
0.6 4
0.5 4
04 4
0.3 4
0.2 4
O-g 1 | [] I I |
(A) DRC1 LZTS1 SYT6 ERC2 OSBPL7 HIRA PSMG4 LMX1A IGFBP7 CADPS2 KIAA1549
14
0.9 A
0.8 -
0.7 4
0.6 4
0.5 4
04 4
0.3 4
ok Ml |
011 I
oL |
NKD2 TAS1R2 RPS8 EYA TLN2 AP1AR ZFYVE27 STX7 CNIH3 CFAP45 CFAP54 NR2F6

230



0.9 4 DBB =Bl mSYD mEDN
0.8
0.7 4
06 -
0.5 4
0.4 4
0.3 4
0.2 4
0.1

RPL13A MYH14 PLEKHA8 INMT CCDC188 SOX PDCD2L TEAD2 HNRNPUL1 ZC4H2 ABCC2 PHEX ZNF516

(B)

Figure D.12. Minor allele frequencies of positive selected SNPs by a gene enrichment test, with bearing variants in coding and non-coding regions.

(A) 23 SNPs at broad-scale southern and eastern Australian common dolphins. (B) 13 SNPs at fine-scale eastern Australian common dolphins.

0.22 i southern! eastern
southerni eastern 0.39 3
: [ ] :
0.21 ! ° :
‘ ° 0.37 !
0.2 :
0.35 o °
[ ) ! ()
o 0P * o 0.3 o o ®
T o T °
0.18 [ ]
0.31
° o o° . °
[ ] [ ) [ ]
0.17 0.29
[ ]
°
0.16 0.27 °
0.15 ; 0.25 ;
110 120 130 140 140 35 30 25 110 120 130 140 140 35 30 25
Longitud i Latitud Longitud : Latitud
A : B

Figure D.13. Associations between heterozygosity and longitude/latitude location of sites at broad-scale in southern and eastern Australian
common dolphins (Delphinus delphis). (A) Putative neutral dataset with 14,799 loci (B) Putative adaptive dataset with 1,586 loci.
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APPENDIX E. ADDITIONAL INFORMATION USED FOR
THE GEA AND BASH SCRIPTS

Environmental variables

Environmental variables used for the Genotype-Environment Association multivariable
analyses were download from the updated datasets of BioOracle using the R package

‘sdmpredictors’ (Tyberghein et al., 2012; Assis et al., 2018).

Selected variables from BioOracle were originally measures of satellite Moderate Resolution
Imaging Spectroradiometer (Aqua-MODIS) and in situ measurements, corresponding to sea
surface temperature, salinity, primary productivity, current velocity and chlorophyll a
(Tyberghein et al., 2012). These variables were then reanalysed by Global Ocean Physics Non-
assimilative Hindcast (PISCES) and Global Observed Ocean Physics Reprocessing (ARMOR)
for a monthly average measure from 2000-2014 and scale to resolution of ~9.2 km (Assis et
al., 2018). Bathymetry is based on measures from the General Bathymetric Chart of the Oceans
(GEBCO) (Tyberghein et al., 2012; Assis et al., 2018).
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Table E.1. Environmental variables used for the Genotype-Environment Association

multivariable analyses were download from the updated datasets of BioOracle using the R

package ‘sdmpredictors’ (Tyberghein et al., 2012; Assis et al., 2018).

Name Layer code Units Resolution Date
Sea surface - temperature BO sstmax  Celsius ~ ~9.2km  2000-2014
(maximum) -
Sea surface temperature BO sstmean  Celsius ~9.2km  2000-2014
(mean) -
Sea surface temperature BO sstmin  Celsius ~ ~9.2km  2000-2014
(minimum) -
Sea surface temperature BO sstrange  Celsius ~9.2km  2000-2014
(range)
Chlor.ophyll concentration BO2 chlomax_ss mg/mii ~9.2km  2000-2014
(maximum) - -
Chlorophyllconcentration BO2 chlomean_ss mg/mil ~9.2km  2000-2014
(mean) - -
Chlorophyll - concentration BO2 chlomin ss mg/mii  ~9.2km  2000-2014
(minimum) - -
Chlorophyll concentration BO2 chlorange ss mg/mii ~9.2km  2000-2014
(range)
Current velocity
i BO2 curvelmax_ss m/s ~9.2km  2000-2014
(maximum) - -
Current velocity (mean) BO2 curvelmean_ss m/s ~9.2km  2000-2014
Current velocity )
. BO2 curvelmin_ss m/s ~9.2km  2000-2014
(minimum) - -
Current velocity (range) BO2 curvelrange ss m/s ~9.2km  2000-2014
Primary production }
(maximum) BO2 ppmax ss g/mii/day ~9.2km  2000-2014
Primary production (mean) BO2 ppmean ss g/mii/day ~9.2km  2000-2014
Primary production . ..
(minimum) BO2 ppmin_ss g/mii/day 9.2km  2000-2014
Primary production (range) BO2 pprange ss g/mii/day ~9.2km  2000-2014
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Sea surface salinity

(maximum) BO2 salinitymax_ss PSS ~9.2km  2000-2014
Sea surface salinity (mean) BO2 salinitymean ss PSS ~9.2km  2000-2014
(Sri?nimusr‘;gface salinity B3> salinitymin_ss PSS ~92km  2000-2014
Sea surface salinity (range) BO2 salinityrange ss PSS ~9.2km  2000-2014
Bathymetry (minimum) BO_bathymin meters 30 arcsec 2016
Bathymetry (maximum) BO_bathymax meters 30 arcsec 2016
Bathymetry (mean) BO_bathymean meters 30 arcsec 2016

Table E.2. NCBI database of cetaceans families of nucleotide and non-redundant proteins
available at the time of analyses. Accessed August 2020

Mysticeti (baleen whales)

Odontoceti (tooth whales)

Balaenidae
Balaenopteridae
Eschrichtiidae

Neobalaenidae

Delphinidae
Iniidae
Lipotidae
Monodontidae
Phocoenidae
Physeteridae
Platanistidae
Pontoporiidae

Ziphiidae
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RDA bash script MEM selection and variance inflation factor (VIF) Southern Australia

> sel <- ordistep(rda(snps ~ 1, as.data.frame(MEM.sel)), scope = formula(mod0), scale=
FALSE, direction="forward", pstep = 1000)

Start: snps ~ 1

Df AIC FPr(>F)
+MEMI1 11741.32.5604 0.005 **
+MEM2 11741.62.2843 0.005 **
+MEM3 11742.1 1.7362 0.005 **
+MEM4 11742.5 1.4061 0.005 **
+MEMS5 1 1742.5 1.3882 0.005 **
+MEMS6 11742.7 1.1375 0.015 *

Signif. codes: 0 “***>(0.001 “**>0.01 “*> 0.05°.> 0.1 *’ 1

Step: snps ~ MEM1

Df AIC FPr(>F)
+MEM2 11741.02.3013 0.005 **
+MEM3 1 1741.5 1.7490 0.005 **
+MEM4 11741.9 1.4164 0.005 **
+MEMS5 11741.9 1.3984 0.005 **
+MEM6 11742.2 1.1459 0.010 **

Signif. codes: 0 “***>(0.001 “**>0.01 “*> 0.05°.> 0.1 *’ 1

Step: snps ~ MEM1 + MEM2
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Df AIC FPr(>F)
+MEM3 11741.2 1.7599 0.005 **
+MEM4 11741.5 1.4252 0.005 **
+MEMS5 1 1741.6 1.4071 0.005 **
+MEMS6 11741.8 1.1530 0.010 **

Signif. codes: 0 “***>(0.001 “**>0.01 “*> 0.05°.> 0.1 *’ 1

Step: snps ~ MEM1 + MEM2 + MEM3

Df AIC FPr(>F)
+MEM4 11741.8 1.4304 0.005 **
+MEMS5 11741.8 1.4122 0.005 **
+MEMS6 11742.0 1.1571 0.005 **

Signif. codes: 0 “***>(0.001 “**>0.01 “*> 0.05°.> 0.1 *’ 1

Step: snps ~ MEM1 + MEM2 + MEM3 + MEM4

Df AIC FPr(>F)
+MEMS5 11742.3 1.4151 0.005 **
+MEMS6 1 1742.6 1.1595 0.010 **

Signif. codes: 0 “***>(0.001 “**>0.01 “*> 0.05°.> 0.1 *’ 1

Step: snps ~ MEM1 + MEM2 + MEM3 + MEM4 + MEM35

Df AIC FPr(>F)
+MEMS6 11743.1 1.1619 0.005 **
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Signif. codes: 0 “***>(0.001 “**>0.01 “*> 0.05°.> 0.1 *’ 1

Step: snps ~ MEM1 + MEM2 + MEM3 + MEM4 + MEMS5 + MEM6

> R2.all.space
[1710.02158653

Senv that are significant all >w.lab >w.lab
env_var <- as.matrix(ENV[,c(3,7,13,19,22)])  [1] "RDAI1 (0.11%)" [1] "RDAI (32.3%)"
>R2.allenv  >x.lab >x.lab
[1]0.02228495  [1] "RDA2 (0.07%)" [1] "RDA2 (20.29%)"
>vy.lab >y.lab
[1] "RDA3 (0.06%)" [1] "RDA3 (17.99%)"
> keep.env <-vif func(in_frame=env_var,thresh=3.1,trace=T) = >z.lab > z.lab
var vif [1] "RDA4 (0.06%)" [1] "RDA4 (16.01%)"
BO2 salinitymax ss 3.01623814015617 > zz.lab > zz.lab
BO2 ppmax ss  2.99638081512828  [1] "RDAS (0%)" [1] "RDAS (13.41%)"
BO_sstmin 1.22882456945448
BO2 curvelmax ss 3.0221613403873
BO2 curvelrange ss 3.02339520128452 > length(candl)
[1] 244
All variables have VIF < 3.1, max VIF 3.02 > length(cand?2)
[1]266
> length(cand3)
> RDASCsites5env [1]227
Call: rda(formula = snps ~ reduced.env$BO2_salinitymax_ss + > length(cand4)

reduced.env$BO2 ppmax_ss + reduced.env§BO_sstmin+  [1] 52
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reduced.env$BO2 curvelmax_ss + reduced.env$BO2 curvelrange ss +
Condition(MEM.sel), data = reduced.env) > ncand

[1] 789
Inertia Proportion Rank
Total 3.41E+03 1.00E+00 3410
Conditional 1.68E+02 4.92E-02 6 > table(cand$predictor) duplicates
Constrained 1.20E+02 3.53E-02 5

Unconstrained 3.12E+03 9.16E-01 202 BO sstmin  BO2 curvelmax ss
BO2 curvelrange ss

Inertia is variance 224 118 161
BO2 ppmax ss BO2 salinitymax_ss
Eigenvalues for constrained axes: 95 191
RDA1 RDA2 RDA3 RDA4 RDAS
38.8524.41 21.63 19.26 16.12
> length(cand$snp[duplicated(cand$snp)])
Eigenvalues for unconstrained axes: [1]42

PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 > env_mat <- cbind(cand$axis,
duplicated(cand$snp))

47.27 29.97 28.95 25.12 24.51 23.36 23.01 22.79 > table(env_mat[env_mat[,1]==1,2])#
none on axis 1

(Showing 8 of 202 unconstrained eigenvalues)

0

244

> table(env_mat[env_mat[,1]==2,2])# 2 duplicates on axis 2
>mod permRDASCsitesSenv
Permutation test for rda under reduced model 01
Permutation: free =~ 258 8§

Number of permutations: 999 > table(env_mat[env_mat[,1]==3,2])# n duplicates on axis 3

Model: rda(formula = snps ~ reduced.env$BO2_salinitymax_ss +
reduced.env$BO2 ppmax_ss + reduced.env$BO_sstmin + reduced.env$BO2 curvelmax_ss +
reduced.env$BO2_curvelrange ss + Condition(MEM.sel), data = reduced.env) 0 1

Df Variance  F Pr(>F) 203 24
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Model 5 120.26 1.5553 0.001 *** > table(env_mat[env_mat[,1]==4,2])# n duplicates
on axis 4

Residual 202 3123.88

--- 01

Signif. codes: 0 “****0.001 “***0.01 “**0.05°0.1 "1 4210
> margin_permRDASCsites5env

Permutation test for rda under reduced model

Marginal effects of terms 747

Permutation: free

Number of permutations: 999

BO_sstmin BO2 curvelmax ss BO2 curvelrange ss

Model: rda(formula = snps ~ reduced.env$BO2_salinitymax_ss +
reduced.env$BO2 ppmax_ss + reduced.env$BO_sstmin + reduced.env$BO2 curvelmax_ss +
reduced.env$BO2_curvelrange ss + Condition(MEM.sel), data = reduced.env) 215
110 152

Df Variance  F Pr(>F) BO2 ppmax_ss BO2 salinitymax_ss
reduced.env$BO2_salinitymax ss 1 20.49 1.3247 0.001 *** 0.600879765 88
182

reduced.env$BO2 ppmax ss 1 21.03 1.3599 0.001 *** 0.616715543
reduced.env$BO _sstmin 1 24.25 1.568 0.001 *** 0.711143695

reduced.env$BO2 curvelmax ss 1 17.64 1.1408 0.001 *** 0.517302053 >
envfit(RDASCsites5Senv,reduced.env)

reduced.env$BO2 curvelrange ss 1 20.75 1.3415 0.001 *** 0.608504399
Residual 202 3123.88 ***VECTORS
---  3.054545455

Signif. codes: 0 “***>(0.001 “*** 0.01 “*> 0.05 0.1 “’ 1 RDA1 RDA2
2 Pr(>r)

> axis_permRDASCsitesSenv ~ BO2_salinitymax_ss 0.97221 0.23412 0.1784 0.001 ***

Permutation test for rda under reduced model =~ BO2 ppmax _ss  -0.90346 -0.42866 0.1661
0.001 ***

Forward tests for axes =~ BO_sstmin -0.96700 -0.25478 0.1470 0.001 ***
Permutation: free =~ BO2 curvelmax ss 0.52393 -0.85176 0.2974 0.001 ***
Number of permutations: 999  BO2_ curvelrange ss 0.32560 -0.94551 0.3351 0.001 ***
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Model: rda(formula = snps ~ reduced.env$BO2_salinitymax_ss +
reduced.env$BO2 ppmax_ss + reduced.env$BO_sstmin + reduced.env$BO2 curvelmax_ss +
reduced.env$BO2_curvelrange ss + Condition(MEM.sel), data = reduced.env) Signif.
codes: 0 “***(0.001 “*** 0.01 “* 0.05°°0.1 "1

Df Variance  F Pr(>F) Permutation: free
RDA1 1 38.852.5119 0.001 ***  Number of permutations: 999
RDA2 1 24.411.5782 0.001 ***
RDA3 1 21.631.3988 0.001 ***
RDA4 1 19.26 1.2453 0.001 ***
RDAS 1 16.121.0425 0.117
Residual 202 3123.88

Signif. codes: 0 “***>(0.001 “**>0.01 “*> 0.05°.> 0.1 *’ 1

> RsquareAdj(RDASCsites5env)
$r.squared

[1]0.03524924

$adj.r.squared
[1]0.0129506

> RsquareAdj(RDASCsitesSenv)$r.squared #0.016 #0.0394
[1] 0.03524924
> # how much inertia is associated with each axis
> summary(eigenvals(RDASCsites5env,model = "constrained"))
Importance of components:

RDA1 RDA2 RDA3 RDA4 RDAS
Eigenvalue 38.845 24.4066 21.6319 19.2588 16.1216
Proportion Explained 0.323 0.2029 0.1799 0.1601 0.1341
Cumulative Proportion 0.323 0.5259 0.7058 0.8659 1.0000

> #visualize it
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RDA bash script MEM selection and variance inflate factor (VIF) for broad and fine scale

// 279 individuals; 17,539 loci; 35,078 alleles; size: 46.6 Mb

// Basic content
@tab: 279 x 35078 matrix of allele counts
@loc.n.all: number of alleles per locus (range: 2-2)
@loc.fac: locus factor for the 35078 columns of @tab
(@all.names: list of allele names for each locus
@ploidy: ploidy of each individual (range: 2-2)
@type: codom

@call: read.structure(file =
"../../Structurefiles/seascape279SCEC/StrMapLD 17539 279SCEC ch_fmd.str",

n.ind = 279, n.loc = 17539, onerowperind = FALSE, col.lab = 1,
col.pop =2, col.others = FALSE, row.marknames = 1, NA.char ="-9",
pop = 13, ask = TRUE, quiet = FALSE)

// Optional content

@pop: population of each individual (group size range: 11-32)

@other: a list containing: X

> indMEMPositive #8 eigenvectros 1 2 3 54 61012 12 0.1602329
$GlobalP
[1]0.01

$selectedRsqAdj
[1]0.192643
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$selectedMEM
11132465789

> ## Negative MEM eigenvectors (negative spatial autocorrelation) second

> indMEMNegative <- mgForward(psa, indMEM§$vectorsMEM][ , indMEM$valuesMEM <
01)

> indMEMNegative# 0 12 0
$GlobalP

[1]1

$selectedRsqAdj
[1]NA

$selectedMEM
[1]NA

> sel <- ordistep(rda(snps ~ 1, as.data.frame(MEM.sel)), scope = formula(mod0), scale=
FALSE, direction="forward", pstep = 1000)

Start: snps ~ 1

Df AIC  FPr(>F)

+MEM1 12291.523.0612 0.005 **
+MEM2 12302.3 11.6865 0.005 **
+MEM3 12311.8 1.9774 0.005 **
+MEMS5 12312.1 1.6921 0.010 **
+MEM4 12312.1 1.6961 0.015 *
+MEM6 12312.4 1.4424 0.040 *
+MEM7 12312.7 1.1184 0.130
+MEMS 12312.8 1.0501 0.180
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+ MEM9 1 2312.8 1.0223 0.240

Signif. codes: 0 “***>(0.001 “**>0.01 “*> 0.05°.> 0.1 *’ 1

Step: snps ~ MEM1

Df AIC FPr>F)

+ MEM?2
+ MEM3
+ MEM4
+ MEMS
+ MEM6
+ MEM7
+ MEMS
+ MEM9

Signif. codes: 0 “***>(0.001 “**>0.01 “*> 0.05°.> 0.1 *’ 1

1 2281.0 12.6582 0.005 **

12291.3 2.1356
12291.7 1.8316
12291.7 1.8273
12291.9 1.5575
12292.3 1.2075
12292.4 1.1337
12292.4 1.1037

0.005 **
0.005 **
0.005 **
0.005 **
0.030 *
0.040 *
0.100 .

Step: snps ~ MEM1 + MEM2

Df AIC FPr(>F)

+ MEM3
+ MEM4
+ MEMS
+ MEM6
+ MEM7
+ MEMS
+ MEM9

Signif. codes: 0 “***>(0.001 “**>0.01 “*> 0.05°.> 0.1 *’ 1

1 2280.7 2.2262
1 2281.1 1.9092
1 2281.1 1.9047
12281.3 1.6235
1 2281.7 1.2586
12281.8 1.1817
12281.8 1.1504

0.005 **
0.005 **
0.005 **
0.005 **
0.005 **
0.005 **
0.005 **

243



Step: snps ~ MEM1 + MEM2 + MEM3

Df AIC FPr(>F)
+MEM4 12280.8 1.9178 0.005 **
+MEMS5 12280.8 1.9133 0.005 **
+MEM6 12281.1 1.6307 0.005 **
+MEM7 12281.51.2642 0.005 **
+MEMS 12281.51.1869 0.005 **
+MEM9 12281.6 1.1555 0.005 **

Signif. codes: 0 “***>(0.001 “**>0.01 “*> 0.05°.> 0.1 *’ 1

Step: snps ~ MEM1 + MEM2 + MEM3 + MEM4

Df AIC FPr(>F)
+MEMS5 12280.8 1.9197 0.005 **
+MEM6 12281.1 1.6362 0.005 **
+MEM7 12281.51.2684 0.005 **
+MEMS 12281.6 1.1909 0.005 **
+MEM9 12281.6 1.1594 0.005 **

Signif. codes: 0 “***>(0.001 “**>0.01 “*> 0.05°.> 0.1 *’ 1

Step: snps ~ MEM1 + MEM2 + MEM3 + MEM4 + MEM35

Df AIC FPr(>F)
+MEMS6 12281.2 1.6417 0.005 **
+MEM7 12281.51.2727 0.005 **
+MEMS 12281.6 1.1949 0.005 **
+MEM9 12281.7 1.1633 0.005 **
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Signif. codes: 0 “***>(0.001 “**>0.01 “*> 0.05°.> 0.1 *’ 1

Step: snps ~ MEM1 + MEM2 + MEM3 + MEM4 + MEMS5 + MEM6

Df AIC FPr(>F)
+MEM7 12281.8 1.2757 0.005 **
+MEMS 12281.91.1978 0.005 **
+MEM9 12282.0 1.1660 0.005 **

Signif. codes: 0 “***>(0.001 “**>0.01 “*> 0.05°.> 0.1 *’ 1

Step: snps ~ MEM1 + MEM2 + MEM3 + MEM4 + MEMS + MEM6 + MEM7

Df AIC FPr(>F)
+MEMS 12282.61.1990 0.005 **
+MEM9 12282.7 1.1672 0.005 **

Signif. codes: 0 “***>(0.001 “**>0.01 “*> 0.05°.> 0.1 *’ 1

Step: snps ~ MEM1 + MEM2 + MEM3 + MEM4 + MEMS5 + MEM6 + MEM7 + MEMS

Df AIC FPr(>F)
+MEM9 12283.41.1681 0.005 **

Signif. codes: 0 “***>(0.001 “**>0.01 “*> 0.05°.> 0.1 *’ 1

Step: snps ~ MEM1 + MEM2 + MEM3 + MEM4 + MEMS + MEM6 + MEM7 + MEMS +
MEM9

> keep.env <-vif func(in_frame=env_var,thresh=3,trace=T)
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var vif

BO2 salinityrange ss 1.93404090081921
BO2 ppmin_ss 1.84803878817885
BO_sstmean 1.57111646972974
BO_sstrange 1.37294904016057
BO2 curvelmax ss 1.84505504860759
BO_bathymean 1.76642071555321

All variables have VIF < 3, max VIF 1.93

> summary(eigenvals(RDASCECsites6envadmix,model = "constrained"))
Importance of components:

RDA1 RDA2 RDA3 RDA4 RDAS5 RDA6
Eigenvalue 35.1050 33.5536 18.1479 17.0106 14.1419 13.2089
Proportion Explained 0.2676 0.2558 0.1384 0.1297 0.1078 0.1007
Cumulative Proportion 0.2676 0.5234 0.6618 0.7915 0.8993 1.0000

> RDASCECsites6envadmix
Call: rda(formula = snps ~ reduced.env$BO2_salinityrange ss +
reduced.env$BO2 ppmin_ss + reduced.env$BO_sstmean +

reduced.env$BO _sstrange + reduced.env$BO2 curvelmax ss +

reduced.env$BO_bathymean + Condition(MEMRDAZ2 sel), data = reduced.env)

// 65 individuals; 16,236 loci; 32,472 alleles; size: 16.6 Mb

// Basic content
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@tab: 65 x 32472 matrix of allele counts

@loc.n.all: number of alleles per locus (range: 2-2)
@loc.fac: locus factor for the 32472 columns of @tab
(@all.names: list of allele names for each locus
@ploidy: ploidy of each individual (range: 2-2)
@type: codom

@call: read.structure(file =
"../../Structurefiles/seascape279SCEC/StrMapLD 16236 65EC ch fmd.str",

n.ind = 65, n.loc = 16236, onerowperind = FALSE, col.lab =1,
col.pop =2, col.others = FALSE, row.marknames = 1, NA.char ="-9",
pop =4, ask = TRUE, quiet = FALSE)

// Optional content

@pop: population of each individual (group size range: 11-20)

@other: a list containing: X

> indMEMPositive #8 eigenvectros 1 2 3 54 61012 12 0.1602329
$GlobalP

[1]10.01

$selectedRsqAdj
[1] 0.05141609

$selectedMEM
[1]213

> ## Negative MEM eigenvectors (negative spatial autocorrelation) second

> indMEMNegative <- mgForward(psa, indMEM§$vectorsMEM][ , indMEM$valuesMEM <
01)

> indMEMNegative# 0 12 0
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> sel <- ordistep(rda(snps ~ 1, as.data.frame(MEM.sel)), scope = formula(mod0), scale=
FALSE, direction="forward", pstep = 1000)

Start: snps ~ 1

Df AIC FPr(>F)
+MEMI 1538.163.0710 0.005 **
+MEM2 1539.56 1.6642 0.005 **
+MEM3 1540.14 1.0853 0.120

Signif. codes: 0 “***>(0.001 “**>0.01 “*> 0.05°.> 0.1 *’ 1

Step: snps ~ MEM1

Df AIC FPr(>F)

+MEM2 1 538.38 1.7199 0.005 **
+MEM3 1 538.99 1.1210 0.015 *

Signif. codes: 0 “***>(0.001 “**>0.01 “*> 0.05°.> 0.1 *’ 1

Step: snps ~ MEM1 + MEM2

Df AIC FPr(>F)
+MEM3 1539.18 1.1341 0.01 **

Signif. codes: 0 “***>(0.001 “**>0.01 “*> 0.05°.> 0.1 *’ 1

Step: snps ~ MEM1 + MEM2 + MEM3

> sel <- attributes(sel$terms)$term.labels
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> keep.env <-vif func(in_frame=env_var,thresh=3,trace=T)

var vif

BO2 salinitymin_ss 98.7219107200853
BO2 ppmin ss  8.56203436264875
BO_sstmean 1314.34791143214
BO_sstmin 807.323945580225
BO_chlomax 4.52182995197209

removed: BO_sstmean 1314.348

var vif

BO2 salinitymin_ss 32.7316563751939
BO2 ppmin_ss  7.44749901397238
BO_sstmin 31.9599933981168
BO_chlomax 2.22545370786853

removed: BO2 salinitymin_ss 32.73166

> #env_var <- env_var[,c(1,2)]

> reduced.env <- subset(as.data.frame(env_var), select=c(keep.env))

> keep.env <-vif func(in_frame=reduced.env,thresh=4,trace=T)

var vif

BO2 ppmin_ss 1.02399581933712
BO sstmin 1.99550878228608
BO_chlomax 2.00467525610965

All variables have VIF < 3, max VIF 2
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Model: rda(formula = snps ~ reduced.env$BO2 ppmin_ss + reduced.env$BO sstmin +

reduced.env$BO_chlomax + Condition(MEM.sel), data = reduced.env)
Df Variance = F Pr(>F)

reduced.env$BO2 ppmin ss 1 71.2 1.2141 0.001 ***

reduced.env$BO sstmin 1  61.2 1.0429 0.232

reduced.env$BO chlomax 1 60.0 1.0228 0.317

Residual 58 3402.2

Signif. codes: 0 “***>(0.001 “**>0.01 “*> 0.05°.> 0.1 *’ 1

> summary(eigenvals(RDAECsites1envppmin,model = "constrained"))
Importance of components:
RDA1
Eigenvalue 72.96
Proportion Explained 1.00

Cumulative Proportion 1.00

> RDAECsites1envppmin

Call: rda(formula = snps ~ reduced.env$BO2 ppmin_ss +

Condition(MEM.sel), data = reduced.env)

Inertia Proportion Rank
Total 3.95E+03 1.00E+00
Conditional ~ 3.52E+02 8.92E-02 3
Constrained 7.30E+01 1.85E-02 1
Unconstrained 3.52E+03 8.92E-01 60
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