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Ancient DNA in the Australian context: Investigating
evolutionary and ecological responses to

environmental change.
Abstract

This thesis investigates how ancient DNA (aDNA) can provide insight into past (and
potentially lost) genetic diversity, and how this information can be used to reconstruct
evolutionary history. Specifically, it examines how the combination of aDNA data with other
analytical techniques can reveal information unavailable from modern genetic studies of
mitochondrial DNA, and help to refine model s and test hypotheses about the history of individual
species through time. Understanding ‘ patterns of past genetic diversity and the ‘processes
involved in forming these patternsat different temporal and spatial scalesisof critical importance
in the management of biodiversity, and for predicting future impacts of on-going environmental
changes.

Thisthesis has particular significance for the ancient DNA community in Australiaasit
demonstrates how DNA may be preserved even in sub-optimal environmental conditions, such as
tropical, sand-blown, and arid environments. The genetic information successfully extracted from
these sub-optimal samples has alowed a range of phylogeographic questions to be addressed.
The overarching question | ask in these studies is: what insights can aDNA provide into
evolutionary history and, where these insights contrast with existing models, which additional
analytical techniques help clarify or refine these models?

Chapter 2 (Methods) details the optimisation of extraction methods for the isolation of
ancient DNA from sub-optimal samples (where often only minimal samplevolumesareavailable
for study). | then review the analytical techniques used to investigate the evolutionary history of
the three species described in the following chapters.

Thefirst speciesexamined (chapter 3), isthe Australian Emu species complex (Dromaius
novaehollandiae, D. baudinianus, D. ater, and D. novaehollandiae diemenensis). | use both
morphological methods and coal escent analysis to investigate the evolutionary history of emu,
and the basis for separate taxonomic designations of the Tasmanian Emu, and the dwarf
Kangaroo Island and King Island Emus. The morphological differences of the latter two species
arefirst used to investigate potential causes of their dwarfism. Based on this assessment, | use
genetic datato examine the demographic/dispersal history and phylogeographic structuring of the
mainland Emu across its range.

In chapter 4, | investigate the range restricted and vulnerable Australian Ghost Bat
(Macroderma gigas). Ancient DNA from subfossil cave depositsis used to describe the genetic
rel ationship between extinct southern and extant northern populations and highlight how ancient
DNA is essential in examining ancient patterns of gene flow. | then use species distribution
modelling to test whether changing climates are responsible for the isolation and extirpations of
these southern populations. | approximated the ecol ogical niche currently occupied by Ghost Bats
and then hindcast to the last glacial maximum (LGM) and last interglacial (LIG) to examine
potential dispersal opportunities in the past, and forecast using models of projected future
climates to investigate likely responses to anthropogenic climate change.

In chapter 5, | explore the use of chicken (Gallus gallus) genetic diversity asarecord of
themigration of early Polynesians acrossthe Pacific. The genetic analysis of commensalsallows
identification of population bottlenecksand examination of potential source populations, and also
a separate means to establish the route that their human-counterparts travelled. | incorporate
archaeological modelsof Polynesian history into patterns of chicken diversity acrossthe Pacific,
and test hypotheses of potential dispersal routes of this human-commensal dyad using statistical
significance testing.
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Chapter 1: Introduction
Phylogeography

Definitions and background

Phylogeography is a field that combines diverse microevolutionary and
macroevolutionary disciplines to investigate the * patterns’ and ‘ processes’ creating geographic
distributions of genetic lineages (Avise 2000). Avise (2000) recognises seven well-established
fields to describe where phylogeography lies as a scientific discipline: Historical geography,
Palaeontol ogy, Phylogenetic biology, Molecular genetics, Popul ation genetics, Demography, and
Ethology. Traditionally, phylogeography provides adeeper temporal context to the contemporary
ecological pressuresthat affect the spatial distributions of genetic diversity by also investigating
thehistorical ‘processes’ involved. However, phylogeography utilises purely modern data, where
the genetic signal of past eventsis often overwritten by more recent events. By taking past (and
potentially lost) genetic diversity into account through ancient DNA (aDNA) anaysis, the
broader temporal context of phylogeography can be extended to deeper temporal scales (past the
most recent demographic events), and increasing the accuracy and detail of reconstructions of
species evolutionary history. In this thesis, the advantages of using aDNA in comparison to
purely modern mitochondrial DNA is examined in the context of investigating the evolutionary
history of species. Specifically, aDNA is combined with other analytical techniques to test
different hypotheses about three diverse taxa— the Emu (chapter 3), lacks any prior studies of
phylogeographic patterns; the Ghost Bat (chapter 4), has had phylogeographic patterns examined
using purely modern data; and the Polynesian Chicken (chapter 5), where previousaDNA studies
have produced only preliminary phylogeographic hypotheseslacking in robustness. Ancient DNA
illuminates unknown aspects of the evolutionary history of each species, with surprising results.

Spatial arrangement of genetic diver sity

Many historical processes may explain the phylogeographic patterns of spatially disunct
taxa Two of the most common processes are dispersal and vicariance. A dispersalist
interpretation of phylogeographic patterns describes contemporary occupation of a range by
either active or passive dispersal from ancestral refugia. In contrast, a vicariant interpretation
describesthe spatial arrangement of speciesdiversity asdueto separation of formerly continuous
ancestral distributions by environmental factors (such as the formation of deserts, sealevel rise
isolating offshoreislands etc.). Each of the species studied inthisthesisprovide contrasting levels
of vicariance and dispersal over their recent evolutionary history. In chapter 3, the high dispersal
ability of the Emu has likely erased previous phylogeographic structure of the mainland
population to some degree, as changing environmental conditions allowed repeated population
and/or range expansions into and out of refugia areas. Furthermore, as the majority of Emu



inhabit the southern regions of Australia, certain populations becameisolated by rising sealevels
after the Last Glacial Maxima (on Tasmania, King Island, and Kangaroo Island), and have
evolved as separate taxa as a direct function of this barrier to gene flow.

In contrast, although Ghost Bats (chapter 4) have experienced many of the same
environmental changes asthe Emu during the Quaternary, Ghost Bats have experienced different
vicariant and dispersal processes due to species-specific life history traits. For example,
geographically isolated Ghost Bat populations across both the northern (extant) and southern
(extinct) regions of Australiamay stem from either vicariance over long timescales or relatively
recent dispersal. Aswe know that modern Ghost Bat popul ations exhibit low dispersal abilities
(which has resulted in the high degree of population isolation in northern regions), the
expectation isthat the Ghost Bat would haverelatively high levelsof genetic diversity acrossthe
species as a whole, due to isolated populations preserving ancestral lineages (Avise 2000).
Therefore, using the genetic diversity of these populations and theories of the coalescent, | have
reconstructed the timescale over which these Ghost Bat popul ations likely became isolated, and
have drawn conclusions about the mechanisms (vicariance or dispersal) responsible for the
current phylogeographic patterns.

In chapter 5, | use acommensal species (the Polynesian chicken) to investigate human
movement in the Pacific, which isnot possiblewithin the Australian context dueto thevery early
arrival of modern humans. Chapter 5 highlights the major effect human mediated dispersal can
have on the spatial arrangement of genetic diversity in a species— especially where non-volant
Species are transported across sea barriers. Where such passive dispersal has occurred, the
human-commensal pair (or dyad) can be treated as one cohesive unit when examining
vicariance/dispersal processes, facilitating analysisin areas with limited human archaeological
remains. For example, populations of both human and chickens on the Asian mainland and in
island south-east Asia (ISEA) have developed genetic diversity in-situ as natural and cultural
barriersto gene flow formed over millennia. Changing climate conditions during the Holocene
fostered the appropriate pressures for the human-commensal dyad to disperse acrossthe Pacific,
leaving a genetic trail marking the route, and timing of this process.

Consequently, ancient DNA alows investigation of the interaction of vicariant and
dispersal processes that have formed the current patterns of genetic diversity seen in the three
Australasian species examined in thisthesis.

I ncor por ating other fieldsinto phylogeogr aphy

If the 19" and 20™ century’ s scientists focused on documenting and defining theworld’s
species (via taxonomic and systematic descriptions), then the 21% century’s scientists need to
focus on building upon this knowledge to gain an understanding about evolutionary processes,

and ultimately aim to manage the diversity of these speciesfor future generations. A paucity of



accurate data exists about the evolutionary history of the three taxa studied in this thesis, so
addressing questions about the historical processesinvolved in forming spatial arrangements of
genetic diversity will aid in extending our knowledge base for management decisionsinvolving
these species. However, phylogeographic research which uses purely contemporary
mitochondrial data to examine the ecological and historical processes responsible for
biogeographic patterns can only accessasmall portion of the evolutionary history. By expanding
the repertoire to include ancient DNA, coalescent-based analytical techniques, and ecological
niche modelling (ENM), researchers can more fully interpret the evolutionary footprints left by
historical processesin both ancient and modern patterns of genetic diversity. The addition of new
techniques to the traditional fields of taxonomy, phylogeography, population genetics, and
archaeology permit a range of new questions to be addressed which were not previously
accessible—and we can now place phylogeography in an even moreimportant juncturein the 21%

century.
Ancient DNA

Many developments have occurred in the field of molecular biology over the last three
decades that have greatly improved our ability to address questions about species evolutionary
history and ecological responses to changing environments. This is especialy true of the
significant advances in extracting and amplifying DNA from suboptimal biological resources,
such as organisms preserved in the palaeontological record. Studiesusing this‘ancient’” DNA,
such as those from fossilised plant or animal remains, have expanded researchers ability to
examinethehistory of organismsand taxalong sincedead (Vilaet al. 2001; Hofreiter et al. 2002;
Krause et al. 2008). We can now use ancient DNA (aDNA) to place extinct species within a
taxonomic framework (Hofreiter 2003; Bunce et al. 2005; Bunce et al. 2009); investigate the
geographic distribution of a species’ past genetic diversity (Aubry et al. 2009; Barnett et al.
2009); and put atemporal scale on speciation and other divergence events (Hofreiter et al. 2002).
The addition of aDNA to studies of evolutionary history and human impacts on biogeographic
patterns aids our knowledge of the complex biotic and abiotic interactions affecting species
during past glacial cycles. Moreover, aDNA studies of past genetic diversity can provide
information critical to improving our ability to preserve taxa and their diversity during future

environmental changes.
Definitions and background

Thehistory of ancient DNA
Thefield of ancient DNA (aDNA) can beloosely defined as focusing on the isolation of

genetic material from plant or animal remains that were not deliberately preserved for DNA
extraction. The origins of this discipline have its roots in an early study of an extinct South

African species, the Quagga (Higuchi et al. 1984). Three years later the development of the
3



polymerase chain reaction (PCR) technique (Mullis and Faloona 1987) allowed the field to
expand exponentialy, increasing both the variety of species studied, e.g., Bison, Woolly
Mammoth, Iberian desman, European spotted hyena, Holarctic shrew (Shapiro et al. 2004;
Nogues-Bravo et al. 2008; Morueta-Holme et al. 2010; Varela et al. 2010; Hope et al. 2011;
Lorenzen et al. 2011), as well as the age of the samples used, i.e., from 50 years old museum
samplesup to > 300 kyaice coresfrom Greenland (Willerslev et al. 2003; Willerdev et al. 2007;
Rowe et al. 2011).

Polymerase Chain Reaction (PCR)

The Polymerase Chain Reaction (PCR) uses a naturally occurring thermostable DNA
polymerase, Thermus aquaticus (Taq) to amplify targeted segments of DNA. PCR does this by
cycling through a series of temperature-dependent reactions: first, a denaturation step of 94° C
which separates the double-stranded helical structure of DNA; second, an annealing step
(generaly between 50-65° C) to bind an oligonucleotide primer to each single stranded DNA
molecule; and lastly, an extension step (between 64-72° C) that allows the Tag polymerase
enzymeto incorporate single complementary deoxyribonucleotide bases (AN TP s) onto the end of
the primer molecule ad infinitum. Repetition through these temperature cycles allows the
amplification process to exponentially increase the copies of the target DNA until hundreds of
thousands of copiesexist. Although thistechniquewasfundamental to the development of many
areas of molecular biology, it was particularly beneficial to thefield of aDNA because previous
methods such as bacterial cloning were poorly suited to the low copy number and highly
damaged and fragmented nature of the DNA in these ancient samples.

Contamination

Although the invention of this pivotal technique has permitted the retrieval of genetic
material from ancient remains, PCR a so has disadvantages. Any modern DNA that inadvertently
enters either the extraction or amplification reaction will be preferentially amplified over the
ancient fragmentary DNA. Until thisissue could be quantified and dealt with appropriately many
publications claimed the successful recovery of Miocene- and even Cretaceous-age DNA: from
plant chloroplasts (Golenberg et al. 1990), insectsin amber (Cano and Poinar 1993; Cano et al.
1993), and dinosaur bones (Woodward et al. 1994). Serious doubts were expressed about the
authenticity of these ancient sequences (Paabo and Wilson 1991; Graur and Pupko 2001), with
subsequent work on these (and other) million-year-old samples finding that they could not be
replicated (Austin et al. 1997), and therefore possibly stemmed from bacterial contamination
(Sidow et al. 1991; Desalleet al. 1993). Inresponseto these early difficulties, theaDNA field has
developed strict criteria to reduce contamination issues and promote authentication of results
(Hanadt et al. 1994; Cooper and Poinar 2000). These aDNA criteria include: 1) a physicaly
isolated work area — separate from other modern genetic labs, with one-way movement of



labware and personnel; 2) inclusion of control amplifications — in both extraction and PCR
reactions;, 3) appropriate molecular behaviour — aDNA is usually shorter than modern
contaminating DNA (Malmstrom et al. 2007); 4) reproducibility — at least two successful PCR
and sequencing reactions per fragment isrequired to confirm authentic sequence; 5) cloning—for
examination of damage patterns; 6) independent replication — so that systemic contamination of
lab reagents can be identified; 7) biochemical preservation — if no collagen is present for
radiocarbon dating, thenitisunlikely that DNA will be preserved; 8) quantification —quantitative
PCR isoften used to assessthe level of DNA present; and 9) associated remains—if other animal
remains from the same layer also yield aDNA then the results are more likely to stem from
endogenous DNA (Cooper and Poinar 2000). When such precautions are taken, it ispossible to
retrieve believable and accurate evidence of genetic diversity thousands of yearsold that can help
addressissues about modern species’ ability to survive current and future adversities. However,
our ability to successfully extract DNA in these instances is largely dependent on the specific
taphonomic processes that individual samples have been subjected to.

Degradation processes

During thelife of an organism, enzymesrepair DNA from the continual damage suffered
dueto chemical degradation (e.g., oxidative and hydrolytic processes), radiation, and freeradicals
etc. Theseinnate repair mechanisms cease after death, allowing various degradation processesto
proceed unchecked, resulting in 1) DNA strand breakages; 2) the formation of interstrand cross-
links (ICLs); and 3) theremoval or alteration of nucleotide bases (Paabo 1989). All three of these
damage types can prevent the DNA polymerase enzyme used in PCR from continuing
amplification past the damage site (resulting in shortened or fragmented DNA). However, only
the alteration of bases (i.e., from cytosine to uracil) tends to create ‘miscoding’ lesions that
actually allows the polymerase to continue replication but with the incorporation of erroneous
nucl eotide bases (Paabo 1989).

DNA preservation

Knowledge of bone diagenesi s (the post-mortem chemical and physical processes bones
go through inthe depositional environment) iscentral to understanding how DNA ispreservedin
its biomolecular environment as cellsand their accompanying proteins and minerals decompose
(Nielsen-Marsh 2002). However, little is understood about the details of these processes. Bone
diagenesis appears to follow three main pathways: slow chemical degradation of the proteins,
resulting in bones with good histology; fast chemical degradation of the mineral component,
resulting in boneswith poor histology; and/or fast microbial degradation of the proteins, resulting
in complete loss of bone from the depositional environment (see Table 1; Nielsen-Marsh 2002).
The extent to which each proceeds in isolation or concurrently with the othersis also not well

known.



Tablel. Summary of current under standing about bonediagenesis pathways (from Niel sen-

Mar sh 2002)

Pathway 1

Pathway 2

Pathway 3

Slow loss of protein through
chemical degradation

Rapid dissolution of mineral

through chemical degradation

Rapid loss of protein through
microbia degradation

Assumed dlow  mineral | Rapid mineral replacement No mineral replacement
replacement
Resultant fossil has good | Resultant fossil has poor | Bone lost from  the

histology histology paleontol ogical record

Water is one of the main sources of degradation in bone remains, as it dissolves the
mineral crystals(i.e., bone apatite) and promotesthe growth of microbes (Bollongino et al. 2008).
Increased temperatures also enhance chemical degradation and microbial attack, while low pH
(acidic) soils also dissolve the mineral structure (i.e., calcium phosphate) of bone apatite
(Bollongino et al. 2008). Therefore, it appearsthat aslong asbone mineral isstable and microbial
attack is limited (i.e., pathway 1 dominates) bones have a higher chance of containing well-
preserved biomolecules (including DNA).

Bones (and teeth) preserved in permafrost sites provide excellent conditionswhere DNA
isoften preserved for 10,000-100,000 years. These cold/dry depositional environmentsgenerally
result in high success rates of DNA recovery (Bison sp. success rate 352/442 in Shapiro et al.
2004; Ovibos moschatus success rate 207/446 in Campos et al. 2010). In fact quantitative PCR
studies in Mamstrom et al. (2007) and Schwarz et al. (2009) have shown that permafrost
mammoth bones dated between 11,900-48,000 ya BP have similar preservation levels as
Neolithic/Middle Ages archaeological bone remains from non-permafrost conditions, based on
lambda values of damage frequency from linear regression models developed by Deagle et al.
(2006). However, in recent years the field of aDNA has diversified into a variety of alternate
sample types, including coprolites (Poinar et al. 1998; Hofreiter et al. 2000), hair (Gilbert et al.
2004; Gilbert et al. 20073), nails (Gilbert et al. 2007b), feathers (Rawlence et al. 2009; Hartnup et
al. 2011), regurgitated owl pellets (Poulakakis et al. 2005), eggshell (Oskam et al. 2010; Oskam
etal. 2011), sediments (Haileet al. 2009; Madejaet al. 2010), seeds (Gyulai et al. 2006; Nasab et
al. 2010; Varelaet al. 2010; Fan et al. 2011), plant exocarp (Erickson et al. 2005), and pathogens,
such as Yersinia pestis (which causesthe plague; Boset al. 2011) and Bordetella pertussis (which
causes whooping cough; Theves et al. 2011). Each of these new substrates differs in its own
particular inherent abilities to repel water and microbes, two of the major damaging agents of
DNA. Each substrate is therefore also likely to exhibit differential uptake of bacterial

contamination, degree of DNA damage, template concentration, and level of PCR inhibitors.
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Where these damaging agents are minor, these sub-optimal sampletypes can potentially be used
for examining species history over evolutionary timeframes.

During the last few years in particular, the likelihood that |ess-than-ideal samples can
provide useful genetic material hasincreased through the optimisation of extraction techniques
and the development of next generation sequencing (NGS) technology (Oskam et al. 2010;
Oskam et al. 2011; Paplinskaet al. 2011; Roweet al. 2011). These sub-optimal samplesinclude
those from non-permafrost sites, such as the semi-arid, temperate, and/or tropical regions that
have in the past rarely produced replicable DNA of any great age (Bollongino et al. 2008;
Schwarz et al. 2009). A focus on finding the location of preserved DNA within ancient
bone/eggshell samples, and therefore the best way to extract it (Oskam et al. 2010; Camposet al.
2011), hasimproved knowledge of why certain extraction methods give higher DNA yields. In
particular, Oskam et al. (2010) has highlighted the exceptional DNA preservation ability of
eggshell dueto thissubstrate’ s stableintra-crystalline organic matrix (Oskam et al. 2010; Oskam
et al. 2011). As eggshell, in particular, is often preserved in Australian archaeological and
pal aeozool ogical sites, thisresearch has opened the door to molecular datafrom Pleistocene age
fossilsfrom Australian sites otherwise out of reach. At the other end of thistemporal spectrum,
the increasing use of museum samples (collected in the last few hundred years) in NGS studies,
has highlighted the utility of this otherwise untapped genetic resource preserved in museums
around theworld (Rohland et al. 2004; Wandeler et al. 2007; Paplinska et al. 2011; Rowe et al.
2011).

Natural History Collections

The natural history collections held in museums around the world are repositories of a
unique and irreplaceable record of past biodiversity (Wandeler et al. 2007; Rowe et al. 2011).
The traditional specimen types (skins, skulls, and alcohol-preserved whole bodies) provide a
record of phenotypic diversity and historical geographic distributions, with type specimens
offering the key to defining and re-defining taxa long after their date of initial collection.
Although the recent museum practice of preserving modern tissue samplesincreasesour ability to
easily extract genetic information, the traditional specimen types offer a longer time series,
sometimes spanning centuries, but without optimal storage conditions. The degraded nature of the
DNA in these traditional specimen types means a more expensive and laborious extraction
process, and shorter amplicons (often of < 200 bp in length; Wandeler et al. 2007). In thisway,
many aspects of natural history collections resemble aDNA samples

Themain difference between ‘true’ aDNA specimensand natura history collectionsisthe
time since death of the organisms. However, as many museums sample storage areas are not
optimal for DNA preservation, even the significantly younger age of these sampl es cannot negate
the oxidation, heat and chemical degradation that occursover timeand result in fragmented DNA



and damaged nucleotide bases. These sub-optimal conditionsgenerally include storage at ambient
temperatures with temperature and humidity swings, rather than in fridges or freezers. An
example of thisis seen in the relatively high level of DNA damage in a permafrost mammoth
bone kept at |ow ambient temperaturesfor 30 years, compared to those stored below 0° C for the
10 years since they were excavated (Schwarz et al. 2009). Australian museums do not use air-
conditioning of storage space as standard practice, and consequently many specimens have been
exposed to repeated seasonal temperature fluctuations and have advanced stages of DNA
degradation.

Ancient DNA in the Australasian region

As the generally hot and humid/arid climate of the Australasian region is generally
unsuitable for DNA preservation, there have been few aDNA studies conducted here. The
temperate regions of New Zealand are an exception, with studies of moa dominating (Cooper et
al. 1992; Cooper et al. 2001; Huynen et al. 2003; Bunce et al. 2005; Huynen et al. 2008;
Allentoft et al. 2009; Bunce et al. 2009; Allentoft et al. 2010), but also individual studies of the
Haast eagle (Bunce et al. 2005) and the Kiwi (Shepherd and Lambert 2008). However, the
predominantly tropical, sub-tropical, and/or arid climates of therest of the Australasianregion are
generally bad for DNA preservation.

The Australasian region

The poor preservation conditions in Australian environments partially explain why
knowledge about the environmental effects of climatic cycles on species in the southern
hemisphere lags behind that of the northern hemisphere (Beheregaray 2008; Byrne et al. 2008).
Therolethat |ate Quaternary climate and environmental change have played inthe diversity and
distribution of present day plants and animals is a worldwide phenomenon. In the northern
hemisphere, theimpact of glacial/interglacial cycleson species hasbeen investigated extensively,
e.g., North America, the Arctic, and Beringia (Taberlet et al. 1998; Hewitt 2000; Barnes et al.
2002; Hadly et al. 2004; Shapiro et al. 2004; Bhagwat and Willis 2008; Debruyne et al. 2008;
Aubry et al. 2009; Campos et al. 2010; Shafer et al. 2010), with the environmental effects
associated with fluctuations of glacierswell understood (Muller and MacDonad 1997; Clark et
al. 2009).

In contrast to the Northern Hemisphere, the manifestation of past glacial cycles in
Australiahasbeen in fluctuations of aridity (Barrowset al. 2002). Thiscyclical desertificationis
thought to have led to repeated movement and reassembling of ecosystems during the Quaternary,
which seems to have created distinctive phylogeographic patterns in the modern biota of
Australia (Byrne 2008). One such pattern is seen in some widespread species that exhibit low
genetic diversity and little geographic structuring, including those with suggestions of recent
range expansions (Byrne 2008). These low diversity taxainclude many bird species, e.g., ducks,



parrots, cuckoos, and arange of passerines (Joseph et al. 2002; Joseph and Wilke 2006; Joseph et
al. 2006; Toon et al. 2007; Kearns et al. 2009; Guay et al. 2010; Kearns et al. 2010), aswell as
somereptile and amphibian (Kuch et al. 2005; Burnset al. 2007), and plant species (Sandalwood,;
Byrneet al. 2000). Thislack of genetic diversity hasal so been highlighted in many of Australia’s
unique and iconic marsupials (Koala, Eastern Grey Kangaroo, Y ellow-bellied Glider, Brush-
tailed Phascogale; Houlden et al. 1999; Spencer et al. 2001; Zenger et al. 2003; Brown et al.
2006). For these highly vagile and/or relatively widespread species, reconstructing demographic
historiesisacomplex issue because few barriers have restricted their dispersal. Limited genetic
diversity isoneof thefew signsto indicate theimpact of past climatic and environmental change.
The addition of ancient DNA (aDNA) to these phylogeographic studies (termed
phylochronology; Hadly et al. 2004), provides a potentia to focus directly on the genetic
evidence of demographic changes as they occurred. Unfortunately, the retrieval of aDNA from
sub-fossil bone is hampered by the extreme Australian climatic conditions that created the very
demographic histories of interest.

Australia’sarid zone

In general, our ability to reconstruct the evolutionary history of a speciesis based on an
understanding of climate and geology of the region in which they live: we expect some level of
agreement between physical and biological histories, such that physical barriers to gene flow
coincide with populations isolated on either side of the barrier. In many instances this
concordance has been detected in the contemporary genetic diversity of many species. As
knowledge about the origins and changes in past continental biomes is gained through
pal aeoclimatic studies, the patternsin more Australian species are being investigated. So far, the
majority of Australian studies havefocused on species of thewet tropicsrainforests (Joseph et al.
1995; Schneider et al. 1998; Bell et al. 2010) and temperate eucalypt forests of the south-east
(Chapple et al. 2005; Dubey and Shine 2010), with species of the arid zone largely neglected
(Byrne et al. 2008).

The Australian arid zone is defined as the region with a moisture index
(rainfall/evaporation) of <0.4 (Byrneet al. 2008). The highly variablerainfall and soil infertility
of the Australian arid zone means that it differs substantially from the well-studied North
American and European correlates (Etten 2009). The lack of reliable rainfall is caused by
interactions of the varying ocean climates surrounding the Australian continent: including the El-
Nino Southern Oscillations, inter-decadal Pacific Oscillations, and the Indian Ocean Dipole
(Quigley et al. 2010). Thelack of soil nutrients, on the other hand, stemsfrom the ancient nature
of the Australian landscape: the highly weathered geology is exacerbated by the lack of renewal
by volcanism, glacial activity, or wind-borne nutrients (Morton et al. 2011). The combined lack
of rainfall and soil nutrients creates phylogeographic patterns in the flora that match rainfall



predictability and nutrient quality, with concomitant patterns of digestibility to herbivores
(Morton et al. 2011). Shared floral and faunal patterns can be seen in the geographic distribution
of plants that express the toxin fluoroacetate where 33 of the 34 Australian plant species that
naturally produce thistoxin are restricted to the southwest corner of Western Australia. In those
animal speciesthat are susceptibleto thistoxin, fluoroacetate blocksthetricarboxylic acid cycle,
which allows citrate to accumulate in the tissue and blood, eventually causing death (Twigg et al.
1988). However, many native fauna have devel oped a tolerance to fluoroacetate and this region
seemsto have provided arefugium for plants and fluoroacetate-tol erant faunain the past (King et
al. 1978; Oliver et al. 1979; Mcllroy 1984), which includesthe Emu (Twigg et al. 1988). Where
species are fluoroacetate-tol erant, but now inhabit regions outside the southwest corner, a deep
history of co-evolution in the southwest can be inferred.

More generally, foodwebs in the Australian landscape ultimately mirror levels of water
and nutrient access, with intermittent heavy rainfall allowing rapid population size increase in
rodent and invertebrate species. After these ephemeral but intense rainfall events, endothermic
vertebrate speciesthat feed on the newly sprouting flora (or on the expanding small mammal and
insect species) also flourish, either by large-scal e population increases or by migration into these
prosperous areas (Dickman 1999; Burbidge and Fuller 2007). Two Australian species, the Emu
and the Ghost Bat are both likely to have responded to high rainfall events such as these. Asa
nomadic omnivore, the Emu is constantly on the movefollowing the intermittently abundant food
resourcesthat respond to thisrainfall; seeds, flowers, young sprouting annualsand perennials, as
well asinsects (Davies 2002). In fact, Emus seem to be conscious of the cues signalling heavy
rain, asin western Australiathey have been detected not only migrating according to thedirection
of predominant seasonal rainfall (north in summer, south in winter), but when areversal in the
normal seasonal rainfall occursthey reverse their migration patterns (Davies 2002). In contrast,
and despite the Ghost Bat’ s capacity for flight, it has neither alarge homerange, nor the ability to
occupying a wide range of landscapes/habitats that the Emu has. However, given the large
distribution of the Ghost Bat it appears to have al so experienced |ong-distance dispersal at some
timein the past. The genetic signatures of these demographic and spatial expansions aretestable
by coal escent-based analysis techniques such astests of expansionin Arlequin, Baysian Skyline
Plots as well as Bayesian Serial SimCoal (see chapter 2: Methodol ogy).

Tropical sitesin the Pacific

Although age appearsto have had the greatest impact on DNA preservation in permafrost
or temperate environments (i.e., more samples go through pathway 1 in Table 1), in the tropics
the specific depositional environment seemsto have played more of arolein DNA preservation
(i.e., pathways 2 and 3 appear to dominate). The combination of hot and wet conditions in
tropical areas, found on many Pacific Islands, has restricted the age range of samples that have
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yielded DNA. However, as many of the questions investigated with archaeol ogical material in
the Pacific Islands were within the last few thousand years (rel ated to the cultures that colonised
these islands during the Holocene), there is a chance DNA has been preserved sufficiently to
allow amplification. Thefact that many bones have been excavated from archaeological sitesin
the Pacific Islands (Steadman and Intoh 1994; Allen and Craig 2006; Barneset al. 2006; Storey et
al. 2008a) hasindicated at | east some depositional environmentswere conducive to biomolecular
survival — suggesting that a subset of these sites may have had temperatures and pH levels
suitable for DNA preservation (Nielsen-Marsh 2002).

Many of the archaeol ogical sites on Pacific I slandswere exposed sand dunes or middens,
which have likely had water draining through them on aregular basis, which has affected DNA
preservation in those remains buried deep within the dune/midden (i.e., protected to a greater
degree from extremes of temperature), as well as those that were closer to the surface (i.e.,
exposed to higher ambient temperatures). Furthermore, the soil pH of these sand dunes/middens
werelikely alkalinefrom the coralline sand and cal careous soils dominating many Pacific Islands
(Morrison 1990; Horrocks and Bedford 2005). Although alkaline soils have been shown to
preserve bones better than acidic soils, alkaline soilshave not been compl etely beneficial for bone
minerals either, as under alkaline conditions and where carbon dioxide has been present,
bicarbonate has be released that can further destroy bone apatite, exposing endogenous DNA to
theelements(Bollongino et al. 2008). Taking all these dune/midden characteristicsinto account —
water movement, temperature buffering ability, and pH of soil matrix —these open environments
have likely provided highly variable DNA preservation conditions (Robins et al. 2001).

As a result of the variable preservation conditions, caution needs to be taken in
authenticating DNA sequences from any ancient Pacific samples. This is particular relevant
where commensal species are the focus of ancient DNA studies, asthesetaxaare also the likely
source of contaminating DNA in both laboratories and field sites. Although few studies have
investigated this issue, field contamination has likely occurred in the past, especially where
modern populations of the same species have still occupied the archaeological site, as has been
the case with cattle in Morocco (Bollongino et al. 2008). Contamination of |aboratory reagents
and consumablesisamore accepted form of contamination, especially by commensal animalsas
DNA from these species are the most likely in factories/|aboratories where items of plasticware
and reagents are prepared and packaged (Gilbert et al. 2005; Leonard et al. 2007). Y et, many
studies on commensal animalsignore relatively simple contamination reduction measures, such
as adding a heat-labile endonuclease (which cleaves phosphodiester bonds in double stranded
DNA) to PCR reactions to eliminate potential reagent contamination (Champlot et al. 2010).
Shrimp DNase (USB 2006) isone example of such an endonuclease, and isadded to PCR master
mixesto degrade any contaminating double stranded DNA in the PCR reagents and plasticware,
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prior to addition of the DNA extract to beamplified. Unfortunately thistreatment will not remove
any contaminating DNA that may have been present in the extraction reagents/plasticware, nor in
the sample itself from field contamination. However, the addition of this simple procedure to
ancient DNA studies goes some way to increasing confidence in the authenticity of results
involving commensal species (Storey et al. 2007; Storey et al. 2010).
Caves asrepositories of faunal remains

In both arid and tropical regions, the mgjority of older material yielding DNA comesfrom
the buffered environments of caves. Caves have long been known as a rich repository of
Quaternary faunal remains, including hominins such as the Neandertha and associated
Mousterian faunal remains from Mezmaiskaya cave, Russia (Baryshnikov et al. 1996;
Ovchinnikov et al. 2000); the Denisovan finger bone from Denisova Cave, Siberia(Reich et al.
2010); and Homo floresiensis from Liang Bua Cave, Flores; island fauna, such as giant rodents
and dwarfed stegodons also from Liang Bua, on Flores, (Morwood et al. 2004; van den Bergh et
al. 2009); as well as remains of extinct megafaunal species from the Middle Pleistocene from
caves in Naracoorte, South Australia and the Nullarbor Plain, Western Australia (Reed and
Bourne 2000; Prideaux et al. 2007). Where these cave sites are in temperate climates, ancient
DNA has been successfully retrieved from important samples in the age range of 30-50,000 ya,
e.g., Neanderthal and Denisovan remains (Ovchinnikov et al. 2000; Smith et al. 2001; Reich et
al. 2010). Asyet no authentic DNA has been generated from Homo floresiensis from a tropical
site nor from anything older than 19,000 ya Emu eggshell samples from Tunnel Cave, Western
Australia (Oskam et al. 2010). It appears that not even cave environments can buffer the high
temperatures these regions experience over millennial time-scales. As with the tropical
environments of the Pacific Idlands, researchers may need to lower their expectations of the age at
which DNA can be preserved from these Island Southeast Asian and Australian sites.

Applications of ancient DNA

Scientists are increasingly using aDNA to provide critical data for investigations of
evolutionary patterns and processesin single species and biotas. Questions about past responses
to Pleistocene climate cycles can be elucidated when evol utionary biologistsareinvestigating the
ability of extant speciesto adapt to future climate change (Hadly et al. 2004; Shapiro et al. 2004;
Chan et al. 2005; Smith and Betancourt 2006; Jones 2008; Nogues-Bravo et al. 2008; Hofreiter
and Stewart 2009; de Bruyn et al. 2011). Conservation biologiststhat areinterested in the effects
of habitat fragmentation on native taxa, can useaDNA to address how best to conserve remaining
diversity (Miller and Waits 2003; Barnett et al. 2006; M artinez-Cruz and Godoy 2007; Paplinska
et al. 2011). And finally, when archaeological contexts are under study, questions regarding
domestication events can beinvestigated using aDNA (Allen et al. 2001; Jaenicke-Despreset al.
2003; Larson et al. 2005a; Larson et al. 2005b; Dobney and Larson 2006; Larson et al. 20074;
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Larson et al. 2007b; Storey et al. 2007; Dobney et al. 2008; Storey et al. 2008b; Larson et al.
2010). Each of thesefields of science (and others) can benefit from the inclusion of aDNA from
fossil samplesin their research.

Taxonomy, Natural History and Evolutionary biologists

The Emu

Although native to Australia, the ubiquity and widespread nature of the Emu has meant
reduced scientific interest in its population genetic and demographic history (although see
Hammond et al. 2002; Heupink et al. 2011). Thisisimportant as many of our large and iconic
speciesexhibit low levels of diversity, which poses adanger to their health and persistence, e.g.,
the Tasmanian Devil (Miller et al. 2011). Devil Facial Tumour Disease (DFTD) inthe Tasmanian
Devil (Sarcophilus harrisii) is one example of how low genetic diversity within a species can
reduce the ability of the immune system of an organism to fight disease, resulting in rapid
declines and the possibility of extinction (Hawkins et al. 2006). Therefore, at a minimum, the
genetic diversity level of all Australian species needs to be better characterised, including taxa
that are common and/or widespread.

There have been few studies of the modern genetic diversity of Emus. Microsatellite
diversity levels have been investigated for farmed Emus (from Australian and Thai farms) vs.
wild Emus (Hammond et al. 2002). Asthe Emu has been extensively farmed for food, meat and
oil, farmers have a vested interest in maintaining good genetic diversity levels for breeding
purposes (Hammond et al. 2002), however this may also have affected the level of genetic
similarity that farmed Emus have with wild populations (e.g., farmed Emus may have been
subject to bottlenecks, genetic drift, and outbreeding). Another study has compared extinct King
Island Emu mitochondrial DNA to farmed mainland Emus (from Australian and New Zealand
farms; Heupink et al. 2011). The study by Heupink et al. (2011) found the King Island Emu to
lack genetic differentiation from the mainland Emu, however this study has been restricted to just
four specimens of only one of the island species studied here (chapter 3), and with only farmed
mainland Emus of unknown provenance for comparison. By compiling an extensive mainland
Emu dataset for comparing against al island Emu species/subspecies, the study in chapter 3
provides amore complete picture of the evolutionary history of the Dromaiusgenusin Australia.
The Emu: morphology

The study by Heupink et al. (2011) also investigated the morphological differences
between the King Island Emu and mainland Emus by examining skull shape, which they
compared by eye. Furthermore, the morphol ogical comparison lacked rigorous statistical analys's,
such as principal component analysis. Although Heupink et al. (2011) proposed that skull shape
has been used to distinguish these taxa (with no citation to support this point), they noted that the

morphological differencesin cranial contours between these two taxa appeared to resemble age-
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specific differences within the mainland Emu, as the same dome shape seen in the King Island
Emu was also present in immature mainland Emus. Heupink et al. (2011) also ruled out two of
the other supposed distingui shing traits between the King I sland Emu and the mainland Emu: the
distal foramen of the tarso-metatarsus, which was also variable within the mainland Emu (again
with no citation in support of this point); and plumage colouration, which Heupink et al. (2011)
cast doubt on due to alack of variation in 57bp of the melanocortin 1 receptor (MC1R) coding
region (see chapter 3 for discussion on using only one melanin coding gene to definitively
exclude a genetic basis for plumage colouration differences). However, the discussion on
morphological differences between the dwarfed King Island Emu and the standard-sized
mainland Emu by Heupink et al. (2011), did not focus on the main morphological difference —
lower limb size. The study in chapter 3 has addressed this gap by analysing morphological

analyses of limb bones from both island dwarfed Emus and the full-sized mainland Emu.
The conservation of vulnerable species
The Ghost Bat: extinction hypotheses

Many Australian taxa have aready become extinct due to a combination of climatic
change and human-induced ecosystem disturbance - athird of all worldwide mammal extinctions
since 1600 AD have occurred in Australia (Short and Smith 1994). In order to preserve our
remaining biodiversity now and into the future, knowledge about causes of popul ation extinctions
invulnerable speciesis needed. One such species under threat is Australia’ slargest carnivorous
bat, the Ghost Bat (Macroderma gigas). The Ghost Bat is a monotypic Microchiropteran bat
restricted to Australia that has been both abundant and widespread in the past: it is dominant in
25Myadepositsat Riversleigh and is present in more recent subfossil cave remainsthat span the
continent (Churchill 2008). However, the Ghost Bat’ s distribution has contracted to the northern
coastal fringe since European settlement (Worthington Wilmer et al. 1994). All historic sightings
of live bats were of single individuals or small colonies (Douglas 1956; 1957; Butler 1961;
Douglas 1967), suggesting these populations declined rapidly or had already declined
substantially as Europeans colonised the continent.

Hypotheses posed to explain the contracting distribution of the Ghost Bat include
increasing aridification during the Pleistocene/Holocene; changes in fire regimes when
Aboriginal people left their country causing a decline in small mammal species that are afood
source during the dry season (Burbidge et al. 1988); or it may be a combination of climatic and
anthropogenic factors. Until the timing of the initial gene flow between the extant and extinct
populations and their subsequent range reductions, as well as the ecological niche of the Ghost
Bat are known, these hypotheses cannot be tested. Therefore, in chapter 4, | examine the ancient
patterns of gene flow in the Ghost Bat by including samples of extinct populations in a
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phylogeographic study of genetic diversity and estimate the ecological niche from occurence
data.

Anthropology and Archaeology

Colonisation of the Pacific

The movement of Polynesians across the Pacific was one of the last great human
migrations; the nature, timing and route of which have been debated for centuries (Meggers 1975;
Kirch 2000; Hurles et al. 2003). However, controversy over the existence, or extent of
prehistoric contact between the Pacific and South America is ongoing. The presence of South
American domesticates, the bottle gourd and sweet potato, in early sites acrossthe Pacific (Hather
and Kirch 1991; Clarke et al. 2006), appear to support this prehistoric contact. However,
fundamental issues with these studies remain. Modern molecular work on the bottle gourd and
sweet potato have been complicated by admixture with later/multiple introductions of the same
Species; post-European hybridisation has occurred between Asian and American bottle gourdsin
the Polynesian populations studied (Zhang et al. 2004); and 16™ century transportation of the
sweet potato from Mexico to the Philippines has influenced both the Filipino and potentially
Oceanian gene pools analysed (Montenegro et al. 2008). Also, simulation studies have not
excluded natural or ‘rafting’ dispersals in these species; bottle gourds float, and experimental
studies have found them to still be viable after >7 months in seawater (Whitaker and Carter
1954). Sweet potato seeds are known to be spread by birds (O'Brien 1972), and being buoyant,
their seed capsules may also have floated, or attached to other floating debris, from South
America (or more likely Central America, as the Polynesian sweet potato shares more genetic
affinity, and similarly high diversity levels, with Mexican rather than Peruvian/Ecuadorian sweet
potatoes) (Montenegro et al. 2008). Given the multitude of equivocal evidence, what isneededis
adefinitive genetic link between the Pacific and South America. Zooarchaeological remains of
commensal species provide the greatest opportunity to address this issue. This strategy is
otherwise known as the ‘commensal mode!’.

The Commensal M odel
The basis of the commensal model is that the phylogeographic patterns of species that livein

close association with humans should track the movement of cultures acrossthe landscape. Inthe
strict sense, commensalism can be defined as an association between two species, one of which
benefits while the other derives no benefit or harm. In the Pacific, commensa species are
generally seen as those animals that have been part of the transported landscape of the
Polynesians, such asthe pig (Susscrofa), dog (Canisfamiliarus), rat (Rattus exulans) and chicken
(Gallusgallus). The Polynesians are thought to have transported these speciesin order to provide
aportable source of protein. Of the four Polynesian commensals, only the chicken hasrelatively

high levels of mitochondrial genetic variability. Thishigh level of genetic diversity stemsfrom
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the fact that chickens were domesticated multiple timesin different geographic centres of Asia
(Liu et al. 2006; Kanginakudru et al. 2008), promoting theisolation of different haplogroupsin
various geographical centresand the movement of specific lineageswith human culturesaround
the world. Each of the nine chicken haplogroups has a slightly different biogeographic history,
which has both advantages and disadvantages in reconstructing the movement of the human-
commensal dyad (Liu et al. 2006).

Haplogroups D and E: the Pacific

Each of the nine highly divergent chicken haplogroups (designated A-I) have distributions
influenced by the original natural diversity of the chicken, overlaid by separate domestication
events within Asia, and the subsequent transportation by humans (Liu et al. 2006). Haplogroups
D and E have both been found in chicken bones from archaeological deposits in the Pacific,
however conjecture about the authenticity of the latter haplogroup from ancient chicken remains
exists (Gongora et al. 2008). As the domesticated chicken lineages that were transported to
Europe prehistorically, and around the world during the *Age of Exploration” appear to belong to
haplogroup E, the high proportion of haplogroup E in current chicken populations worldwide is
not unexpected (Liu et al. 2006). The pervasiveness of this haplogroup in post- and pre-European
chicken populations worldwide makes it phylogeographically uninformative. On the other hand,
haplogroup D has a more “localised’ distribution in the Asia-Pacific region. Haplogroup D has an
hypothesised homeland in India or Indonesia, and an acknowledged anthropogenic transportation
route following the cultural activity of cock-fighting (including gamecocks from China and
Japan) (Liu et al. 2006). Furthermore, no known haplogroup D chickens have been detected in
European chicken stocks. Therefore, the ‘localised’ nature of haplogroup D gives it an advantage
over the “worldwide’ haplogroup E for accurately reconstructing the movement of Polynesians
into, and across, the Pacific.

Paolynesian chickensin South America

Studiesinvestigating ancient chickens as aproxy for Polynesian migration patterns have
proposed evidence in support of trans-Pacific contact (Storey et al. 2007), which consists of a
single pre-Columbian archaeological chicken bone from El-Arenal in Chile sharing an E
haplotype (which is common worldwide) with samples from two Polynesian islands: American
Samoa(n=1, Fatu-ma-Futi site) and Tonga (n=1, Mele Haveasite); plus being one base pair (bp)
different (but still common worldwide) from samplesfrom another sitein Tonga(n=1, Ha ateiho
site), and from sites on Hawaii (n=1, Kualoa site), Niue (n=1, Paluki site), and Rapa Nui (n=1,
Anakena site). However, not only do the limited number of these samples pose problems but,
likein other high profile studiesin Pacific archaeology (Wilmshurst et al. 2008), the radiocarbon
dating of the ancient South American chicken samples (n=3) have been brought into question
(Gongora et al. 2008). This doubt over the chronological authenticity has important
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ramifications, as without irrefutable pre-European dates, the ubiquity of this particular
hapl ogroup meansthese chickens could have been introduced by: 1) Polynesians(ca. 1300A.D.;
Wilmshurst et al. 2011); 2) thefirst authentic Portuguese colonisersin 1500 A.D. (Carter 1971);
or 3) by earlier explorers responsible for the first map showing South America, drawn in 1448
(Batalha-Reis 1897). It is also salient to note that any contamination from modern domestic
animal DNA in lab materials, which isacommon problemin aDNA work (Leonard et al. 2007)
(yet often underappreciated outside it), could generate these worldwide chicken haplotypes.

Thisbackground therefore provides a context for the study detailed in chapter 5, wherel
investigate Polynesian migration/trade routes, by using new aDNA protocol s and contamination
reduction measures to examine a range of modern and archaeological samples from across the
Pacific. Inaddition, aselection of Storey et al’ s (2007) Pacific archaeological sampleswerere-
examined, including the important Rapa Nui specimen linking east Polynesian and South
American chickens, to explorethe authenticity of the common worldwide hapl otype appearingin
ancient Polynesian chickens.
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Thesis outline

The use of ancient DNA analyses, in concert with coalescent-based analyses and
ecological niche modelling, has greatly increased our capacity to answer questions on species
evolutionary and ecological history. Theresearch presented here highlightsthe ability of ancient
samplesfrom non-permafrost regions (and therefore with non-optimal preservation conditions) to
increase our knowledge about Australasian species’ evolutionary and ecological responses to
climate and sea-level change. In particular, | investigate Pleistocene-age patterns and potential
barriersto gene flow in awidespread non-flying bird species (the Emu; chapter 3), and arange-
restricted flying mammal species (the Ghost Bat, chapter 4) inthe Australian context. In addition,
| also answer questions regarding the spread of a human-commensal species pair in response to
the lowered sea levels and climate amelioration in the Pacific during the late Holocene (the

Polynesian Chicken; chapter 5).
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Chapter 2
M ethodology

This thesis aims to test the ability of ancient DNA (aDNA), in combination with other
techniques, to reconstruct the recent evolutionary history of arange of species. the Australian
Ghost Bat (chapter 4) and Emu (chapter 3) and the Polynesian chicken (chapter 5). These species
were chosen because they exemplify evolution across a range of timescales and geographic
situations, and are represented by well-preserved ancient bonesin caves, archaeological sitesand
museums.

This chapter, on Methodology, outlines the aDNA methods used to extract genetic data
from the Emu, Ghost Bat, and Chicken samples, before describing the coalescent-based
techniques used to reconstruct their evolutionary history, such asBayesian Evolutionary Analysis
of Sampling Trees(BEAST), Bayesian Skyline Plots (BSP), Bayesian Serial Simcoal (BayeSSC),
and the use of Arlequin to perform tests of demographic and range expansions. This chapter then
discusses the Ecological Niche Modelling (ENM) methods, such as Ecological Niche Factor
Analysis (ENFA) and Maximum Entropy (MaxEnt), used to predict the Ghost Bat’ s ecological
niche and geographic distributionsin current, past, and future environments. L astly, the statistical
tests used to examine the haplotype frequencies recording the dispersal of the Polynesian
Chicken’ will be described.

Ancient DNA laboratory methods

Inthe early daysof theaDNA field, DNA wasfirst extracted from fossil remainsusing a
phenol/chloroform protocol with centrifugal dialysis (Paabo et al. 1988), but this was soon
replaced by silica-based methods that use guanidinium thiocyanate (GUSCN), a chaotropic salt
that reduces co-extraction of inhibitors (Hoss and Paabo 1993; Rohland and Hofreiter 2007a;
2007b). All aDNA methods aim to maximise the extraction of endogenous DNA, while
minimising the co-extraction of inhibitorsfrom the surrounding environment, such ashumic and
fulvic acids (Wilson 1997), and Maillard products (Paabo 1989). Silica-based kits for specific
sample types that utilise the inhibitor reduction potential of GUSCN are now commercially
available. The application of these commercial kits to aDNA samples has been proven to
significantly reduce the per-sample cost of extracting DNA without affecting the efficiency
(Yang et al. 1998).

The optimisation of these silica-GUSCN extraction methodsfor different typesof sample
is still underway (eggshell; Oskam et al. 2010; museum samples; Paplinska et al. 2011). The
extraction method | developed for the work outlined in this thesis is another instance of
optimisation of asilica-GUSCN extraction method, thistime specifically devel oped for specimens

where minimal samplevolumesare available, which iscommon in studies of small mammalsor
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birds. Instead of extracting DNA from the collagen-containing fraction only (after removal of the
hydroxyapatite-contai ning fraction), my extraction method digests and purifies DNA from both
fractions simultaneously using a modification of the commercial DNeasy Blood and Tissue Kit
(Qiagen, Valencia, CA). Recent research quantifying the differential preservation of DNA ineach
of these fractions has found that an approach using both fractions gives higher DNA yield than
those which discard the hydroxyapatite-containing EDTA supernatant (Y ang et al. 1998; Rohland
and Hofreiter 2007b; Campos et al. 2011)

Extraction method

Each bone was ground to fine powder in a Mikrodismembrator (5000 rpm, for 10
seconds). For specimens with relatively large sample volumes, approximately 70 mg of bone
powder was decal cified concurrently with protein digestion by incubation at 55 °C overnight in
ImL of extraction buffer (consisting of 0.4725 M EDTA (pH=8.0), 0.2 % sodium dodecyl
sulphate (SDS), and 0.7 mg.ml™ Proteinase K). After digestion, samples were centrifuged at
10,000 rpm for 5 mins and the supernatant was transferred to an Amicon ultra-4 (Millipore),
which was centrifuged at 4000 xg until only 100 pL supernatant remained. The supernatant was
washed with 1 mL molecular grade water and centrifuged again (at 4000 xg until only 100 pl
remained). An equal volumeof ATL buffer (Qiagen DNeasy kit) wasthen added, mixed, and the
supernatant removed to a2 mL screw-cap tube. The supernatant wasincubated for 10-60 mins at
room temperature on arotary mixer after the addition of an equal volume of AL buffer (Qiagen
DNeasy kit) and 0.02 pg.pl™ of carrier RNA. After the incubation, an equal volume of ethanol
(100 %) was added, and then the total volume was transferred to a Qiagen DNeasy spin column
where it was incubated at room temperature for 1060 mins. The extraction then followed the
Qiagen DNeasy kit instructions, with the following exceptions at the elution stage: 100-150 pL
of warmed AE buffer was added and then incubated at room temperature for 10-30 mins, before
being centrifuged at 8,000 rpm for 1 min, this step was repeated to finish with 200-300 pL of
total volume.

In other studies (Thomson et al. unpublished) this protocol was modified such that
individual teeth are digested whole, i.e., without the need for powdering. This reduces the need
for sample handling (eliminating ancother potential source of contamination) and promotes the
retention of more starting material (avoiding the powdering step means no potential 10ss of
material either into theair dueto static electricity, or on equipment used to powder the material).
This method isideal for small mammals, such as rodents, where teeth are small enough that the
reagent volumes required for complete digestion will fit into a standard 2ml screw cap tube.
Experience has shown that many larger tubes can leak if placed on a rotary mixer at 55 °C

overnight, causing potential cross-contamination between samples.
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All other laboratory methods are detailed within each chapter, including PCR and post-
PCR Sanger sequencing. The major analytical techniques used in thisthesis are outlined below,
with the inherent problems, limitations, and advantages of each discussed.

Population genetic statistics

Even before PCR and Sanger sequencing technologies provided easy access to the
genome, the pioneersof population genetics, R. A. Fisher, Sewell Wright, and G. Watterson were
studying the microevol utionary processes occurring in populations. Thesethreeresearcherswere
at theforefront of the traditional population genetic theories/statisticsthat were being devel oped
in the 1950’ s and 1960’ s, such as F-statistics (Wright 1951; 1965), number of segregating sites
(Watterson 1975), and tests of neutrality (Watterson 1978). In the post-PCR world, new statistics
to describe microevolutionary processes was still being uncovered, such as inbreeding
coefficients (Slatkin and Hudson 1991), mismatch distributions (Rogers and Harpending 1992),
AMOVA (Excoffier et al. 1992), linkage disequilibrium (Slatkin 1994), and exact tests of
population differentiation (Raymond and Rousset 1995).

Many of these population genetic statistics have been used for decades to describe the
evolutionary history of organisms (long before the field of aDNA was developed). However,
popul ation genetic statisticsare all based on synchronous genetic signals(i.e, datafrom onetime
period, e.g., contemporary). When heterochronous data (i.e., data from across multiple time
points) areincluded in cal cul ations of these popul ation genetic statistics, the additional mutations
that occur on branches between the ancient and contemporary time points may affect theinferred
demographic history (Depaulis et al. 2009). When the heterochronous samples represent a
considerable part of the tree depth (even just 10%) and are included with the contemporary
samples to estimate these population statistics, the effects of the ancient mutations on these
population statistics may substantially alter the demographic conclusions drawn from a study
(Depauliset al. 2009). However, when the heterochrony isonly across afew generations (in fact
when ancient samples are < 0.1 x 2Ne generations), the additional mutations may have a
negligible effect on these population statistics. Also, when the ratio of ancient to contemporary
samplesislow (e.g., < 0.1), the effect on population statisticsisminimal (Depaulis et al. 2009).
This is an important issue and one that has been overlooked in ancient population studies
(Valdiosera et al. 2007; Valdiosera et al. 2008; O'Keefe et al. 2009). The latter study by
Valdiosera et al. (2008) potentially overestimated Pleistocene and Holocene estimates of 6
(population mutation parameter) from highly heterochronous Iberian brown bear datasets
(Pleistocene dataset spanned 70 kya which represents >2Ne, and Holocene dataset spanned 7
kya), leading to likely erroneous conclusions about a severe bottleneck at the Pleistocene-

Holocene boundary and alesser bottleneck from Holocene-recent.
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However inthisthesis, neither the Emu (chapter 3), nor the Ghost Bat (chapter 4) datasets
are as heterochronous as many aDNA studies. Although the ancient Emu samples range from
8,800-16,500 ya (which represents 25% of the tree depth), the same haplotypes are present in
both the ancient and contemporary samples (Figure 1), suggesting that only afew mutations have
arisen over the last few tens of thousands of years. Whether or not the Emu population can be
classes asa'measurably evolving population' as defined by Drummond et al. (2003) isevaluated
inthe Discussion in chapter 6. However, it isinteresting to note that the Emu dataset did passthe
date randomisation test of Ho et al. (2011b) suggesting there is enough signal in the
heterochronous samples to estimate molecular rates and node dates.

With respect to the Ghost Bat, the relatively recent age of the ancient populations
(inferred from the stratigraphic position as surface finds on the cave floors) suggests the ancient
Ghost Bat samples are within the ‘few generations' category rather than tens of thousands of
years. Considering the tMRCA of the Central West is 342 kya, even if the ancient NAR
populations spanned ten thousand years old, the NAR population would still only represent
0.058Ne, suggesting there would be little effect on any population genetic statistics, such as S
(segregating sites) and &t (average number of differences between two random sequences), which
are the basis for the expansion tests in Arlequin. If a dight effect of heterochrony was
experienced in the population genetic statistics of the NAR population, the effect would be an
overestimation of expansion signal (Depauliset al. 2009). However, as noted above, studieslike
that of Valdioseraet al. (2008) on Iberian brown bears that had highly heterochronous datasets
(~1-7Ne), are much more susceptibl e to drawing erroneous conclusions about popul ation events.

However, even given the additional power within heterochronous dataset, population
genetic statistics have the disadvantage of being purely descriptive in nature; they can reveal
patterns (Wright's Fs; may reveal significant population differentiation) but they cannot test
between competing hypotheses about evolutionary processes. In contrast, coalescent theory
(below) providesthe ability to explicitly test competing demographic scenarios, such asratesand
direction of migration, presence of bottlenecks, and genetic admixture.
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T he coalescent

Coalescent theory provides the basis for the mathematical modelling of a genealogical
history for a dataset. The coaescence process, most simply, alows the reconstruction of all
genetic lineages backwardsin time to acommon ancestor —and this processis a so equivaent to
the process of genetic drift forwards in time (Figure 2). Within a population the coal escent
process can be used to calculate the mathematics of the expected distribution of these ancestral
coalescent times (Kingman 2000), which means our knowledge about the relationship between
patterns of common ancestry and population demography (population size, growth rate, patterns
of gene flow etc.) can be used to simulate datasets undergoing different demographic histories.
As the coalescent process reconstructs population histories backwards from the individuals
actually present (haplotypes not detected in a population do not need to be reconstructed), the
reconstruction ismuch more efficient than traditional popul ation geneticstechniqueswhich track
every potential individual forward in time. Even so, reconstructing the coalescent process is
computationally intensive, and the user must take into account the limitations and assumptions
that underlie this technique. These assumptionsinclude: no recombination within loci (ideal for
mtDNA), selective neutrality (thought to make mtDNA ideal, however thisisincreasingly being
debated; Gerber et al. 2001), the topology of the coalescent tree is independent from the
mutational process (allowing faster computation), and the sequence datafollows an infinite-site
model (a mutational model where sites are assumed to mutate only once in its history; Tajima
1996). This last point results in many analyses requiring the removal of sites that display
homoplasy (i.e., two allele states), which occurs in ancient samples due to either real mutations
occurring in some but not all mitochondrial genomes, or damaged sites masquerading as
mutations.

Coalescent theory underlies many analytical techniques used in population genetics and
demographic reconstructions, e.g., Bayesian Evolutionary Analysisof Sampling Trees (BEAST;
Drummond and Rambaut 2007), Bayesian Serial SimCoal (BayeSSC; Anderson et al.), and tests

for demographic and range expansions (in Arlequin; Excoffier and Lischer 2010).
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Figure2. Illustration of the coalescent processwherehaplotypesare
traced backward to the time of the most recent common ancestor
(tMRCA). Coalescent theory uses only moder n-day samples (n=3in
thisexample), ther efor e reconstruction of thisprocessismuch more
efficient than traditional population geneticstechniqueswhich track
every individual forwardsin time.

Bayesian Evolutionary Analysis of Sampling Trees (BEAST)

The software program BEAST (Bayesian Evolutionary Analysis of Sampling Trees)
computes aBayesian analysis of molecul ar sequences (Drummond and Rambaut 2007). BEAST
was designed to use a front-end software, BEAUIi, to input data, set up the parameters and
models to be tested, and output an .xml file for running in BEAST. BEAST itself uses the
Metropolis-Hastings Markov Chain Monte Carlo algorithm to sample from probability
distributions, based on aMarkov chain stepping semi-randomly through ‘tree space’ evaluating
and rejecting proposed moves based on the probability distribution of the sampled trees. Each tree
isweighted according to its posterior probability. After aset number of steps, the chain stopsand
is evaluated for convergence to the stationary distribution. A good chain will achieve
convergence quickly from any random starting tree, but knowledge about how long the chain will
take to reach convergence is not known a priori. If the tree space for a particular analysis has
many peaks separated by deep valleys, the chain may get stuck inlocal maximawithout reaching
the global maximathat will give a good representation of the posterior distribution. Therefore,
multiple chainsare usually run as a check that convergence has occurred to the global, and not a
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local, maxima. ASBEAST can estimate multiple demographic parameters simultaneously, ‘tree
space’ does not only represent the posterior distribution for a phylogenetic tree but also
nucleotide substitution models, demographic models, tree shape priors, relaxed clock models,
node calibration models etc. Complex evolutionary models can now be estimated by calculating a
range of these ssmple models at the same time (Drummond and Rambaut 2007). By calculating
these parameters simultaneously, hypothesistesting of evolutionary models can be done without
being biased by selection of asingle tree topology a priori (Drummond and Rambaut 2007).

In addition to phylogenetic and genealogical tree building, BEAST aso produces
supplementary plots — Bayesian Skyline Plots (BSP) — describing changes in population size
(NeT) over time (Drummond et al. 2005). The demographic history described in a BSP is
represented as amedian line with 95% High Posterior Distribution (HPD; equivalent to margins
of error), which measures changes in population size over time. Reconstructing demographic
changes using BSPs (Figure 3) requires specification of acoal escent-Bayesian Skylinetreeprior
and the number of changesin effective population sizein BEAULti. However, even though setting
up aBSPrunissimple, the BSPis highly parameterised and computationally intensive; in fact,
depending on the chain length of the run, the visualisation software (Tracer v1.5) may require
additional memory just to reconstruct the BSP from the BEAST log and treefiles.

Many large iconic species have been analysed using BSPs, showing: expansions mid-
Holocene (Horses; Lippold et al. 2011), expansions after the LGM (Native Americans; Kumar et
al. 2011), declines after the LGM (Bison; Drummond et al. 2005), and historical crashes dueto
human hunting (Fur seal; Hoffman et al. 2011). However, the BSPisonly useful when the dataset
isstrongly informative about popul ation history, i.e., requiresahighly polymorphic dataset with a
history of relatively smple and recent, yet dramatic, demographic change (Drummond and
Rambaut 2007). Thisis not the case for the Emu (chapter 3). The Emu lacks genetic diversity,
which makes reconstructing aBSP of demographic change difficult. Figure 3 showsaBSP of the
Emu dataset where a straight line can be drawn through the 95% HPD (in purple), indicating a
constant population size could not be ruled out. Comparing the BEAST reconstruction of a
constant popul ation size and the BSP of demographic change using Bayes Factors also indicates
that a constant population sizeis strongly supported (BF = 56.65). In addition, the Emu exhibits
evidence of purely range expansions, the genetic signal of which will not be detectedinaBSP as
skyline plotsonly estimate numerical not geographic changesin populations (see chapter 3). The
range expansions were detected using Arlequin expansion tests, which also found evidence
against a demographic expansion (see below). The BayeSSC analysis aso refutes a
demographically expanding single population, with the Emu population more likely a single
population that became two sub-structured populationswith low levels of migration (see chapter
3).
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A BSP was reconstructed for the Emu, as the BEAST assumption of panmixia was not
violated. Panmixiaisdefined asrandom mating within apopulation. Thelarge dispersal distances
that the Emu can traverse makeit plausiblethat the Emu isacting as oneinterbreeding popul ation
at the continent-scale. However, asthe Ghost Bat hasavery restricted distribution, one panmictic

population cannot be assumed. No BSP was attempted in chapter 4.
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Figure 3. Bayesian Skyline Plot (BSP) for an example dataset of the mainland
Emu, showing how thedemographic history can be estimated from sequencedata
(a constant population size could not beruled out however, as a straight line can
still bedrawn through the centre of the upper and lower 95% HPD interval). The
x-axisisin units of timebefor e present, and they-axisisequal to Net (the product
of effective population size and the generation time in years). The Bayes Factor
(BF) supporting either constant population sizeor BSP isindicated in upper right
hand corner (BF <1 isnegative, 1<BF<3isbarely worth mentioning, 3<BF<20 i<
positive, 20<BF<150isstrong, and BF>150isvery strong evidence; Sibon Li and
Drummond 2011), with the horizontal dashed lineindicating the mean population
size estimated from BEAST runs of constant population size. The vertical line
indicates date of earliest samplefor each dataset, with demography totheright of
the line speculative.
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Another useful tool within BEAST is the ability to recreate a multispecies coa escent
using *BEAST (pronounced ‘ StarBEAST’) (Heled and Drummond 2010). * BEAST wasused to
assess the mutation rate and phylogeny of the Ghost Bat dataset (see discussion in chapter 6) for
comparison to the BEAST mutation rate and phylogeny presented in chapter 4. Where BEAST
can reconstruct either phylogenetic relationships (using single individuals across multiple
species) or population histories (demographic events within a single interbreeding
population/species), *BEAST uses multiple individuals per species to co-estimate many gene
trees within a shared species tree in combination with the demography of both extant and
ancestral species. In *BEAST analyses, increasing the number of individuals per species
increases the accuracy of the parameter and decreases the confidence intervals (95% HPD),
thereby achieving more accurate estimates of divergencetimes (Drummond et al. 2005). Another
way to decrease the error and credible interval sizesis by increasing the loci number, however
this does not rule out using single locus datasets.

One advantage of the BEAST and *BEAST agorithms is that they allow the user to
include as much temporal information asisavailable: purely modern sequence data, known fossi
dates for particular nodes on the tree, and heterochronous data such as aDNA samples with
radiocarbon dates. This allows the software program to be very flexible; if only modern datais
availableitisstill possibleto calculate phylogeniesin units of mutation, whilefossil calibrations
can be used to date deep nodes on the tree. However, asin all analytical techniques, the use of
calibration points requires an understanding of the assumptions inherent in the algorithms: i.e.,
what are the consequences of using each type of calibration, what are the errors associated with
extrapolating over such large temporal scales (tens of millions of years), and what affect do
assumptions about the constancy of evolutionary rate have while species are being subject to
differing selection pressures over time. Additionally, when very deep node dates are used to
calibratethetree, even with arelaxed molecular clock, the resulting evolutionary ratewill appear
much slower than rates calibrated at intermediate parts of thetree (calibrated withaDNA). At the
other extreme is genealogical data, which has the fastest rate, as those polymorphisms not yet
fixed within aspecies a so contributeto therate. Thiseffectisknown asthe’ratescurve’, which
was first described by Ho et al. (2005), and has been related to a number of biases including
inherent differences in the evolutionary rates of polymorphisms versus substitutions (Ho et al.
2011a). Thereis currently no way to avoid or correct for this bias, undermining the validity of
many studies that have used deep fossil calibrations (e.g., 65 Mya calibration of ostrich —
emu/cassowary split) on treesto infer speciesor population level events (speciation eventswithin
Kiwis; Burbidge et al. 2003). However, amajor advantage of the BEAST software suiteis the
ability toinclude radiocarbon dates associated with aDNA samples, allowing calibration pointsto
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be applied to the tips of the tree, ensuring more accurate calculation of the mutation rate over
more recent timescales of species or population or level events.

One of the best examples of the potential applications of BEAST and heterochronous
samples is the Bison (Bison bison sp.) study of Shapiro et al. (2004) where 38% of the 442
samples had radiocarbon dates, and a BSP analysis reconstructed a dramatic decline in the
Pleistocene Bison population. This species is one of the few worldwide where significant
amounts of both time and money have been focused on answering questions about species
responses to Pleistocene climate change. Where radiocarbon dated samples are not available —
either due to a lack of collagen in samples or lack of funds for radiocarbon dates — fossil
calibrations remain the one of the few ways to add a temporal dimension to demographic and
divergence events. Provided researchers are aware of theinherent biasin rate estimates, of issues
extrapolating over evolutionary time-scales, and the uncertainty surrounding divergence dates
that the rates curve creates, then the field of evolutionary biology will be open to solutions to
solvethisissue.

Approximate Bayesian Computation (ABC)

Although the coalescent theory allows hypotheses based on competing demographic
scenariosto betested, the software programsthat use the coal escent usually examineasingletype
of evolutionary model, such asmigration (e.g., MIGRATE), popul ation divergence (e.g., IMa), or
population size change (e.g., BEAST's BSP). In reality, populations undergo all of these
evolutionary processes over time (not just one in isolation), yet the coalescent aone cannot
separate these signal's, nor establish when or in what order each processislikely to have occurred
within a population. Approximate Bayesian Computation (ABC) isanew technique that allows
complex scenarios to be tested using coalescent ssimulations (Figure 4).

The ABC process starts by the user: 1) defining the evolutionary models to be tested; 2)
choosing summary statistics that will best describe the model within the particular
population/dataset; 3) simulating datasets that are equivalent to those observed in the population
under study (based on the same number of samples, and same age of samples if the dataset is
heterochronous); 4) calculating the same summary statistics for each simulated dataset; 5)
selecting a subset of the simulations with the closest summary statistics to that of the empirical
dataset; 6) choosing amongst those models with the highest probability; 7) estimating the
parameter values,; and 8) examining the quality of the model selection and parameter estimates
(Grunwald 2011). Therefore, comparing the summary statisticsfrom the simulated populationsto
the sampled population, allows conclusions to be drawn about the most likely demographic

history of the speciesin question.
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Bayesian Serial SSimCoal (BayeSSC)
SimCoal (Excoffier et al. 2000) is a program that simulates molecular genetic diversity

(step 3 above) for populations under different demographic scenarios (such as bottlenecks,
complex instances of admixture, drift, migration etc.), which arethen evaluated using ABC. The
simulations of gene geneal ogiesallow empirical distributionsto be generated for any population
genetic statistic, which are then tested against the population genetic statistics of the empirical
dataset under study to evaluate the most likely of any number of competing hypotheses.
BayesSSC (Anderson et al. 2004) isamodification of SimCoal that allowsthe extrainformation
from serial sampling (i.e., aDNA samples or virus samples) to be included in reconstructing
simulated populations. In essence this means BayeSSC can simulate what occurred prior to an
event, such asabottleneck. Hypothesesto betested can involve parameters such asthe number of
interbreeding popul ations within adataset, the size of each population, the growth ratesfor each
population (in % per generation), migration rates between the different populations (in % per
generation), timesincean ‘event’, e.g., an expansion or divergence (in generations ago), mutation
rate (in mutations per sequence length per generation). Although the number of possible
population events that can be tested appear almost limitless (see Figure 4 for an example), the
BayeSSC simulation processis very computationally intensive, with the number of simulations

required for statistical robustness increasing with the number of parametersto simulate:

S =100Gtp)

where Sisthe number of simulations, and p is the number of parameters.

Due to computational limitations this number of simulations is rarely performed, for
example, only 5000 simulations were performed in a study on ground squirrels where up to 6
parameterswere estimated (O'Keefe et al. 2009); and 1000 simulations of up to 12 parametersfor
astudy investigating ancestral relationships between Etruscan and modern Tuscans (Belle et al.
2006). However, other studies have performed larger numbers of simulations: Haak et al. (2010)
analysed 100,000 simulations for up to 9 parameters, and Campos et al. (2010) used 200,000
simulationsfor 5 parameters. In chapter 3, 100,000 simulations were performed to estimate up to
4 parameters, which is closer to statistical certainty than many previous studies have used.
Currently, themain limitation of BayeSSC isthe computing power availableto perform sufficient

numbers of simulations for statistical robustness.
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Figure4. An exampleof ascenarioto betested in Bayesian Serial SimCoal (BayeSSC).
Two present-day populations(of population size NeO and Nel with M% per gener ation
bi-directional migration) that have expanded (at rate RO and R1) sincesometimein the
past (TOand T1). Thisisprior to some‘event’ (T2) when they were one constant-sized
ancestral population (of sizeNe2); someor all of these parameter scan besimulated and
used to generate population genetic statistics for this smulated population. These
statisticscan becompar ed against population genetic statisticsfor an empirical dataset
to assess whether thismodel ismore or less likely than another model to explain the
genetic patterns observed in the empirical dataset.

Another issueisthat two of the popul ation genetics statistics (haplotype diversity and Fg;)
estimated by BayeSSC for the simulations are not calculated in the same way as Arlequin, even
though BayeSSC is based on SimCoal, also written by the authors of Arlequin (Excoffier et al.
2000;  Excoffier ~and Lischer 2010). Although the BayeSSC  website
(http://www.stanford.edu/group/hadlylab/ssc/index.html) mentions these two differences, not

enough emphasisis placed on the need to recal cul ate these stati stics using the same methodol ogy
asBayeSSC. The method that BayeSSC usesto cal cul ate hapl otype diversity isbiased by afactor

of (n— 1)/n , n=number of samples. Therecalculationisrelatively smpleto convert fromthe
haplotype diversity statistics that are output from Arlequin. However, the fixation index Fg; (a
measure of genetic divergence between populations) is calculated using a different formula.
BayeSSC uses the Fg; formula of Hudson et al. (1992), whereby:

H
Fp=1-fofy,
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where H,, isthe mean number of differences between different sequences
sampled from the same subpopulation, and H, is the mean number of
differences between sequences sampled from the two different
subpopul ations sampled.

However, Arlequin uses the standard Fg; formula of Wright (1951) whereby:

1
Fst = /tanm + 1)

where N isthe population effective size, and m isthe rate of migration into

the population.

Using ABC, the posterior distributions of the parameters can be evaluated against the
prior distribution from the empirical valuesfor the summary statisticsusing thelocfit, akima, and
lattice packages (R development core team 2011), plus the regect function from
http://www.stanford.edu/group/hadlylab/ssc/eval .r. The euclidean distance between the s mul ated
and empirical valuesis calculated and those within delta units (delta chosen to usually include
between 0.1-10% of simulations provided thisis greater than 50 simulations) are retained. The
reject function will return a cumulative density function for each parameter being estimated, so
that the range of values for which the posterior density surpasses the prior distribution can be
selected for a 2™ round of BayeSSC for more simulations. An Akaike Information Criterion
(AIC) value for each scenario being tested will also be output — AlIC is an heuristic calculation
used to assess whether the improvement in fit of amore complex model justifiesthe increasein
parametersit requires. The A1C values of multiple scenarios can be compared and the hypothesis
with the lowest AIC valueisthe more likely evolutionary history (of those being tested) for the
observed population.

Therefore, while BayeSSC provides a powerful ability to test multiple complex
hypotheses about population/species history using samples dated through aDNA,, it is necessary
to recognise and deal with several bugsin the current version.

Demogr aphic and Range expansion testsin Arlequin

Initially, the coalescent was devel oped for usein simple modelsin single populations, however it
has now been expanded to include subdivided populations (Wakeley 1999; 2001) and those with
some level of migration (Slatkin 1995). In addition, population demography (Li 1977) is no
longer the only aspect of a species evolutionary history that can be reconstructed. The recent
work of Ray et al. (2003) linking range expansions with specific ancestry patterns now allows
parameters of the range expansion to be estimated through simulations.

In Arlequin there are tests for two different types of expansions: a sudden step-wise

demographic expansion, and asudden spatial or range expansion. Popul ations undergoing each of
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these expansion types have particular signalsin summary statistics and mismatch distribution; a
mismatch distribution is a frequency graph of the pairwise nucleotide differences between any
two random individuals of a population. Any population in equilibrium has an ‘L’ shaped
mismatch distribution with a high frequency of individuals with the same haplotype (i.e., zero
differences), while populations that have experienced an expansion will have one or more peaks
(see Figure 5).

0.15- ! Expected

T . - -o— - Observed

0.1 -

0.05+

0 1, ° : oo o-0c0-ge-0oo |
0 5 10 15 20 25

Pairwise Differences

Figure 5. Example mismatch distribution showing pairwise differences observed in a
dataset (red dashed line) and that expected in a population at equilibrium (e.g., constant
population size; black solid line).

Popul ations experiencing a sudden demographic expansion have: (1) gene genealogies
that exhibit a star-shape with short internal branches, which reflects an excess of rare mutations
(Harpending and Rogers 2000); and (2) mismatch distributions that are unimodal (e.g., asingle
peak or wave; see Figure 5). As the x-axis of these mismatch distributions are measured in
number of pairwise nucleotide differences, thelocation of the peak or waveisdependent ontime
since the expansion. Furthermore, the vertical intercept of the curve (tailing or left-hand edge) is
inversely proportional to the degree of population increase, and the steepness of the leading edge
of the peak (right-hand edge) isinversely proportional to theinitial population size (Rogers and
Harpending 1992). All three of these characteristics of the mismatch distributions allow the
reconstruction of certain demographic parameters. population size before, and after the
expansion, as well as the time since expansion. Although the calculation of theinitial (6,) and
final population sizes (¢,) cannot be reconstructed with much accuracy, there is reasonable

precision about the time since expansion (t) (Schneider and Excoffier 1999).
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Theformul ae describing ademographic expansion wasinitially developed by Li (1977);
wherewe assumethat if astationary population at equilibrium increased in population size from
NO to N1 at t (tau) generations ago, then the probability of observing Sdifferences between two
randomly selected (non-recombining) haplotypesis defined by:

S .
6, +1 T/
Fo(r,00,6) = Fs(0) + exp (~e=15=) D= [Fooy (6) = Fs_y (6]
1 : '
Jj=0

where Fs(0,) = is the probability of observing two random haplotypes with S

_8
(6+1)S*1
differences in a stationary population, 8, = 2uN,, 8, = 2uN;, T = 2uT, and p isthe mutation
rate for the whole haplotype.

Ray et al. (2003) a so present amethod that allows atest for range expansions. Although
range expansions may also involveincreasesin population size, they do not necessarily resultin
the same genetic signature as purely demographic expansions (see below). The formulae
describing arange expansion was devel oped by Excoffier (2004); where genes are sampled from
asingle deme belonging to a population subdivided into an infinite number of demes, each with
population size*N’, exchanging afraction ‘M’ of migrants with other demes, then some T (tau)
generations in the past, the system was reduced to a single deme of size N,. Using this simple

model, the probability that two genes sampled in asmall demeof size N differ at Ssitesasbelow:
S

0; Z (Me™™ + C)ngs_j rfef‘fc
AS+ M+ D@, + DIFI(S — )1 jrAS T+

FO(S, M; 901 61;7:) =
j=0

_LA
where 8, = 2uNy, 6, = 2uN,, 7 = 2uT,and A =60, + M+ 1,and C = ¢ " /61,

Thesignal of ademographic expansion differsmost from that of arange expansion when
the number of migrants (Nm) is small, however when Nm is large many characteristics are
similar: unimodal mismatch distributions and star-shaped genealogies. In contrast, when few
migrantsareinvolved in arange expansion, the mismatch distributions are multimodal, with both
very short and long branch lengths, and low levels of segregating sites (S), resulting from the
majority of coal escent eventsoccurring morerecently. In addition to these mismatch distributions
and genealogica shape differences between large and small Nm range expansions, large Nm
range expansions exhibit high levels of S, very significantly negative Tgjima s D and Fu's F,
which areall related to the majority of coal escent events occurring early in the population history,
around the onset of the range expansion (Ray et al. 2003). Asthetestsfor both the demographic

and range expansionsin Arlequin resemble a‘ black box’, little more can be gleaned about how
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the tests differentiate between demographic expansions and range expansions with large Nm,
without writing a script to calculate the estimates of tau explicitly and simulating populations
with large Nm under different expansion types and severities.

Even in the recent review paper by Excoffier et al. (2009), no clear explanation is
proposed to differentiate the similar patterns of these two quite different population histories. For
example, where range expansions occur with low levels of migration (M) the mismatch
distribution resembles instances where a demographic expansion increases the population size
dramatically (Excoffier 2004). Similarly, where range expansions exhibit high levels of
migration the mismatch distributions resembl es cases where demographic expansions result in
very small or negligible increases in population size (Excoffier 2004). This has important
ramifications for the Emu in chapter 3, as this dataset apparently exhibits evidence against
demographic expansions, but support for quite ancient range expansions. The ecology of the Emu
may provide aclue asto the morelikely demographic history: the demographic expansiontestis
based on the assumption that the popul ation has remained stationary, which inthe Emu’ scaseis
unlikely given their highly mobile nature and often long distance dispersal, sometimes on the
scale of hundreds-to-thousands of kilometres (Davies 2002).

Transforming expansion time estimates to a demogr aphic scale

Very few studies have utilised the new complement of these expansion tests (Banguera-
Hinestroza et al. 2010). Where these expansion tests have been used, even fewer have
transformed the tau values of time of expansion into years. A recent study has noted that many
issues exist in the conclusions drawn from studies that do carry out thistransformation: errorsin
the use of mutation rates vs. divergence rates, incorrect units of mutation, and/or inappropriate
generation timesfor the speciesof interest (Schenekar and Weiss 2011). Furthermore, even when
the mutation rate and generation time used are as accurate as possible, researchers still need to
realise that these parameters are actually averages over evolutionary time periods during which
life history traitsand the species’ environment can change, inevitably resulting ininaccuracies. In
each of the chapters of thisthesis where these tests are used, the Emu (chapter 3) and the Ghost
Bat (chapter 4), generation times are only approximate. The formula used in this thesis to
calculate generation timeis:

(T, + T3)
2
where T,isage at first breeding and T, is age at |last breeding. Accurate estimates of age at first

and last breeding from wild populations are ideal, however this information is not always
available. Any estimate of these agesfrom captive animalswill beless accurate, although age at
first breeding will be less inaccurate as it is likely related more to physiological constants.
Furthermore, age at death in the wild, where known, is probably amore accurate estimate of age
at last breeding than age at last breeding for captive birds.
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As few long-term studies of Ghost Bats have been undertaken on wild populations —
partially dueto the species’ sensitivity to disturbance —the age at first breeding (1 year) and last
breeding (14 years) was based on captive animals (Jones 2008). Similarly, little information is
known about Emu generation time. The age at first breeding is known from captive birds (2
years), which should not change substantially compared to wild birds. Fortunately the age at
death in wild Emusis known from banding studies (of 350 Emus fitted with bands with a 14%

recovery rate, no birds older than 6 years were recovered).

Ecological Niche M odelling
Theory

Another techniquerarely combined with aDNA is ecological niche modelling (ENM) or
species distribution modelling (SDM) — both terms are used interchangeably. These types of
predictive modelling of species’ ecosystem requirements and geographic distributions are
becoming more common as environmental data has become more detailed and widely available.
These ENM techniques relate the occurrence data for a species to their abiotic or biotic
environments, i.e., these methods model the ecological niche of a species (e.g., where can the
species colonise?). However, only recently hasit been pointed out that these SDM methods are
based on the assumption that the probability of occurrence is related to the quality of habitat
(Basille et al. 2008). What is possibly of equal importance is an understanding of the factors
determining the speciesdistribution (e.g., what isthe species searching for?). If we cannot define
a species’ ecological niche (i.e., the processes that drive species distributions) and thereby a
priori reduce the complexity of the many explanatory variables (i.e., bioclimatic layers) available
for input into ENM modelling, then any ecological models developed from the ENM will be of
limited use and non-robust. Furthermore, conservation efforts based on these modelswill be for
naught. The body of work describing the need to reduce the quantity of potential predictor
variables is gaining momentum (Rushton et al. 2004; Basille et al. 2008; Varela et al. 2011;
Warren and Seifert 2011). Rushton et al. (2004) highlight the fact that the number of potential
ENM modelsincrease by afactor of two factorial of the number of predictor variables used, and
therefore sel ecting amongst these potential modelsfor the*best’” model may beinfluenced greatly
by the pathway taken on the search. Warren et a. (2011) concurs with a need to avoid
overparameterisation as they find that not only does model complexity affect inferences with
respect to habitat suitability, and the relative importance of ecogeographical variables in
determining species distributions, but also the ability to transfer these predictions into other

temporal and spatial arenas.
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Reducing complexity using Ecological Niche Factor Analysis (ENFA)
In chapter 4 on the Ghost Bat, ENM is used to examine predicted distributions under

various spatio-temporal scenarios. Although the Ghost Bat is known to require certain
temperature and humidity levelsin the cave roosts they inhabit (Baudinette et al. 2000), it was
important not to bias the model by assuming that these are the same biogeographic variables
influencing their distribution at the continental-scale. Therefore, it was desirableto avoid culling
variables arbitrarily in an attempt to reduce the complexity of using all 22 ecogeographical
variables (from climatic and topographical layers) available online for Australia. Basille et al.
(2008) suggest using Ecological Niche Factor Analysis (ENFA, within the * adehabitat’ package
in R; Hirzel et al. 2002) to establish the ecological niche of the species in question: ENFA
explores ecological spaceto maximise 1) the difference between the species’ optimal conditions
and the conditions available in the study area (the marginality, see Figure 6), and 2) the ratio of
variance of available conditions over variance of conditions used by the species (the
specialisation, see Figure 6). In essence, the marginality of aspecies’ ecological nicheisdefined
as how much the niche deviates from the average environment/habitat of the study area, and the
specialisation of aspecies ecological nicheisdefined as the narrowness of the niche (Basille et
al. 2008). Furthermore, Varela et al. (2011) explicitly state that the use of ENFA to select the
most biologically meaningful variables for modelling the distribution of species is especialy
beneficial for paleo-species distribution modelling (PSDM) because the larger the number of
predictor variables, the narrower the predicted niche will be.

By first using ENFA to select the ecogeographical variablesthat most closely determine
the ecological niche of the Ghost Bat — 22 ecogeographical variables were reduced down to the
nine variableswith highest marginality. A Kruskal-Wallace analysis of variance wasthen used to
preferentially remove those annual or monthly variables correlated with more than one other
variable, with the remaining six bioclimatic variables highly predictive of the Ghost Bat
ecological niche. The six bioclimatic variables included: annual mean temperature (biol),
isothermality (temperature variability, bio3), mean temperature of coldest quarter (bioll),
precipitation seasonality (biol5), precipitation of wettest quarter (biol6), and precipitation of
warmest quarter (biol8). By evaluating the six highly predictive variables, the Ghost Bat's
ecological niche appearsto be warm and humid (Figure 7). The six variables were subsequently
used in the MaxEnt modelling performed for the Ghost Bat in chapter 4.
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Figure 6. ENFA density plots of marginality axisand fir st three specialisation axesfor
the Ghost Bat, showing available resour ce units (in black) and the occupied resource
units(in grey). The Ghost Bat’s ecological nicheispositively skewed and deviatesto a
reasonable extent from the available habitat in the study area, while all three
specialisation axes showing how narrow the Ghost Bat ecological nicheis.
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Figure 7. Biplot of the ENFA, showing the marginality axis (x-axis) and first
gpecialisation axis (y-axis). Thelight grey polygon representsthe distribution
of available habitats, and the dark grey polygon (thin line on top of x-axis)
representsthe distribution of occupied habitats. Thisthinnessin the y-axis of
the occupied habitats again highlights the very narrow ecological niche of the
Ghost Bat compared to that of the available habitats. The ecogeographic
variablesin red represent the six selected for further modelling using M axEnt.

M aximum Entropy (M axEnt)

Where species data has been systematically collected without sampling biases e.g., via
biological surveys), then regression methods are best for SDM, as absence data (true absence of a
speciesfrom aregion) ismorelikely to be known with some confidence. However, much of what
we know about species occurrences is sourced from museum records that are subject to many
biases (e.g., collections from sites along the route of early explorers, or within easy accessfrom
roads). These museum data are al so often sparse and limited in coverage, with littleinformation
about absence data. Specific SDM methods aretherefore required that use the presence-only data
of museums. One of the more rigorous SDM methods using presence-only data is maximum
entropy (MaxEnt; Elith et al. 2006). In studies comparing SDM methods, the predictive
performance of MaxEnt was shown to be highly robust compared to other methods (Elith et al.
2006). Maximum entropy methods have been used in spectral analysis for at least 20 years
(Jaynes 1982), but have only recently been adapted for species distribution modelling (Phillips et
al. 2006).

MaxEnt isan information-theoretic approach that usesthe principles of maximum entropy
to estimate a set of functions that relate environmental variables to suitable habitat, such that a

model can be developed of aspecies ecological nicheand potential distributionsunder different
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temporal and spatia scenarios. More detail on MaxEnt and its use in modelling the ecological
niche of the Ghost Bat is found in chapter 4.
Statistical tests of significance

The domesticated chicken lineages that were transported to Europe prehistorically, and
around the world during the * Age of Exploration’ appear to belong to Haplogroup E (Liu et al.
2006), with Haplogroup A also now present in Europe. Another domesticated lineage
subsequently transported into the Pacific comprises Haplogroup D, which has an hypothesised
homeland in Indiaor Indonesia, and with atransportation route following the cultural activity of
cock-fighting (including gamecocks from China and Japan) (Liu et al. 2006). Based on the
different frequencies of these two haplogroups in different chicken populations, binomial
probability distributions, binomial tests of statistical significance, and the Fisher’ sexact test were
al used in chapter 5, to propose that modern South American chickens had more similar
haplotype patterns to European chickens than to modern and ancient chickens in the Pacific.
Binomial distributions are based on arandom processthat hastwo possible outcomes (success or
failure), with this discrete probability distribution representing the number of successes fromn
independent trials (with aconstant probability p of success). The act of excavating chicken bones
from the archaeological record is classed as n independent trials, with the particular
hapl oty pe/hapl ogroup of that chicken bone being success(e.g., haplogroup E) or failure (e.g., not
haplogroup E), and the probability p of successiswhat isbeing tested. For example, what isthe
probability of finding no haplogroup E chickens (success = 0) out of 22 ancient chicken samples
from the Pacific Islands (n = 22) if haplogroup E is actually present at afrequency of 55% (p =
0.55)? Thisisdisplayed asadensity plot in the supplementary information of chapter 5. Another
exampleisshownin Figure 8 (below), where the chicken haplogroup frequenciesfound in Chile,
South America were found to be similar to those in Europe, rather than in either modern or

ancient Pacific chickens.
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Figure 8. Binomial probability distribution showing the probability of each chicken
haplogroup from modern European, modern Pacific, and ancient Pacific chicken
populations matching those from moder n chickensin Chile, South America. Thebinomial
distributions reflect the proportions of each haplogroup in the Chilean chicken samples
from (Gongora et al. 2008) with the arrows representing the other chicken populations.
Haplogroup A isdenoted in purple, haplogroup B is denoted in yellow, haplogroup D is
denoted in green, and haplogroup E isdenoted in red.

This binomial probability distribution is the basis of the binomia test of statistical
significance. Given anumber of successes x, anumber of trialsn, and ahypothesised probability
of successp, what isthe evidence against the null hypothesis(e.g., anull hypothesisisthat South
American chickens have the same haplogroup E frequency as Pacific chickens). A similar test of
significanceisthe Fisher’ s exact test, however this significance test can examine all haplogroup
frequencies at once. For example, if haplogroups A, B, D, and E were all detected in chickens
from South American and the Pacific, Fisher's exact test could assess whether overall the
haplogroup frequencies were significantly different between these two locations. Both of these
statistical tests were performed in R (R development core team 2011) using the binom.test and
fisher.test command in the ‘stats' package.

To my knowledge, no other aDNA studies have performed these types of tests of
significance to explore similarities in populations for testing competing hypotheses about

migration and source populations.
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Conclusion

The methods described here have either been at the cutting edge of the field and
incorporated aDNA in their analysis (BEAST, BSP, BayeSSC), or have complemented the
insightsthat aDNA bring to investigating species evolutionary history (ENM, statistical tests of
significance). These methods are used extensively in the following three chapters: the Emu
(chapter 3), the Ghost Bat (chapter 4), and the Polynesian Chicken (chapter 5), and will befurther
discussed in the Discussion (chapter 6).
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Chapter 3: The Emu

Postglacial expansions from a south-western
refugium: reconstructing the recent evolutionary

history of Emus (Aves. Dromaius) using ancient DNA

65



STATEMENT OF AUTHORSHIP

Postglacial expansions from a south-western refugium: reconstructing the
recent evolutionary history of Emus (Aves: Dromaius) using ancient DNA

Text in manuscript

THOMSON, V.A. (Candidate)

Performed lab work on all samples, performed all analysis, interpreted the data,
created figures, and wrote manuscript.

| hereby certify that the statement of contribution is accurate.

SIGTIOH. corersesccnrmnapnoympsssnmmssins SRR s R ReE Date . \O/ 5/72.00Z...

COOPER, A.

Supervised development of work, helped in data interpretation and manuscript
writing.

| hereby certify that the statement of contribution is accurate and | give permission
for the inclusion of the manuscript in the thesis.

Signed. e Date . \O/ =50 r

66



Postglacial expansions from a south-western refugium:
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Abstract:

The Emu (Dromaius novaehollandiae novaehollandiae) is an iconic Australian taxon, yet
little is known about its recent evolutionary history. We use mitochondrial DNA from over a
hundred specimens to investigate the evolutionary history of Dromaius, including almost 30
ancient samples of two dwarf putative species (from King Island and Kangaroo Island), an island
subspecies from Tasmania (of indeterminate size), and Pleistocene eggshell from mainland
individuals. We find the three island emu populations show no genetic divergence from mainland
emus, but that the extent of dwarfing is correlated with island size and period of isolation, and
interpret these populations as isolated remnants of mainland emu diversity. Within mainland
populations we find evidence that D. n. novaehollandiae became restricted to the southwest of the
continent prior to the Middle Pleistocene. A major postglacial expansion out of this southwest
refugium occurred just prior to the start of Marine Isotope Stage (MIS) 9 (~ 350 kya), probably in
response to interglacial conditions that enabled D. n. novaehollandiae to cross the Nullarbor Plain
(previously a barrier to gene flow), and colonise the eastern half of the continent. A secondary
(minor) postglacial expansion occurred at MIS 5 (~ 100 kya) within the western population,

coincident with the last interglacial.
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I ntroduction

Climatic and environmental changes during the Late Quaternary have been key
determinants of the diversity and distribution of present day plants and animals. While patterns in
the Northern Hemisphere are well known, most notably the Arctic, temperate Europe, and
Beringia (Muller and MacDonald 1997; Taberlet et al. 1998; Hewitt 2000; Barnes et al. 2002;
Hadly et al. 2004; Shapiro et al. 2004; Bhagwat and Willis 2008; Debruyne et al. 2008; Aubry et
al. 2009; Clark et al. 2009; Campos et al. 2010; Shafer et al. 2010) the effects of climatic cycles
on ecosystems in the southern Hemisphere are comparatively poorly understood. This is
especially true in Australia, where actual glaciation was restricted in extent and climatic cycles
were expressed mainly as changing levels of aridity (Barrows et al. 2002). The cyclical
desertification of Australia led to repeated movement and reassembling of ecosystems during the
Quaternary, which seems to have created at least two distinct categories of phylogeographic
patterning in the modern biota of Australia (Byrne 2008): (1) species with deep phylogeographic
structuring; and (2) species that exhibit low genetic diversity and little phylogeographic structure.
The reconstruction of evolutionary histories for species with deep structuring is relatively
straightforward, e.g., barriers to gene flow include the Canning basin in geckos (Pepper et al.
2011a; Pepper et al. 2011b); the Nullarbor Plain in the Brush tailed Phascogale (Spencer et al.
2001); the Carpentarian gap in finches (Cracraft 1986); the Burdekin gap in Bowerbirds (Nicholls
and Austin 2005) and frogs (James and Moritz 2000); the Eyrean barrier in the Australian
Ringneck and the Splendid Fairy-wren (Ford 1987a). These barriers to gene flow act to varying
degrees on different species and are usually due to disjunctions in habitat that prevent dispersal at
the regional scale. However until recently, the genetic profiles of species lacking
phylogeogeographic structure have provided little insight into their evolutionary histories and
responses to the changing climates and environments of the Quaternary.

Many of the taxa which exhibit a lack of phylogeographic structure are highly vagile
and/or relatively widespread: including birds, e.g., ducks, parrots, cuckoos, and a range of
passerines (Joseph et al. 2002; Joseph and Wilke 2006; Joseph et al. 2006; Toon et al. 2007;
Kearns et al. 2009; Guay et al. 2010; Kearns et al. 2010); reptiles, amphibians, and plants, e.g.,
snakes, frogs, and sandalwood (Byrne et al. 2000; Kuch et al. 2005; Burns et al. 2007); and many
of Australia’s unique and iconic marsupials, e.g., Koalas, Eastern Grey Kangaroos, and the
Yellow-bellied Glider (Houlden et al. 1999; Zenger et al. 2003; Brown et al. 2006). The
widespread and mobile nature of these taxa complicates the reconstruction of demographic
histories from modern data alone, as few barriers have restricted dispersal. The addition of
ancient DNA (aDNA) to these phylogeographic studies (termed phylochronology; Hadly et al.
2004), can provide direct insight into genetic distribution patterns prior to recent contact events or

dispersals.
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Unfortunately, the extreme climatic conditions of the Australia environment are
not well suited to aDNA survival. Hot and arid conditions interrupted by episodic and sometimes
extreme rainfall events are not likely to be conducive to DNA preservation, as generally high
temperatures and water degrade DNA (Bollongino et al. 2008). However, eggshell has recently
been shown to preserve DNA under adverse conditions (Oskam et al. 2011). In contrast to bone,
where DNA is bound to hydroxyapatite in a calcium matrix, eggshell is a calcite biomineral of
exceptional preservation potential, where DNA can be stable for millennia (Oskam et al. 2010).
Eggshell is preserved in many Australian palaeontological cave sites and a large proportion is
derived from the Emu (Dromaius novaehollandiae novaehollandiae) (Miller et al. 1999; Miller et
al. 2005). The emu is a large flightless ratite bird which remains widespread in Australia but has
two recently extinct, dwarf relatives on several islands to the south of the continent. Modern emu
populations are highly vagile and likely to show limited phylogeographic structure. The
availability of palaeontological eggshell samples therefore provides a rare opportunity to assess
the phylogeographic history of Australian taxa using a combination of modern and ancient
samples. Furthermore, the isolation of emu populations on continental islands by post-glacial sea
level rise provides an opportunity to calibrate the genetic divergences between island and
mainland populations.

The Emu belongs to one of two extant lineages of large flightless ratite birds in Australia
(the other being the Cassowary, Casuarius spp., inhabitants of tropical rainforests). Four recent
taxa are usually distinguished: the extant mainland Emu, D. n. novaehollandiae; and three
recently extinct island forms: the King Island Emu (D. ater), the Kangaroo Island Emu (D.
baudinianus) which were both distinguished by their short stature, osteological differences in the
limb bones and plumage colouration (Vieillot 1817; Morgan and Sutton 1928; Parker 1984); and
the Tasmanian Emu (Dromaius novaehollandiae diemenensis), which was close or identical in
size to mainland populations, although there are conflicting accounts of its size (Dove 1924;
Dove 1926a; Dove 1926b). Gene flow between these island taxa and the mainland Emu (D. n.
novaehollandiae) has been halted for many thousands of years, as Tasmania was isolated from
the mainland 14,000 years ago (ya), King Island was isolated from Tasmania 12,000 ya, and
Kangaroo Island was isolated from the South Australian mainland 8,800 ya (Hope et al. 1977,
Lambeck and Chappell 2001). Emu fossils from Late Pleistocene sites on the mainland include a
few diminutive specimens (most notably, those from Lake Menindee reported by Patterson and
Rich, 1987) and these remain taxonomically unallocated.

Based on the palaeontological data there are at least two hypotheses that might explain the
presence of dwarf forms of Emu restricted to offshore islands and a larger form of the Emu on the
Australian mainland. Hypothesis one: the island taxa are remnants of formerly widespread
dwarfed species of the Pleistocene, that have since become extinct on the mainland (reflecting
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phyletic nanism; Gould and MacFadden 2004). If this hypothesis is correct, we would expect to
see evidence of a deep split between the dwarfed and large species. Hypothesis two: the island
forms may represent populations of D. n. novaehollandiae that became dwarfed after isolation
from mainland gene flow through phenotypic plasticity or genetic adaptation (reflecting
autapomorphic nanism; Gould and MacFadden 2004). If hypothesis two is correct, we would
expect evidence that the dwarfed and large forms are simply morphological variants of the same
species. For completeness, note that a third hypothesis does exist: the mainland form may stem
from an ancestral dwarf form that has since expanded in body size to fill the larger niches on the
mainland, whilst the ancestral dwarf body size has been preserved on the offshore islands. The
deep fossil history of the large bodied D. n. novaehollandiae on the mainland since the Late
Pliocene suggests this is unlikely (Patterson and Rich 1987). Hypothesis two is termed island
dwarfism and is potentially the most likely explanation.

The phenomenon of island dwarfism in large taxa is common worldwide, with density-
dependent factors (i.e., resource limited systems) and/or relaxed predator pressures creating
conditions that favour smaller individuals (Foster 1964; Lomolino 1985; Vartanyan et al. 1993;
Fritz et al. 2005; McNab 2010). Where selection pressures are relaxed, the major variables
affecting size evolution in island populations of non-volant taxa include island size and length of
isolation (Anderson and Handley 2002). Island size is expected to influence optimal body size
due to differences in intra- and inter-specific competitive interactions for resources, while length
of isolation (island age) should be inversely proportional to body size, until such time as
equilibrium is reached (Anderson and Handley 2002). However, dwarfism has also been
hypothesised to occur in response to climatically induced resource limitations — “temporal
dwarfism’ rather than ‘island dwarfism’ — such as proposed for the modern koala (Price 2008)
and agile wallaby (Marshall and Corruccini 1978).

The complex nature of these factors and their relative interactions in causing dwarfism
leads to uncertainty surrounding the evolutionary history of D. ater and D. baudinianus.
Although all island Dromaius were driven extinct by human hunting in the 19" century, limb
bones of D. ater and D. baudinianus have been preserved in the palaeontological record on these
southern temperate islands, making it possible to test these alternative hypotheses using ancient
DNA (aDNA) methods. Furthermore, D. ater was isolated from D. n. novaehollandiae for
approximately 5,200 years longer than D. baudinianus, so that morphometric comparisons of the
limb bones of living and extinct emus may provide information about the process of evolutionary
divergence in size and shape, and also help to resolve issues around taxonomic status. Such
morphometric comparisons include tests for allometric versus non-allometric scaling. Allometric
scaling within organisms deals with the physiological shape changes required to maintain body
function in different sized individuals of the same or phylogenetically similar species, however
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organisms can also show shape-uncorrelated size differences (non-allometric scaling) if the
different body part performs different physiological functions, or performs the physiological
functions in a different way, which is likely in deeply divergent species. If island taxa are truly
remnants of a formerly widespread dwarfed species that has become extinct on the mainland
(Hypothesis 1), then we would expect relatively high genetic divergence and potentially non-
allometric scaling of limb bones. However if the island taxa are populations of D. n.
novaehollandiae that have became dwarfed through insularization (Hypothesis 2), then we would
expect the island forms to contain a subset of the genetic diversity found on the mainland and to
reflect allometric scaling.

In order to test these two hypotheses, a survey of the current genetic diversity of D. n.
novaehollandiae is required, as no phylogeographic studies have been performed on the mainland
Emu to investigate its recent evolutionary history. Another key question of interest is how the
Emu survived the environmental extremes of the late Quaternary, in particular the period around
50,000 years ago when many Australian megafauna, including another large flightless bird
(Genyornis newtoni), became extinct (Miller et al. 1999; Brook et al. 2007; Faith and O'Connell
2011). Although, as a nomadic omnivore, the Emu is constantly on the move following the
intermittently abundant food resources that respond to ephemeral rainfall events, such as seeds,
flowers, young sprouting annuals and perennials, as well as insects (Davies 2002), uncertainty
exists about how Emus deal with highly arid periods. Important clues may be found by examining
how other, highly mobile Australian species responded to past climatic cycles. For example, even
widespread and/or highly mobile species appear to show signs of historic subdivision by the
Nullarbor Plain, an extensive barren expanse of chenopod shrub steppe on the southern coast of
Australia which forms a significant barrier to gene flow (Figure 1; Crisp and Cook 2007; Toon et
al. 2007; Neaves et al. 2009; Salinas et al. 2009). However, examination of the Pleistocene
record of caves in the Nullarbor Plain has found that an extensive assemblage of woodland fauna
inhabited the Nullarbor region from approximately 200-400 kya (Prideaux et al. 2007), so this
arid steppe has not always prevented habitation in the region, and in fact many species may have
simply skirted the northern edge of the Nullarbor Plain. Within the arid zone, the ephemeral
nature of the inland arid and semi-arid lakes has played a large role in sustaining gene flow and/or
creating divergent populations (e.g. Lake Eyre, Murray-Darling lakes, Lake Amadeus etc.). The
inland drainage basins are often flat, with a patchwork of meandering rivers that open up to many
shallow yet ephemeral waterholes, and are surrounded by large sparsely vegetated swampy
regions. The Eyrean Barrier, an arid barrier starting at the top of the Spencer Gulf and running
through Lake Eyre basin and Simpson Desert, has also caused vicariance to develop between
many bird species or subspecies pairs (Ford 1974; Ford 1987b; 1987a). In addition, areas that
putatively acted as major refugia from the arid centre in Australian species have been identified in
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the continent’s more temperate south-eastern (Victoria/Tasmania) and south-western corners
(Western Australia). The southwest, in particular, is characterised by much higher (10-fold) plant
biodiversity levels than south-eastern Australia (Dodson 2001). All three of these regions (the
Nullarbor/Eyrean barrier, and the south-east and south-western corners) are potentially important
for understanding the recent history of the Emu. Previous workers have speculated that D. n.
novaehollandiae from western Australia might belong to a separate subspecies based on
differences in plumage colouration (Le Souef 1904) and others have suggested a long
evolutionary history for the Emu in south-western Australia, as it is one of only a few Australian
species that can tolerate fluoroacetate-bearing plants of the genera Gastrolobium and Oxylobium,
which are confined to southwestern Australia (King et al. 1978; Mcllroy 1984; Twigg et al.
1988).

We undertook a combined phylogenetic and phylogeographic study of Emus (Dromaius
spp.) across their range on the Australian continent and offshore islands. In particular, we aimed
to determine the evolutionary history and status of the putative dwarf species D. ater and D.
baudinianus, and of the Tasmanian ‘subspecies’ D. n. diemenensis. We examined both the
genetic divergence of D. ater, D. baudinianus, D. n. diemenensis, from D. n. novaehollandiae,
and the relationship between shape and size variation in limb bones of D. ater, D. baudinianus,
and D. n. novaehollandiae. Our study also provides substantial geographic coverage of D. n.
novaehollandiae from eastern and western Australia for an in-depth phylogeographic study, and
includes aDNA samples dating up to approximately 16,500 ya, allowing us to add a temporal
component to the study of the evolutionary history of mainland Emus. We hypothesise that like
other widespread or highly mobile species, D. n. novaehollandiae populations were affected by
Australia’s major recent barrier to gene flow, the Nullarbor Plain, and took advantage of one of
Australia’s major Pleistocene refugia, the south-west corner.
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Materials and Methods
Samples.

A total of 24 ancient Emu bone and eggshell samples were obtained from museums and
collaborators (Table S5). These ancient samples included specimens of Dromaius baudinianus
(Kelly Hill Caves, Kangaroo Island), D. ater (King Island), and D. n. novaehollandiae (Tunnel
Cave, WA). We also obtained 19 non-invasive opportunistically collected samples from across
Australia, including 1 scat, and 18 modern feather samples from emus killed by vehicles; and 67
museum specimens, including 10 historically collected bone samples, 21 toepads, 5 feathers, 2
skin or mummified tissue specimens, and 29 modern tissue samples (Table S5). These 110 newly
sampled individuals were the basis of the dataset for this study, however as seven of the museum
samples lacked detailed location information they were excluded from the analyses. In addition
the two D. ater samples from Heupink et al. (2011) were included for completeness. Note due to
a lack of sampling between the Nullarbor Plain and the Eyrean Barrier the effects of these two
common barriers could not be distinguished.

aDNA Extraction, Amplification, and Sequencing.

Samples were extracted, amplified, and sequenced in specialist aDNA laboratories at the
Australian Centre for Ancient DNA (ACAD) in Adelaide, South Australia, according to a range
of strict protocols, including numerous controls (Cooper and Poinar 2000). A modified Qiagen
silica extraction protocol was used to extract DNA (Supplementary Materials and Methods).
Eighteen randomly selected modern individuals spanning the geographic spread of the continent
were sequenced for both hypervariable regions (HVSI and HVSII) of the mtDNA CR to identify
variable sites. When these initial 18 individuals indicated low levels of genetic variation (6 SNP’s
in 1000bp), 100-200bp regions surrounding the parsimony informative SNP’s were sequenced in
the balance of the samples while attempting to cover both hypervariable regions (350bp of non-
contiguous sequence was concatenated together). Primers were combined into two multiplexes:
Multiplex A, comprising primers A1360/A1407 (174bp), A1414/A1361 (105bp), A1691/A1692
(149bp), A1695/A1363 (143bp); and multiplex B, comprising primers A1410/A1411 (175bp),
A1539/A1440 (135bp), A1693/A1694 (147bp) (Table S6).

M or phometric analyses.

A morphometric analysis of femur, tibia and tarso-metatarsi bones was undertaken for D.
ater, D. baudinianus, and D. n. novaehollandiae, although the tibia dataset was excluded from
further analyses due to measurement error. The size and shape of the two leg bones as overall
length (L), proximal width (PW), proximal depth (PD), distal width (DW), distal depth (DD),
shaft width (SW), and shaft depth (SD) were measured. These raw measurements as well as shape
indices and log shape variables calculated from them have all been shown to vary significantly
between ratite species according to latitude (Worthy 1994). To explore these data, plots of the
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measurements against each other were prepared using R and ‘plotmatrix’ in ggplot2 package.
Univariate analysis of variance (ANOVA) of the pairwise comparisons of measurements between
taxa was assessed using Bonferroni’s correction with a=0.05 to establish whether D. ater and D.
baudinianus were significantly different in size. Multivariate analyses such as principal
components analyses (PCA) and regression analyses of PC1 versus island size and time since
isolation were done on the “log shape’ variables to indicate the overall relationships between the
standard-sized and dwarfed Emu. A Pearson correlation analysis of the size-adjusted data (as per
Gilbert and Rossie 2007) was done to test for a significant influence of allometry on the Emu
taxa. Additionally, two new tests of allometry were performed on the log shape variables: PCA
and Allometry ratio spectra (as per Baur and Leuenberger 2011), which were run using the R
script from Baur and Leuenberger (2011).

Population Genetic Analyses.

Population diversity indices (No. of haplotypes, No. of segregating sites, haplotype
diversity, nucleotide diversity, Tgjima's D statistic, and Fg; statistics) were estimated using
Arlequin v3.5.1.2 (Excoffier and Lischer 2010). The panmixia assumption was tested with an
Allelic Aggregation Index Analysis(AAIA) using Allelesin Space (AIS) v1.0 (Miller 2005). AIS
assesses the correlation between genetic distance, which it calculates using simple mismatch
distances calculated from raw genetic data and geographic distance, using a Delaunay
triangulation-based connectivity network that it generates from the latitude and longitude co-
ordinatesfor the dataset. The dataset was al so anal ysed using Genetic L andscape Shapein AlSin
order to visually identify genetic discontinuities or landscape regionswhererelatively low or high
genetic distances occur. In order to formally characterise the patterns observed in the Genetic
L andscape Shape analysis, we performed post hoc linear regression analyses using longitude as
the independent variable and various genetic diversity variables in Ostats v4.0.2
(http://www.maths.uq.edu.au/~mrb/ostats/index.php).

Phylogenetic and phylogeogr aphic analyses.

An unrooted haplotype network was also constructed using the Median Joining network in
the software Network v4.6 (with gaps excluded; Bandelt et al. 1999), as initial data visualisation
in SplitsTree v4 using the NeighborNet algorithm (Huson and Bryant 2006) indicated the Emu
dataset was not treelike. The evolutionary rate was estimated using the Bayesian algorithm in
BEAST v1.6.1 (Drummond and Rambaut 2007) using the HKY model, which was identified as
the best substitution model in ModelGenerator v0.85 (Keane et al. 2006). In order to test whether
our dataset had sufficient phylogenetic and temporal signal from tip calibration ages to estimate
the evolutionary rate with any accuracy, 10 randomisation experiments were conducted using
BEAST runs with identical priors as the optimal BEAST runs for our real dataset. Furthermore, a

binomial test of significance was performed to establish how likely it is to detect three of the five
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ancient eggshell samples as the more common haplotypes in modern populations (H3 and H7) if
the frequency of all current day haplotypes were equal in the ancient populations of 12,000-
16,500 ya (e.g., how likely is it that H3 and H7 have been common for a long time?).
Population demographic structure.

In order to investigate the demographic history of Dromaius, mismatch distributions of
the modern and ancient eastern populations were generated using Arlequin v3.5 (Excoffier and
Lischer 2010) to test for evidence of demographic expansion (Rogers and Harpending 1992) or
spatial expansion (Excoffier 2004). However, the ancient western samples were excluded from
the expansion tests as the sample size was too low (n=5). The demographic history of Dromaius
was also inferred using the Bayesian coalescent approach as implemented in BEAST using the
Bayesian Skyline Plot (BSP). Initially, panmixia was assumed for the entire dataset with the
timing of coalescent events estimated by carbon dates of associated layers for D. n.
novaehollandiae eggshell samples and the estimated island separation age for each island taxon
(Kangaroo Island separated from the South Australian mainland 8,800 ya; Hopeet al. 1977; King
Island separated from Tasmania 12,000 ya and Tasmania separated from the Victorian mainland
14,000 ya; Lambeck and Chappell 2001). As BEAST is limited to reconstructing demographic
histories of single populations under relatively simplistic demographic processes, we also
modelled increasingly more complex scenarios using Bayesian Serial Simcoal (BayeSSC;
Anderson et al. 2004) against which the observed data was compared. Four different hypotheses
were tested (see Figure 4 and Table 1) where effective population size (Ng), growth rate (r), date
of events (Tg), and migration rate (m) were estimated. By performing two iterative rounds of
BayeSSC, the dataset can be used to refine the more likely effective population sizes, growth
rates, and date of the events, while different migration rates were tested in increments of 5% per-
generation in both directions, as well as in only one direction, eastwards or westwards (see

Supplementary Methods for more details).

Results

We were able to successfully extract, amplify and sequence 350 bp of mitochondrial
control region DNA (mtDNA CR) for 103 of 185 Emu samples that had detailed location
information. These samples encompass 80 D. n. novaehollandiae (including 5 late Pleistocene
eggshell samples), 8 ancient D. ater, 11 ancient D. baudinianus, and 4 ancient D. n. diemenensis
specimens (Figure 2), which we combined with 2 additional King Island sequencesfrom Heupink
etal. (2011). Unfortunately, no suitable sampleswere available from Lake Menindeeto directly
test theidentity of possible mainland ‘ dwarf’ emusin the L ate Pleistocene. Of theinitial 1,000 bp
analysed for a geographically widespread subset of the data (18 individuals), only 6 nucleotide
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sites were found to be variable (see Materials and Methods), and when the full dataset (105
samples) was sequenced for the regions surrounding the parsimony informative SNPs and
concatenated to the same 350bp, 17 unique haplotypeswere delineated (Figure 2). See Chapter 6:
the Discussion for more discussion on potential reasons behind the success rates of each sample

type.

Phylogenetic analyses of island taxa vs. the mainland Emu

The Emu dataset as a whole shows relatively low nucleotide diversity but higher
haplotype diversity (Table 2). Although the haplotype network (Figure 2) includes all four
putative Dromai us taxaand encompasses D. n. novaehollandiae from across mesic and semi-arid
Australia, there is no evidence that the island emus form distinct mitochondrial DNA lineages.
Instead, haplotypes from each of the putative island taxa are fully intermixed with haplotypes
present in mainland Emus. The presence of unique haplotypes (H4 and H5in Figure 2) in each of
the Kangaroo and King Island emu populations may be a reflection of ‘ neotypy’ where novel
mutations are just starting to appear in isolated populations that otherwise only share common
ancestral haplotypes with the larger source population (Omland et al. 2006). However, sample
sizes would need to be much larger to exclude the more likely possibility that these represent

shared but rare haplotypes that have not yet been detected in the mainland Emu population.
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Table 1. Results of Akaike Information Criteria (Al1C) and finite sample corrected AIC
(AIC.) analysis for the Emu population models smulated in Bayesian Serial Simcoal
(BayeSSC) and evaluated using Approximate Bayesian Computation (ABC), and
summarized in Figure 4. The model with the lowest AIC value is the more likely model
given the data.

Model

Ln(L) AIC  A(AIC) w,(AIC) | AIC. A (AIC) w,(AICY

Ho 1 -183977 | 184977 3539 00625 | 370001  6.642 0.0168

H,(10%,50%) | 2 -181.751 | 183751 2312  0.1154 | 367.984  4.625 0.0459

H,(90%,90%) | 2 -182138 | 184138 2700 00951 | 368758  5.399 0.0312

H, 4 -187.285 | 191.285  9.846  0.0027 | 383.051  19.692 0.000

H,(20%,0%) | 4  -177.487 | 181487 0.048 03578 | 363456  0.097 0.4421
4

H, (35%, 0%) * -177.439 | 181439  0.000  0.3666 | 363.359 0.000 0.4640
* - Model with the maximum Ln (likelihood) and minimum AIC value.

No. Par; = number of independent estimated parametersfor model i; Ln (L;) = natural logarithm
of the maximum likelihood for model i; AIC = Akaike Information Criteriafor model i; A; (AIC)
= [AIC,—min(AIC)]; w; (AIC) = rounded Akaikeweights; AlC. = finite sample corrected Akaike
Information Criteriafor model i; A; (AIC.) = [AIC;—min(AIC)]; w, (AIC.) = rounded finite
sample corrected Akaike weights. The total sample number used in BayeSSC simulations and

AIC, calculations was n=88.

Table 2. Population genetic diversity indices, neutrality test statistics, and population
differentiation statistics as calculated in Arlequin.

Diversity indices Neutrality statistics
Population n #H PD —
S n) Hd e '3 'g‘a S FusFs
Al Droa‘g‘(;‘gb?;p' dataset 15 g 101 6 019 088 174 03l  -266
EntireDromaius spp. dataset 5 17 168 12 048 079 230 070  -811*
(350bp)
Two population hypothesis (western vs. eastern) using 350bp dataset
W 28 11 190 8 054 077 206 -0.23 -4.79*%
E 77 12 15 8 044 078 163 -0.11 -4.06
Two population hypothesis (western vs. eastern) separated temporally
W (modern) 23 9 1.82 7 0.52 0.72 1.90 -0.13 -3.27
W (ancient) 5 4 200 4 057 090 192 0.27 -1.01
E (modern) 52 10 1.64 6 0.47 0.78 1.33 0.60 -2.74
E (ancient) KAN/KIN/TAS 25 6 098 5 028 067 132 -0.75 -1.97

n - number of samples; #H —number of haplotypes; PD — mean number of pairwise differences
between haplotypes; S— number of segregating sites; it — nucleotide diversity; Hd — haplotype
diversity; 6(S) — Theta population parameter estimated from the infinite-site equilibrium
relationship. * - P-value <0.05 (for Fu' s Fg statistic, significance at the 5% level isreflected by a
P-value <0.02); ** - P-value <0.005.
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M or phometrics of dwarfed island vs. mainland Emu populations

Limb bones of the Kangaroo Island Emu (D. baudinianus) were significantly larger than
those of the King Island Emu (D. ater) for al variables except tarso-metatarsi distal and shaft
width (Table S1 for detail s of the measurements taken). Furthermore, the Emus formed a body-
size ranking, with the Kangaroo Island Emu limb bones intermediate in size between the King
Island Emu and mainland Emu (D. n. novaehollandiae) limb bones (Figure S1 and Table S1). As
no skeletal material of the Tasmanian Emu are represented in museum collections, no limb bones
of the Tasmanian * subspecies’ were available to compare against the King Island and Kangaroo
Island Emu bones for relative size differences.

The PCA and allometry ratio spectra, sensu Baur and L euenberger (2011), which test for
evidence of allometry found the most evidence for allometric scaling in the proximal width and
shaft depth of thefemorabones, and distal width and shaft depth in thetarso-metatarsi acrossthe
mainland, King Island and Kangaroo | sland Emu popul ations (see supplementary info, Figure S3
& $4). Furthermore, the Pearson correl ation compari son between the standardi sed measurements
and the geometric mean of the individual (as a proxy for overall size) found significant
correlations between the same limb bone proportions as the PCA and allometry ratio spectra
above (Table S2). Allometric scaling within organisms deals with the physiological shape
changes required to maintain body function in different sized individuals of the same or
phylogenetically similar species, however organisms can also show shape-uncorrelated size
differencesif the different body part performs different physiological functions, or performsthe
physiological functionsin a different way. The Principal Component Analyses (PCAS) of the
femur and tarso-metatarsi bones also highlight alack of significant shape differences, other than
those related to size, between D. ater, D. baudinianus and D. n. novaehollandiae (Figure S5).

The body-size ranking of the two island populations and mainland emus (from large to
small: mainland Emu, Kangaroo Island Emu, King Island Emu) is positively associated with the
sizeof theisland (natural logarithm of island sizein square kilometres) and negatively associated
with the length of isolation from mainland Emu populations (date of separation by rising sea
levels; Figure 3). These associations suggest a direct link between island habitat and dwarfing,
but the sample size prevents arigorous test of this relationship.

The lack of molecular genetic and morphological differentiation (other than size) of D.
ater and D. baudinianus from mainland Emu indicates that these putative taxa are simply recent
geographic isolates, and represent subsets of the diversity of adjacent mainland populations
immediately prior to the Holocene rise in sea levels. Furthermore, the date of isolation can be

used to calibrate phylogeographic analyses of mainland populations.
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Figure 3. Linear regression of femur and tarso-metatars (TMT) PC1 versus‘Time since
isolation’ and ‘Ln (isand size)’ of mainland (MN), Kangaroo Island (KAN), and King
Island (KIN) emus.

Phylogenetic and phylogeogr aphic analyses of the mainland Emu

The median-joining networkalso highlights the lack of geographic structure in the genetic
diversity of mainland Emu across Australia (Figure 2). The reticulation of haplotypes in the
centre of the network — the central cube (CC) — contains the three most common haplotypes (H2,
H3, H7), which are distributed across the entire geographic range of the emu (Figure 1 and S2:
black dots). CC haplotypes also represent the majority of the ancient samples (three of the five
ancient eggshell samples are H3 or H7), suggesting haplotypes common in modern populations
have been common since at least the late Pleistocene (the probability of obtaining two of the three
most common modern haplotypes if they were not more common than just random in the late
Pleistocene is 0.003; Table S3).

AsD. n. novaehollandiae are known to disperse long distances (up to 300km in 8 months,
Davies et al. 1971) isolation by distance (IBD) was not expected, so panmixia across the
continent wasinitially used as anull hypothesis. When this assumption was tested in an Allelic
Aggregation Index Analysis (AAIA testsfor evidence against the null hypothesisthat each allele
isdistributed randomly across ageographic landscape rel ative to the aggregation of an empirical
dataset) there was evidence supporting this assumption of panmixiaacrossthe continent (Miller
2005). However, when different hypotheses about the Nullarbor Plain as abarrier to gene flow
weretested in the BayeSSC analysis (one constant sized population vs. one population that split
into two vs. two isolated populations), the observed data best fit amodel of one population that
split into two isolated popul ations but had a continuously low level of gene flow (25-35%) from
west to east (Figure 4 & Table 1). This result suggests that the Nullarbor Plain/Eyrean Barrier
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potentially acted as a semi-permeable barrier to gene flow at some point in the history of the
Emu. Although not obvious from the hapl oty pe network (Figure 2), the eastern and western Emu
populations show significantly different haplotype frequencies when both modern and ancient
populations are considered (p-value = 0.001787 from the Fisher's exact test in Table S3).
However, when only modern populations are considered, the haplotype frequencies are not
significantly different (at the 5% level; p-value = 0.07821 from the Fisher’s exact test in Table
S3). This suggests the recent gene flow may have been erasing the signal of this population
divergence, since the dates of the ancient samples (i.e., 8,800-16,500 ya).
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Figure 4. Population models used in Bayesian Serial Simcoal (BayeSSC) simulations
followed by Approximate Bayesan Computation (ABC) to test the possible role of the
Nullarbor Plain as a barrier to gene flow. Model H, is the null hypothesis of a single
panmictic population of constant size. An alternate hypothesis is model H,, where the
Nullarbor Plain acted asa semi-permeablebarrier over very longtime-scales, separatinga
wester n population from an easter n population with different levelsof migration/generation
between them. Model H, isa single population that has undergone an expansion event T,
years ago from an effective population size of N, to N,; Model H, starts out as a single
panmictic population that issepar ated by theincreasing aridity of theNullarbor Plain, yet
with somelevel of geneflow between them. Although H1and H3 aresimilar models, H3was
included to establish whether there had ever been a time when the mainland Emu was
acting asoneinter breeding population. The level of gene flow wastested from 0-100% in
both directions, plusfrom 0-100% in either direction only (in incrementsof 5% migration
per generation). These four models are rather simplistic, however more complex models
werenot tested dueto concer n that thelack of genetic diversity in thedataset would hinder
reconstructing the population parameter s accur ately, and because of a lack of computing
power needed to perform the adequate number of simulations required for statistical
robustness (see Chapter 2: Methodology for a discussion on the issue of number of
simulations).
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Reconstructing Emu demographic history

Given the deep evolutionary timescale of Dromaiusin the Australian landscape (Patterson
and Rich 1987; Boles 1992; Field and Boles 1998; Miller et al. 1999; Miller et al. 2005), the
relatively low level of genetic diversity in both modern and | ate Pleistocene Emu populationsis
strongly suggestive of significant recent demographic perturbations in this lineage. We were
therefore concerned that any genetic signal of the evolutionary history in Dromaius may have
been obscured by their prolific breeding ability, short generation time, and high vagility (Dawson
et al. 1984). However, the combined Emu dataset passes the date randomisation test (Figure S8),
which suggests there is enough temporal signal in the ancient sequences for accurate
reconstruction of the evolutionary rate used in inferring many evolutionary events.

Neither of thewestern or eastern popul ations show evidence of demographic expansions,
yet both show strong evidence of spatial expansions. The population genetic statisticsin Table 2
show evidence of population expansion in the western population and in the entire Dromaius
dataset (indicated by the combination of moderate haplotype diversity and low nucleotide
diversity, and in the significantly negative Tgjima's D and/or Fu's Fs). Moderate haplotype
diversity and low nucleotide diversity signify a history of population expansion (Lowe et al.
2004). Signs of thisexpansion being spatial (and not demographic) in nature are seen in both the
BayeSSC simulations and the Bayesian Skyline Plots. The BayeSSC simulations, which tested
between hypotheses of one panmictic population, vs. two vicariant popul ationswith ashared vs.
separate histories, found evidence of one constant sized population that became separated into
two constant sized populations (140-560 kya) with 20-35% migration from the western into the
eastern population as being more likely given the data (Figure 4). The Bayesian Skyline Plots
(BSP, which is used to reconstruct the demographic history of a population) found that no
demographic expansion was supported; moreover, a constant (yet stationary) population size
could not be rejected for the entire Dromaius dataset, or for either the western or eastern
populations, based on the Bayes Factor (Figure S6). Furthermore, both the western and eastern
populations show no evidence for demographic expansion in the mismatch distribution-based
expansion tests; yet both show support for spatial expansions, at around 100 thousand years ago
(kya) (44-162 kya, 95% quartile) and around 348 kya (210-440 kya, 95% quartile) respectively
(Table 3 and Figure 6). Given the overwhelming evidence for population spatial expansions, the
bimodal mismatch distribution of the western population contrasted with the more unimodal
mismatch distribution of the eastern population, ismost likely dueto differencesinthedemesize
of each population or in the time since the expansion (Figure 5; Ray et al. 2003). The Genetic
Landscape Shape plot created in Alleles in Space (AIS; Miller 2005), which graphically
represents geographic areas of high genetic inter-individual distance, highlightsthe longitudinal
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cline in genetic diversity; western samples have higher genetic diversity (i.e., higher inter-
individual distance) relative to eastern samples (Figure 7). Post-hoc linear regression analyses
also revedled distinct longitudinal trends (Figure S7), where the mean numbers of pairwise
differenceswere negatively correlated with longitude (R* = 0.9198, P=0.0006), i.e., the western
population has higher genetic diversity.
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Figure 5. Pairwise mismatch distributions observed for each population (western vs.
eastern), and for each time period (ancient vs. modern) compared to the pattern expected
under demographic and spatial expansions. The western ancient population mismatch
distribution is shown, however it was excluded from most further analyses asthe sample
sizewastoo low (n=5).
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Discussion

The nucleotide diversity of the Emuisrelatively low compared to other Australian bird
specieswith awidespread range and high dispersal ability, such asthe Grey Teal (Anasgracilis;
m. 1.4% for control region) and Australian Magpie (Gymnorhina tibicen; m: 0.87-4.64% for
control region), but is similar to other Australian birds suspected of experiencing population
expansion following climate-mediated bottlenecks, such as the Horsfield’s Bronze-Cuckoo
(Calcitesbasalis; m: 0.44% for control region), the Pied Butcherbird (Cracticus nigrogularis;
0.2% for ND2), the Black-faced Woodswallow (Artamus cinereus; . 0.4%), and the Spiny-
cheeked Honeyeater (Acanthagenysrufogularis; t: 0.22%) which all have nucleotide diversities
an order of magnitude lower (Joseph et al. 2002; Joseph and Wilke 2007; Toon et al. 2007;
Joseph et al. 2009; Kearnset al. 2010). Given the deep evolutionary timescale of Dromaiusinthe
Australian landscape (Patterson and Rich 1987; Boles 1992; Field and Boles 1998; Miller et al.
1999; Miller et al. 2005), the relatively low level of genetic diversity in both modern and late
Pleistocene Emu populations is strongly suggestive of significant recent demographic
perturbations in this lineage. We were therefore concerned that any genetic signal of the
evolutionary history in Dromaius may have been obscured by their prolific breeding ability, short
generation time, and high vagility (Dawson et al. 1984). However, the combined Emu dataset
passes the date randomisation test (Figure S8); additionally, recent advancesin serial coal escent
analyses allowed usto test the likelihoods of alternative population histories given the observed
data, and standard popul ation genetic techniques confirmed the history of spatial expansionsin

Dromaius.

The evolutionary origin of dwarf island Emus

The three main island populations of Emus (D. baudinianus, D. ater and D. n.
diemenensis), now all extinct, have long been regarded as separate taxa, the first two mainly on
account of their dwarf stature. However, the high proportion of shared haplotypes with D. n.
novaehollandiaeindicatesthat they areall recent derivatives of asingle, morewidely distributed
ancestral population, and all probably owe their specia characteristics to the effects of
insularization. The apparent links between limb size (i.e., asaproxy for overall body size) and
bothisland size and length of isolation, suggest that D. ater and D. baudinianuswere undergoing
directional selection but had possibly not yet reached optimal limb size. The lack of genetic
differentiation suggests these morphological differences are due to phenotypic plasticity. This
may also bethe casefor thereported dark colouration of theisland Emu taxa (L e Souef 1904), as
Heupink et al. (2011) found no evidencein the MC1R geneto support agenetic basisfor plumage
colouration differences between D. ater and D. n. novaehollandiae; however, other genes that
regulate the melanocortin system may be involved (Roulin et al. 2011). In addition, the few
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morphological differences reported for the isand taxa include the distal foramen of the
tarsometatarsi being open in D. baudinianus compared to D. ater (Parker 1984), and the dome
shaped skull in D. baudinianus and D. ater compared to D. n. novaehollandiae (Heupink et al.
2011), which on closer inspection are al found within the variability of D. n. novaehollandiae
(Patterson and Rich 1987; Heupink et al. 2011). Parker’s (1984) lack of comparison with D. n.
novaehollandiae when describing D. baudinianus throws doubt on hisjudgement of the dwarfed
emus from Kangaroo Island as a separate species, and in fact the allometric scaling and lack of
genetic differentiation shown here may necessitate a re-description of D. baudinianus to the
subspecific level within D. novaehollandiae.

The molecular data presented here argues against the notion that the variousisland dwarf
emuswererelicts of aformerly more widespread dwarf emu that also occurred on the mainland,
however this cannot be completely ruled out on the basis of the samples analysed to date. There
are severa dwarf species of Emu that have been described from the fossil record, however even
the youngest of these are of ‘Late Pleistocene’ age and the preservation conditions of the sand
lunette where they were discovered at Lake Menindee in NSW makes the retrieval of aDNA
unlikely (Patterson and Rich 1987). Infact, thefew pre-Holocene Emu samplestoyield aDNA in
Australiahaveall beenfound in cave sites (thisstudy; Oskam et al. 2010), so until well preserved
remains of relatively recent dwarfed mainland Emus are found this hypothesis cannot be tested.
Furthermore, it is possiblethat aformer dwarf mainland relative of D. n. novaehollandiae might
have been recently derived and only weakly differentiated genetically, or that mitochondrial
introgression had occurred between two more fully differentiated species.

Therefore, the combined genetic and morphometric evidence suggeststhat theisland taxa
are populationsof D. n. novaehollandiae that became dwarfed after isolation from mainland gene
flow. As idand dwarfism can result from density-dependent factors (i.e., resource limited
systems) and/or relaxed predator pressures creating conditionsthat favour smaller individuals, a
discussion of these factors in the Australian context is warranted. It is likely that predator
pressures similar to the mainland were experienced on the islands as Aborigines were known to
hunt Emus on the mainland with net traps, and Aboriginal populations occupied Tasmania
continuously until European settlement (Flood 2004). Furthermore, Aborigines inhabited
Kangaroo Island until approximately 5 kya (Hopeet al. 1977), and were at | east present on King
Island at 14 kya (Flood 2004). In addition Thylacines (Thylacinus cynocephalus) are known to
have inhabited both Tasmania (Jones and Stoddart 1998) and Kangaroo Island (Prideaux pers.
comm.), but not King Island (Flood 2004). The hunting style of the thylacine is as an ambush
predator, but it does not usually hunts animals as large as full sized Emus (Jones and Stoddart
1998; Wroeet al. 2007; Figueirido & Janis2011), however the dwarfed nature of theisland Emus

may have made easier prey for thylacines. Although no datais available on the mechanics of the
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gait of dwarf Emus, the high manoeuvrability of the mainland Emu may have beenretainedin the
island Emusif hunting pressures by Aborigines/thylacineswould have selected for it. Therefore
dwarfed Emus may still have posed a challenge to the thylacine dueto their large body size, and
ability to kick and escape predators. The relaxed selection pressures that caused the island
dwarfism on Kangaroo and King islandswere therefore possibly not alack of predators, but more
likely due to arelaxation of selection for extreme mobility (i.e., long legs) needed on mainland
Australia to locate scarce resources such as water and high quality food items (Dawson et al.
1984). On small islands such mobility islesslikely to be a sel ective advantage while the reduced
resource requirements of smaller animals may be better suited to the environment (Lomolino
1985).

Demography - west to east spatial expansion at 350 kya

We have identified signals of a spatial expansion of emus from west to east across the
Australian continent in multiple analyses. The BayeSSC analyses support the scenario of asingle
population that became divided sometime in the Middle Pleistocene (560-140,000 ya) but with
low levels of uni-directional gene flow between them (20-35% per generation). This gene flow
wasfrom west to east across asemi-permeable barrier (Figure4). Aswe havefew mainland Emu
samples between the Nullarbor Plain and Eyrean Barrier, at thistime it is not possible to state
definitively which of these two barriers to gene flow caused the west-east split in Emu
evolutionary history prior to 350 kya. However, Emu eggshell remains excavated from the
marginal dunes around Lake Eyre and from near Port Augusta (west of the Eyrean barrier, yet
east of the Nullarbor Plain) extend continuously back in time until at least 140 kya (Miller et al.
2005), suggesting the Eyrean Barrier is not likely to have acted to prevent gene flow during the
last glacial cycle. This history of Emu presence (Miller et al. 2005) also highlights the fact that
although the L ake Eyre playalake may have supported Emu occupation of the semi-arid region
during thelast glacial cycle, no evidence exists asto whether the playabasins provided sufficient
refugial conditions during previous glacial cycles.

The lack of clear phylogeographic structure in the haplotype network suggests that most
of the evidence of past isolation between the western and eastern populations has likely been
erased by more recent gene flow across the Nullarbor Plain/Eyrean Barrier. Neither of the
western or eastern populations show evidence of demographic expansions, yet both show strong
evidence of spatial expansions. The expansion signal in the eastern population dates to
approximately 350,000 ya — roughly coincident with Termination IV, just prior to the start of
Marine Isotope Stage (MIS) 9 (Becquey and Gersonde 2003); and in the Western population to
approximately 100,000 ya — just after Termination Il, during MIS 5 (Becquey and Gersonde
2003; EPICA et al. 2004; Table 3 and Figure 6). However, the upper and lower bounds of the
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expansion events cover a substantial period of time. In the case of the eastern population
expansion, the margins of error include Terminations Il and V, and the intervening glacial
periods. Given the substantial temporal overlap with other glacial and interglacial periods for the
eastern expansion, we are concerned the uncertainty involved in these calculations obscures any
authentic signal of the timing of a population range expansion. The BayeSSC simulations also
detected evidence of this divergence from one population into vicariant western and eastern
populations, however the error margins involved in the BayeSSC analysis were even wider (140-
560 kya). Even taking into account the uncertainties involved in the expansion tests, the point
estimate of the both eastern and western population expansion times do appear to roughly
coincide with periods of climate amelioration in Termination 1V and Termination 11, respectively
(Pahnke et al. 2003). This response of the Emu during periods of increasing moisture availability
IS not surprising in a taxon with such well-attuned sensitivities to detecting rainfall over long
distances, which has provided the Emu with an ability to respond rapidly to improving
environmental conditions. Research has shown that Emus seem to be conscious of the cues
signalling heavy rain, as in western Australia they have been detected not only migrating
according to the direction of predominant seasonal rainfall (north in summer, south in winter), but
when a reversal in the normal seasonal rainfall occurs they reverse their migration patterns
(Davies 2002). The more surprising result is that the Nullarbor Plain/Eyrean Barrier would act as
a semi-permeable barrier to such a large species with a high dispersing ability. Although Emu
populations may have skirted the northern border of the Nullarbor Plain to cross the continent, the
current distribution map (Figure S2) for the Emu shows the sparse nature of recorded sightings in
this very arid region. The lack of Emu presence in this region during the current interglacial
period may suggest that both current (humid) and past (arid) climates may have prevented even
such a generalist as the Emu from successfully inhabiting the arid region north of the Nullarbor
Plain.

The population genetic analyses suggest that the western population of D. n.
novaehollandiaeisancestral and identify the southwest corner asalikely recurrent refugium for
the species. Thisconclusion issupported by the higher nucleotide diversity level in the western
population (Table 2) and by the west-east longitudinal cline in genetic diversity seen in the
Landscape Shape analysis (Figures 7 & S7). Furthermore, an east to west spatial expansion isnot
likely due to the strong genetic differentiation (with highly significant Fg; values) between both
modern popul ations and the ancient eastern samples (8,800-14,000 ya) — contrasting with the lack
of differentiation between the modern populations and the ancient western samples (12,500-
16,500 ya; see Table S3). The BayeSSC and BSP simulation (Figure 4 and S6) also refute the
alternative scenarios of in situ demographic changesin both eastern and western populations. The
southwest isalong term refugium for many groups of plantsof animals; itsflorais characterised
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by much higher (10-fold) biodiversity and endemism than south-eastern Australia(Dodson 2001),
and there are several endemic mammalsand birds, with varying levelsof divergencefrom eastern
Australian relatives. One way to further test the hypothesis that the south-west corner was a
critical refugium for the Emu would be to compare the tolerance level for fluoroacetate between
D. n. novaehollandiae in the east with those in the west; smilar levels between east and west
would support the idea of a western refugium, but if disparate levels were detected in the east
compared to the west, then a separate eastern refugium would be more likely.

Postglacial expansions of Emus out of a southwest refugium may have occurred
repeatedly during previous glacial cycles, yet been overwritten by the most recent expansion
signalsdetected from the Middle Pleistocene. The one major expansion detected around 350 kya
saw the western population of D. n. novaehollandiae cross the Nullarbor Plain and expand over
the eastern half of the continent. However, recently discovered Middle Pleistocene caveremains
highlights an extensive assemblage of woodland faunathat inhabited the Nullarbor region from
approximately 200-400 kya (Prideaux et al. 2007) around the same time as the west-east
postglacial expansion in D. n. novaehollandiae. One likely explanation for this change in
habitation level isthe post-Termination 1V interglacial appearsto have been more warm/humid
than previous interglacials, potentially allowing a broader expansion of flora and fauna

biodiversity into the Nullarbor region.

Demography —western expansion at 100 kya

A second minor post-glacial expansion probably occurred around 100,000 ya (post-
Termination 1) but this extended across the western half of the continent. Interestingly,
Termination |1 (in addition to Termination IV) was also substantially more warm/humid than
other interglacials, suggesting D. n. novaehollandiae requiresrel atively warm/humid conditions
to expand out from refugia — the climatic/ecological niche of D. n. novaehollandiae may be
narrower than assumed. Although the two expansions around thetime of Terminations|| and IV
werethe predominant signal detected inthe D. n. novaehollandiae dataset, both the western and
eastern populations are likely to have experienced small-scale within-population
contraction/expansion events in response to other glacial/interglacial cycles. The eastern
population in particular would have experienced different ecological conditions (after expanding
into the east post-Termination IV) compared to previous glacia cycles in the west. However,
even in the east there would have been refugia to provide sanctuary during glacial maxima: the
eastern inland arid and semi-arid lakes, and/or the southeast corner. Evidence that these lakes
have supported life during extreme conditions is evidenced by continuous deposits of D. n.
novaehollandiae eggshell samples from 130,000 ya to the present at Lake Eyre, the Murray-
Darling basin and Port Augusta. Emu persisted in the Lake Eyre and Murray-Darling regions
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even through sudden and substantial ecosystem change that precipitated the extinction of
Genyornis newtoni, another ratite species known to have inhabited this region with D. n.
novaehollandiae (Miller et al. 1997; Miller et al. 1999; Miller et al. 2005). The omnivorous and
opportunistic feeding behaviour of D. n. novaehollandiae may have allowed it to persist around
these playa lakes as long as there was some water available (the simple gastrointestinal tract of
the Emu necessitates frequent water consumption - daily in the case of chicks; Dawson et al.
1984). The Australian southeast (Victoria/Tasmania) probably also provided suitable refugium
conditions, asit liesat similar latitudesto the southwest refugium and contains much topographic
and habitat heterogeneity. Finally, the Eyre Peninsula, Y orke Peninsula, Mt. Lofty Ranges, and
Kangaroo Island are thought to have formed one continuous refuge (South Australia) during at
least thelast glacial maxima (Ford 1987a). Whether or not this South Australiarefugium and the
southeast corner would have been periodically contiguous is not known, however hydrologic
zonation maps proj ected to the LGM (using the climatic index of Prescott based on precipitation
and evaporation ratios) show they both have similar climatic index values, suggesting gene flow
between these refugia was possible (Bowler 1982).

It seemsextraordinary that such ahigh dispersing, omnivoroustaxathat currently inhabits
arid sections of the Australian landscape would be limited geographically by the increasing
aridity of past glacial cycles. However, ecological studies have shown the Emu to have highly
attuned sensitivitiesto cuessignalling rainfall, even at quite alarge distance (Davies 2002). Itis
possibly thesetiesto rainfall events, and the associated flourishing food sources (such as seeds,
flowers, sprouting plants, and insects) that ultimately determine the distributions of Emu across

the landscape.

Conclusion

Dromaius has a complex demographic history that can only be reconstructed through a
comprehensive survey of both modern and ancient genetic diversity (via fossil bone and eggshell
samples). Our study identifies the Nullarbor Plain as likely to have acted as a semi-permeable
genetic barrier for D. n. novaehollandiae. It also identifies a likely refugium in the humid
southwest of Australia, where a degree of genetic diversity was preserved through multiple
glacial cycles; and provides evidence for at least two postglacial expansions: one eastwards
across the Nullarbor Plain around Termination IV, and the other within the western population
around Termination Il. We find no genetic evidence that the extinct island emu taxa of King
Island, Kangaroo Island, or Tasmania (D. ater, D. baudinianus, or D. n. diemenensis) warrant
separate taxonomic status. Each of these populations appears to be recent isolates of D. n.
novaehollandiae, which have undergone rapid morphological change in response to
insularization. An association between limb length and island size/length of isolation in these
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dwarfed taxa suggests the relaxation of selection pressures accompanying a reduction in home
range size/resources was responsible for the island dwarfism via phenotypic plasticity.

The low genetic diversity found within the Emu appears to stem from multiple genetic
bottlenecks caused by contraction to the refugial zone in the southwestern corner of the continent
during arid glacial cycles, prior to range expansions out of this refugia during interglacials (MIS 5
and MIS 9). One consequence of low genetic diversity is a potential susceptibility to disease, such
as seen in the Tasmanian Devil (Sarcophilus harrisii) and facial tumour disease (Hawkins et al.
2006; Miller et al. 2011). The lack of genetic variation may (especially if the mitochondrial
control region’s lack of diversity is mirrored in immune response genes as seen in the Tasmanian
Devil; Siddle et al. 2007) expose the Emu, a common and widespread species, to the risk of
decline and potentially eventual extinction if faced with a similarly strong environmental
challenge.

We note that although future work in this area could concentrate on increasing the sample
size and geographic spread of ancient specimens (in particular eggshell samples), given the lack
of genetic diversity in the mtDNA CR we do not expect that increasing the depth of sequencing to
the entire mitogenome will substantially increase the resolution of Dromaius evolutionary
history. On the other hand, the nuclear genome may hold promise in reconstructing Dromaius
evolutionary history, and this is likely to be accessible through recent advances in next generation

sequencing and library preparation of ancient samples.
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Supplementary Materials and Methods

DNA extraction and sequencing

Ancient material. A total of 28 ancient Emu bone, eggshell and feather samples were
obtained from museums and collaborators (Table $4). These ancient samplesincluded specimens
of Dromaius baudinianus (Kelly Hill Caves, Kangaroo Island), D. ater (King Island), D. n.
diemenensis (Tasmania), and D. n. novaehollandiae (Tunnel Cave, WA). DNA was extracted
from 0.1-0.7 g of bone powder using a modified Qiagen silica-column based kit (QIAGEN
DNeasy Blood and Tissue kit), with DNA extracted from the eggshell samples following a
modified version of Oskam et al. (2010). All ancient samples were extracted in a specialised
ancient DNA laboratory at the Australian Centre for Ancient DNA (ACAD) that is physically
remote from modern genetic laboratories. The ACAD ancient laboratory is kept at positive air
pressure and uses standard ancient DNA precautions (clean body suits, face shields, multiple
pairs of gloves), universal UV irradiation, and regular cleaning with oxidising agentsto prevent
contamination. All reagents and materials are supplied DNA-free and used only once. Separate
hoods are used for DNA extractions and to set up PCR experiments, and the amplification and
post-PCR procedures are performed in a post-PCR laboratory located in a separate, physically
remote building to minimise the potential for contamination by PCR amplicons. The uni-
directional movement of researchers and materials is carefully controlled to further reduce
contamination risk.

M odern material. Weobtained 19 non-invasive opportunistically collected samplesfrom
across Australia (including 1 scat, and 18 modern feather samplesfrom emuskilled by vehicles)
and 67 museum specimens (including 10 historically collected bone samples, 21 toepads, 5
feathers, 2 skin or mummified tissue specimens, and 29 modern tissue samples). DNA was
extracted from bone samples using the same method as for ancient bone samples in the
specialised ancient DNA laboratory. DNA was extracted from the scat sample using an
ISOLATE Fecal DNA Kit (Bioline), feathers were extracted using a modified version of the
method from Rawlence et al. (2009), and toepads and skin/mummified tissue samples were
extracted with a modified DNeasy Blood and Tissue Kit (Qiagen) in a pre-PCR clean-room
laboratory. The ACAD pre-PCR clean-room laboratory uses ancient DNA precautions
(laboratory coats, face masks, multiple pairs of gloves) and regular cleaning with oxidising agents
to prevent contamination. The modern tissue samples were extracted in a modern laboratory
using a salting-out method (Miller et al. 1988).
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PCR and Sequencing. To estimate the genetic relationships amongst Dromaius, we
successfully amplified and sequenced variable portions of the mitochondrial control region
(mtDNA CR) from 110 individuals, comprising 87 D. n. novaehollandiae, 11 D. baudinianus, 8
D. ater, and 4 D. n. diemenensis, which we combined with seven already published by Heupink et
al. (2011). Eighteen randomly selected modern individual s spanning the geographic spread of the
continent were sequenced for both hypervariableregions (HV SI and HV Sl1) of themtDNA CRto
identify variable sites. When these initial 18 individuals indicated very low levels of genetic
variation (6 SNP sin 1000bp), 100-200bp regions surrounding the parsimony informative SNP' s
were sequenced in the balance of the samples while attempting to cover both hypervariable
regions. Primers were combined into two multiplexes: Multiplex A, comprising primers
A1360/A1407 (174bp), A1414/A1361 (105bp), A1691/A1692 (149bp), A1695/A 1363 (143bp);
and multiplex B, comprising primers A1410/A1411 (175bp), A1539/A1440 (135bp),
A1693/A1694 (147bp) (Table S5). PCRs were set up using 25 uL volumes containing a final
concentration of 1U Platinum Tagq DNA Polymerase High Fidelity (Invitrogen), 1x PCR Buffer
(Platinum, Invitrogen), 3mM MgSO,, 200 uM each dNTP, 2 mg ml™ rabbit serum albumin
(Sigma), 1 uM forward and reverse primers and 2-3 uL of template DNA. PCR reactions were
done on a Corbett Research Palm Cycler with the following cycling conditions: 94°C for 2 min,
55 cyclesof 94°C for 30 s, 55°C for 30°s, 68°C for 30 s, and afinal extension of 10 min at 68°C.
Amplifications of extraction and PCR controls were performed in all experiments to monitor
contamination. PCR products were separated by electrophoresis on a 3.5% agarose gel.
Singleplex reactions were amplified from the multiplex reactions if warranted. Successful PCR
products were purified using EXOSAP (Fermentas), after which the forward and reverse
complement of each fragment was sequenced from the same PCR reaction with the PCR primers
using Big Dye Terminator v3.1 cycle-sequencing chemistry and cleaned up using a
Multiscreen®,,, SEQ plate (Millipore). Sequencing was conducted on an ABI 3130XC capillary
sequencer. Sequences were edited and the forward and reverse strands aligned using Geneious
v5.4.6 (Drummond et al. 2011).

Mor phometric analyses

A review of published morphometric measurements of D. ater and D. baudinianus
reveal ed only basic measurements of leg bone length and shaft diameter (Scott 1924; Morgan and
Sutton 1928). Therefore, a more substantial morphometric analysis of femur, tibia and tarso-
metatarsi bones was undertaken for D. ater, D. baudinianus, and D. n. novaehollandiae (Table
$6), although the tibia dataset was excluded from further analyses due to measurement error. As
the ancient specimenswere not excavated as articul ated skeletal el ements, measurements of only
right hand femoraltibia/tarso-metatarsi were taken to ensure no individual was measured twice.

Whileevery effort was made to take measurements from specimens sampled for DNA purposes,
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this often was not possible due to damage to the bone architecture or visual inspection indicating
poor DNA preservation. Furthermore, sample sizes were too low to successfully separate any
effects of sexual dimorphism within each population.

We measured the size and shape of the two leg bones as overall length (L), proximal
width (PW), proximal depth (PD), distal width (DW), distal depth (DD), shaft width (SW), and
shaft depth (SD). These measurements were chosen to best reflect those aspects of limb sizeand
proportions that vary with climate according to Allen’s rule, specifically limb bones from the
three magjor limb segments. These raw measurements aswell as shapeindices(Table S6) and log
shape variables calculated from them have all been shown to vary significantly between ratite
species according to latitude (Worthy 1994). To explore these data, plots of the measurements
against each other were prepared using R and ‘plotmatrix’ in ggplot2 package (Figure S1).
Univariateanalysis of variance (ANOV A) of the pairwise comparisons of measurements between
taxawas assessed using Bonferroni’ s correction with o= 0.05 to establish whether D. ater and D.
baudinianus were significantly different in size. Multivariate analyses, such as principa
components analyses (PCA) and regression analyses of PC1 versus island size and time since
isolation were done on the ‘log shape’ variables. The log shape variables are simply the log-
transformed ratios of each variable with the geometric mean of all measurements for that
individual (or the geometric population mean — geometric mean of that measurement for all
individuals). Theseratios are‘scalefree’ in that an isometric size component has been removed
from the equation. These tests were performed to test hypotheses regarding isometric vs.
allometric sizedifferences, optimal body size and evolutionary equilibrium. However, thistype of
isometric size correction does not account for all shape differences associated with size;
therefore, size adjusted datamay still beinfluenced by allometry. The PCA was carried out using
the prcomp function in R with a covariance matrix (which is more appropriate than correlation
matricesfor small sample sizes, Perktas and Gosler 2010). A Pearson correlation analysis of the
size-adjusted data (as per Gilbert and Rossie 2007) was doneto test for asignificant influence of
allometry on the Emu taxa (Table S2). Additionally, PCA and Allometry ratio spectra (as per
Baur and L euenberger 2011) were also undertaken on the log shape variables, and wererun using
the R script from Baur and Leuenberger (2011).

Population Genetic Analyses

Population diversity indices (No. of haplotypes, No. of segregating sites, haplotype
diversity, nucleotide diversity, Tgima's D statistic, and Fu's FS) and differentiation statistics
(Fsr) were estimated using Arlequin v3.5.1.2 (Excoffier and Lischer 2010), and are presented in
Table2 and $4. AsD. n. novaehollandiae are known to disperse long distances (up to 300kmin 8

months; Davieset al. 1971) isolation by distance (IBD) was not expected, so panmixiaacrossthe
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continent was initially used as a null hypothesis. The panmixia assumption was tested with an
Allelic Aggregation Index Analysis(AAIA) using Allelesin Space (AlS) v1.0 (Miller 2005). AIS
calculates genetic distance using simple mismatch distances calculated from raw genetic data,
which it assignsto the midpoints of a Delaunay triangulation-based connectivity network that it
generates.

The dataset was al so analysed using Genetic L andscape Shapein AlSin order to visually
identify genetic discontinuities or landscape regions where relatively low or high genetic
distances occur. Given the large spatial scale across which sampling was conducted (i.e., the
entire continent), the residual genetic distances derived from the linear regression of pairwise
genetic distances was checked against mismatch distances from the raw genetic data. Residual
genetic distances are usually used when IBD is present in a dataset. It a'so ensures that large
interpolation peaks are not over-inferred due to one or more samples being geographically
isolated (i.e., Tasmania, King Island, Kangaroo Island). In order to formally characterise the
patterns observed in the Genetic Landscape Shape analysis, we performed post hoc linear
regression analyses using longitude as the independent variable and various genetic diversity
variables in Ostats v4.0.2 (http://www.maths.ug.edu.au/~mrb/ostats/index.php). As D. n.

novaehollandiae do not belong to well-defined populations, samples were grouped by location
according to Interim Biogeographic Regionalisation of Australia (IBRA) boundariesto simplify
the calculation of pairwise genetic differencesin this post-hoc analysis of correlations between

genetic and geographic distances.

Phylogenetic and phylogeographic analyses

An unrooted haplotype network was a so constructed using the M edian Joining network in
the software Network v4.6 (with gaps excluded; Bandelt et al. 1999), asinitial datavisualisation
in SplitsTree v4 using the NeighborNet algorithm (Huson and Bryant 2006) indicated the Emu
dataset was not treelike.

The evolutionary rate was estimated using the Bayesian algorithm in BEAST v1.6.1
(Drummond and Rambaut 2007). The genealogy was reconstructed under the HKY model.
Although HKY +I was identified as the best fitting nucleotide substitution model using Akaike
Information Criteria(A1C) and Bayesian Information Criterion implemented in M odel Generator
v0.85 (Keaneet al. 2006), no proportion of invariant siteswasincluded asthisanalysiswasintra-
specific (Ho et al. 2008). Posterior popul ation parameters were estimated with two Markov chain
Monte Carlo (MCMC) runsof 200,000,000 iterations each, with sampling every 20,000 iterations
and discarding the first 2,000,000 as burnin. The effective sample size and convergence of the
MCMC runs were checked in TRACER v1.5 (Drummond and Rambaut 2007). In order to test
whether our dataset had sufficient phylogenetic and temporal signal from tip calibration agesto
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estimate the evol utionary rate with any accuracy, 10 randomisation experiments were conducted
using BEAST runswithidentical priorsasthe optimal BEAST runsfor our real dataset (Ho et al.
2011). This entailed creating 10 replicate datasets by randomising the tip ages across the tree
using the randomisation function in Microsoft Excel v14.1.2. To rule out that the posterior
distributions were being strongly influenced by the prior distributions, *prior only’ BEAST runs
were done using the same conditions as the real dataset.

Population demogr aphic structure

In order to investigate the demographic history of Dromaius, mismatch distributions of
the modern and ancient eastern populations were generated using Arlequin v3.5 (Excoffier and
Lischer 2010) to test for evidence of demographic expansion (Rogers and Harpending 1992) or
gpatial expansion (Excoffier 2004). Demographic expansion has been defined as a sudden
increasein population size or sustained exponential growth (Rogersand Harpending 1992), while
spatial expansion is defined as a range expansion in a subdivided population (Excoffier 2004).
The ancient western sampleswere excluded, asthe sample sizewastoo low (n=5). The expansion
dates from the tau statistic (in units of mutation) reported from Arlequin were transformed into
units of years, using the evolutionary rate calculated from BEAST and the generation time.
Generation time was set at 4 years, which was calculated using the formula (T + T,)/2; T, is age
of first breeding (2 years; Davies et al. 1971); T, is age of last breeding (6 years based on age at
death in the wild; Davies 2002). As an accurate generation time is particularly important in these
calculations, it must be noted that the calculated expansion dates are based on these approximated
breeding ages. The estimates of expansion timeswere plotted against the EPICA deuterium levels
as measured from the Antarctic Vostok ice core (EPICA et al. 2004), as a proxy for southern
hemisphere glacial/interglacial temperature cycles.

The demographic history of Dromaius was inferred also using the Bayesian coalescent
approach as implemented in BEAST using the Bayesian Skyline Plot (BSP). Initially, panmixia
was assumed for the entire dataset with the timing of coalescent events estimated by carbon dates
of associated layers for D. n. novaehollandiae eggshell samples and the estimated island
separation age for each island taxon (Kangaroo Island separated from the South Australian
mainland 8,800 ya; Hope et al. 1977; King Island separated from Tasmania 12,000 ya and
Tasmania separated from the Victorian mainland 14,000 ya; Lambeck and Chappell 2001). Due
to the Holocene/Late Pleistocene age of these islands, the mechanism of formation (lowered sea
level) is well understood, therefore D. ater, D. baudinianus and D. n. diemenensis were judged to
represent larger source populations on the adjacent mainland just prior to separation of their
island. To test Dromaius population expansion hypothesis against the null hypothesis of constant
population size, we reconstructed the Emu genealogy assuming a constant population size (see
BEAST description above) and compared it to BSP of the same dataset using Bayes Factors.

107



AsBEAST islimited to reconstructing demographic histories of single popul ations under
relatively simplistic demographic processes, we also modelled increasingly more complex
scenarios using Bayesian Serial Simcoal (BayeSSC; Anderson et al. 2004) against which the
observed datawas compared. A null hypothesisof constant population sizewasinitially modelled
to test whether the pairwise differences, haplotypediversity, Tgjima sD and Fq; statistic could be
explained by stochastic effectsfrom our sampling scheme. To implement thisnull hypothesis, all
Dromaius were treated as a single population with constant size, asthereis no evidence that the
modern D. n. novaehollandiae, D. ater, D. baudinianus and D. n. diemenensis are distinct
lineages at the mtDNA level. The generation time was calculated as for the expansion tests above.
BayeSSC was then used to model increasingly more complex demographic scenarios, including
different population growth scenarios as (1) a single population; (2) one popul ation that became
separated into two populations (west and east of the Nullarbor Plain) with some level of
migration; or (3) two separate popul ations (west and east of the Nullarbor Plain) with somelevel
of migration (see Figure4). Aninitial BayeSSC run (100,000 simul ations) was used to estimate
posterior distributions of the parameters according to an Approximate Bayesian Computation
(ABC) calculation. We used the observed values of the parameters shown in Table 2 (except
Haplotype diversity, which was biased by afactor of (n-1)/n, and Fs; which was cal cul ated as per
BayeSSC), packages in R (locfit, akima, and lattice; R development core team 2011) and the
reject function (available at http://www.stanford.edu/group/hadlylab/ssc/eval.r). The posterior
distributions of these initial runs were used as the prior distributions for a second run for each
demographic scenario. The demographic scenarioswere tested against the null hypothesisusing
Akaike Information Criterion (AIC: Figure4 & Table 1).
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Supplementary I nformation

Morphometrics of island dwarf taxa vs. the mainland Emu

The linear relationship between D. n. novaehollandiae (largest), D. baudinianus
(intermediate), and D. ater (smallest) isindicative of allometric scaling (Groeneveld et al. 2011),
which was tested statistically using a Pearson correlation comparison of the shape indices (the
ratio of one raw measurement over another raw measurement - which represents limb
proportions) against the geometric mean for each individual (as a proxy for overall size; Table
$6), and by calculating the PCA and Allometry ratio spectrums (Baur and L euenberger 2011).
The shape indices consistently identified as showing allometry were: for femur, shaft depth vs.
proximal width (SD:PW); and for Tarso-metatarsi (TMT), length/shaft depth vs. distal width
(L/SD:DW) (Table S2, and Figures S3 & $4). This indicates that these limb proportions
contributed substantially to the variation of PC1. The PCA and Allometry ratio spectra were
undertaken with log-shape variables and are therefore ‘size free’, and identifying shape
differences independent of (isometric) size. The Pearson correlation comparison was done with
raw shape indices, which again removes isometric size. However, this type of isometric size
correction does not account for all shape differences associated with size; therefore, size adjusted
data may still be influenced by allometry. Y et both types of analyses produced the same limb
proportions as displaying shape differences.

Supplementary Tables and Figures
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Table S2. Pear son correlation coefficient (r) of all indices (ratio of one raw measurement
over another raw measurement) compared to the geometric mean for each individual,
which represents different body proportions.

Femur r P-value TMT r P Tibia r P
PWIL 0.0550 0.1624 PW/L 0.4253 <0.0001 PW/L 0.3312 0.0002
PD/L 0.2663 0.0011 PD/L 0.0682 0.1421 PD/L 0.3704  <0.0001
DWI/L 0.0196 0.4087 DWI/L 0.7315* <0.0001 DWI/L 0.3079 0.0003
DD/L 0.2454 0.0018 DD/L 0.1026 0.0692 DD/L 0.0041 0.7008
SWIL 0.0072 0.6177 SW/L 0.2941 0.0011 SW/L 0.4861  <0.0001
SD/L 0.4171 <0.0001 SD/L 0.0119 0.5454 SD/L 0.0254 0.339%4
L/PW 0.0657 0.1256 L/PW 0.4487 <0.0001 L/PW 0.3344  0.0001
PD/PW 0.3894 <0.0001 PD/PW 0.1885 0.0116 PD/PW  0.3658 <0.0001
DW/P
W 0.1344 0.0256 DW/PW 0.4020 <0.0001 DW/PW  0.2739 0.0007
DD/PW  0.3478 0.0001 DD/PW 0.0921 0.0860 DD/PW  0.2726 0.0008
SW/PW  0.0854 0.0792 SW/PW 0.0093 0.5935 SW/PW  0.1682 0.0105
SD/PW  0.6011* <0.0001 SD/PW 0.2387 0.0039 SD/PW 04231 <0.0001
L/PD 0.2586 0.0013 L/PD 0.0329 0.3126 L/PD 0.3693  <0.0001
PW/PD 0.3625 <0.0001 PW/PD 0.1983 0.0094 PW/PD  0.3583 <0.0001
DW/PD  0.2497 0.0016 DW/PD 0.3854 0.0001 DW/PD  0.3894 <0.0001
DD/PD 0.0631 0.1336 DD/PD 0.0044 0.7143 DD/PD  0.3862 <0.0001
SW/PD 0.1533 0.0165 SW/PD 0.0993 0.0741 SW/PD  0.4277 <0.0001
SD/PD 0.0350 0.2675 SD/PD 0.0124 0.5373 SD/PD 0.2926 0.0005
L/DW 0.0194 0.4108 L/DW 0.7720* <0.0001 L/DW 0.3177 0.0002
PW/D
W 0.1248 0.0320 PW/DW 0.4112 <0.0001 PW/DW  0.2840 0.0006
PD/DW  0.2453 0.0018 PD/DW 0.4447 <0.0001 PD/DW  0.4021 <0.0001
DD/DW  0.1894 0.0071 DD/DW 0.4402 <0.0001 DD/DW  0.1672 0.0108
SW/D
w 0.0019 0.7969 SW/DW 0.1226 0.0457 SW/DW  0.1485 0.0169
SD/DW  0.2963 0.0005 SD/DW  0.5203* <0.0001 SD/DW  0.3116 0.0003
L/DD 0.2156 0.0038 L/DD 0.0990 0.0746 L/DD 0.0026 0.7624
PW/DD  0.3170 0.0003 PW/DD 0.1062 0.0642 PW/DD  0.2936 0.0004
PD/DD 0.0543 0.1652 PD/DD 0.0000 0.9766 PD/DD 04260 <0.0001
DW/DD  0.1958 0.0061 DW/DD 0.4436 <0.0001 DW/DD 0.1738 0.0092
SW/DD  0.0851 0.0799 SW/DD 0.0906 0.0887 SW/DD  0.2790 0.0007
SD/DD 0.1686 0.0116 SD/DD 0.0254 0.3759 SD/DD  0.0369 0.2482
0.5092
L/SW 0.0052 0.6710 L/SW 0.3603 0.0002 L/SW 2 <0.0001
PW/SW  0.0815 0.0868 PW/SW 0.0042 0.7205 PW/SW  0.1897 0.0063
PD/SW 0.1536 0.0164 PD/SW 0.0774 0.1170 PD/SW  0.4752 <0.0001
DW/S
W 0.0022 0.7849 DW/SwW 0.1309 0.0385 DW/SW  0.1538 0.0149
DD/SW  0.0959 0.0622 DD/SW 0.0959 0.0795 DD/SW  0.3130 0.0003
SD/SW 0.3776 <0.0001 SD/SW 0.1797 0.0140 SD/SW 04731 <0.0001
L/SD 0.4136 <0.0001 L/SD 0.0122 0.5411 L/SD 0.0307 0.2924
PW/SD  0.5840* <0.0001 PW/SD 0.2427 0.0036 PW/SD  0.3691 <0.0001
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PD/SD 0.0435 0.2156 PD/SD 0.0250  0.3792 PD/SD 0.2615 0.001

DW/SD  0.3009  0.0004 DW/SD  0.5015* <0.0001 DW/SD  0.3127  0.0003
DD/SD 0.1733  0.0104 DD/sD 0.0341  0.3034 DD/SD  0.0370 0.2473
SW/SD 0.3571 <0.0001 SW/sbh 0.1624  0.0201 SW/SD 04621 <0.0001

* - Correlation coefficients (r) >0.5, which indicates these measurements are influenced by

allometry.

Table S3. Binomial test of statistical significance for continuity in the frequency of two of
the three most common haplotypes (H3 and H7) between the ancient Western population
and the modern Emu populations.

Haplotypes Proportion of haplotype in population p-value
Two common (H3, H7) 0.590 0.345
All haplotypes equal (1/14) 0.071 0.003**

* - P-value <0.05; ** - P-value <0.005

ThisBinomial test of significance assesses the likelihood of detecting three of the five Western
ancient (eggshell) samples as two of the three most common haplotypes, if H3 and H7 were not
already common at thistime (12,500-16,500 ya). Assuming the selection of the eggshell samples
from the cave deposit wasindependent (i.e., they were not from the same egg/clutch and were not
laid by the same individual emu), then the probability that the frequencies of H3 and H7 at
12,500-16,500 ya are the same asin modern popul ationsis 0.345 (not significant). However, the
probability that all 14 haplotypes present in the modern populations had equal frequencies at
12,500-16,500 yais 0.003 (significant at the 5% level). Therefore, itislikely that at least H3 and
H7 haplotypes were at high frequencies in the Western Emu population at 12,500-16,500 ya.

Table $4. Fixation index Fg for two-population hypothesis (modern and ancient) as
calculated in Arlequin.

WESTERN,, EASTERN,, WESTERN,  EASTERN,
WESTERN,, 0
EASTERN,, 0.01650 0
WESTERN,, 0.09061 -0.00172 0
EASTERN, 0.31926** 0.16727** 0.02301 0

* - P-value <0.05; ** - P-value <0.005
M — modern samples; A —ancient samples
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Table S5.

Detailsof samplesused in thisstudy, with location data and sour ceinfor mation.

Code ACAD Lat | Long State |Area Source Accession # H Dates*
#
Tidbinbilla Nature
ATIDB | 8689 |-35.4|148.9| ACT ANWC 7 2 | Modern
Reserve
136.9 Kangaroo Island, Kelly
KAIS01 | 8145 | -36 SA SAM B6814 3| 8,800
3 Hill caves
Kangaroo Island, Kelly
KAIS02 | 8146 | -36 |136.9| SA SAM B6816¢c 3| 8,800
Hill caves
Kangaroo Island, Kelly
KAIS03 | 8147 | -36 |136.9| SA SAM B6816f 3| 8,800
Hill caves
Kangaroo Island, Kelly
KAIS04 | 8148 | -36 |136.9| SA SAM B6839d 3| 8,800
Hill caves
Kangaroo Island, Kelly
KAIS05 | 8149 | -36 |136.9| SA SAM B6890c 4| 8,800
Hill caves
Kangaroo Island, Kelly
KAIS06 [10034| -36 |136.9| SA SAM B6816a 3| 8,800
Hill caves
Kangaroo Island, Kelly
KAIS07 [10035| -36 |136.9| SA SAM B6839c 3| 8,800
Hill caves
Kangaroo Island, Kelly
KAIS08 [10036| -36 |136.9| SA SAM B6890a 3| 8,800
Hill caves
Kangaroo Island, Kelly
KAIS09 [10037| -36 |136.9| SA SAM B11762a 3| 8,800
Hill caves
Kangaroo Island, Kelly
KAIS10 [10038| -36 |136.9| SA : SAM B11762b 3| 8,800
Hill caves
KAIS11 | 9794 | -36 [136.9| SA |Kangaroo Island MV P150273 3| 8,800
KNGIO7 | 9772 |-39.9|143.9| TAS |King Island, AM F11021(C) |2 | 12,000
KNGI09 | 9774 [-39.9]|143.9| TAS [King Island MV BE04808 2| 12,000
KNGI10 | 9783 |-39.9|143.9| TAS |King Island MV B22642 5| 12,000
KNGI13 | 9791 [-39.9]/143.9| TAS [King Island MV P28816 PP 2| 12,000
KNGI15 | 9793 |-30.9|143.9| TAs |King Island, blowout | sy, P158629 |2 | 12,000
in sand dunes
Uncatalogued
KNGI16 | 9795 |-39.9(143.9| TAS |King Island MV (photoof 6- | 6| 12,000
bottom)
Uncatalogued
King Island, Porky (photo of 6 -
KNGI17 | 9796 |-39.9[143.9| TAS MV 2 | 12,000
River, material mixed 2nd from
bottom)
KNGI19 [10960|-39.9|143.9| TAS |[King Island QM 0 10985 2| 12,000
KNGI21 -39.9(143.9| TAS |King Island Heupink HQ910430 2| 12,000
KNGI22 -39.9(143.9| TAS |King Island Heupink HQ910431 2| 12,000
MAIN1 | 9776 - - - - MV B31685 2 | Modern
MAIN2 | 9780 - - VIC |- MV R6947 2 | Modern
MAIN3 | 9788 - - - - MV B19058 7 | Modern
MAIN4 | 9779 - - VIC |- MV R1815 8 | Modern
MAIN5 | 9785 - - - - MV B23642 7 | Modern
MAING6 | 9786 - - - - MV B23643 2 | Modern
MAIN7 Heupink HQ910419 2 | Modern
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MAINS8 Heupink HQ910420 2 | Modern
MAIN9 Heupink HQ910421 1 | Modern
MAIN10 Heupink HQ910422 7 | Modern
MAIN11 Heupink HQ910423 7 | Modern
NBLUE | 8786 |-33.6(150.3| NSW |Blue Mountains AM 0.1141 2 63
NBOU1 | 8789 |-30.3|146.1| NSW |Boorindal, Bourke AM 0.28093 7 | Modern
NBOU2 | 8790 |-30.3|146.1| NSW |Boorindal, Bourke AM 0.28094 7 25
NBOU3 |10543|-30.3|146.1| NSW |Boorindal, Bourke DERM RW4 2 | Modern
NCOON | 9179 |-30.9/149.4] NSW | Near Coonabarabrin RK EMU NSW 29| 2 | Modern
NDENQ | 8793 [-35.5]|145.0| NSW | Deniliquin AM 0.53936 7 | Modern
Fords Bridge, near
NFOR2 [10562|-29.6|145.5| NSW DERM RW52 9 | Modern
Bourke
Fowler's Gap near
NFOW1 | 9777 |-31.1|141.7| NSW MV B12823 3 | Modern
Broken Hill
Fowler's Gap near
NFOW?2 | 9787 [-31.1|141.7| NSW . MV B12822 2 | Modern
Broken Hill
Fowler's Gap near
NFOW3 | 9781 |-31.1|141.7| NSW . MV B12821 3 | Modern
Broken Hill
NHUNZ1 |10541|-29.5|144.4| NSW | South of Hungerford DERM RW2 2 | Modern
NHUN2 [10542(-29.1|144.6| NSW_|Hungerford DERM RW3 1 | Modern
NLKCO | 8748 |-33.6|147.4| NSW | Lake Cowal AM 0.62409 6 | Modern
NMIN1 | 8795 [-29.8]|153.2| NSW | Minnie Water Road AM 0.70485 3 | Modern
NMIN3 | 8797 [-29.8|153.2| NSW | Minnie Water Road AM 0.70487 3 | Modern
NMIN4 | 8798 [-29.8|153.2| NSW | Minnie Water Road AM 0.70488 3 | Modern
8km W of Minnie
NMIN5 | 8801 [-29.8|153.2| NSW AM 0.71099 3 | Modern
Water
NMORE | 8788 [-29.1[149.6| NSW | Garah, near Moree AM 0.26392 1 30
NTUC | 8802 |-20.7|153.1 | Nsw | Tucabia Summerville |\ 0.71207 | 3| Modern
Road
NTYUE | 8808 |-22.1{131.6| NT |Yuendumu NTMAG | NTM T.2504 | 7 | Modern
NWALL | 8800 |-29.6|153.3| nsw |CuImarrad, Wallaby AM 0.70526 | 3 | Modern
Lane
NWOOL | 8799 [-29.9]153.3| NSW |Wooli, Rogers Bridge AM 0.70489 3 | Modern
Yathong Nature
NYATH | 8691 |-32.7|145.4| NSW |Reserve, c. 130km S of | ANWC 31650 1 | Modern
Cobar
Yuraygir National
NYUR | 8794 |-29.9|153.2| NSW AM 0.65121 3 | Modern
Park: North Illaroo
QCAPB | 8792 |-15.4]145.2| QLD |Cape Bedford AM 0.38678 7 | Modern
Cooper Creek
QCOOP | 8690 |-27.9|141.5| QLD |Drainage, 50km SE of | ANWC 20822 2 | Modern
Nappa Merrie Station
QCUN4 [10551(-28.1{145.9| QLD |Cunnamulla DERM RW12 1 | Modern
Cunnamulla, 35km
from Cunnamulla,
QCUNG6 |10569| -28 [146.1| QLD DERM RW59 2 | Modern
between St George &
Cunnamulla
Eulo, 60km from
EUL11 | 10568 (-28.1|144.4 LD DERM RW58 7 | Modern
Q Q Thargomundah,
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Cunnamulla, 90km

from Cunnamulla,

QEUL12 |10570| -28 |146.6| QLD DERM RW60 7 | Modern
between St George &
Cunnamulla
QEULO02 10554 |-28.0145.1| QLD |Eulo, north of Eulo DERM RW15 7 | Modern
QEULO04 |10556| -27 |145.1| QLD |Eulo, north of Eulo DERM RW17 7 | Modern
QEULO8 |10560| -28 [145.1| QLD |Eulo, north of Eulo DERM RW21 7 | Modern
Eulo, south of Eulo on
QEULOQ9 | 10566 |-28.7|144.8| QLD DERM RW56 1 | Modern
Eulo-Hundergord Rd
Cunnamulla, north of
QNAR1 |10548|-27.9(145.7| QLD DERM RW9 3 | Modern
Cunnamulla
QQUL1 |10546|-26.8[145.1| QLD |South of Chaepie DERM RW7 7 | Modern
Roma, 5km from
QROM1 |10563|-26.6|148.8| QLD DERM RWS53 3 | Modern
Roma
North of
QSHOA | 8688 |-22.8|150.5| qLp |Rockhampton, ANWC | 44264 |2 | Modem
Shoalwater Bay Army
Training Reserve
QSTG1 |10564(-28.0({148.3| QLD |St George DERM RW54 2 | Modern
Windorah, 18km W of
QWIN1 |[10565 (-25.4|142.5| QLD . DERM RW55 1 | Modern
Windorah
Wyandra, Mount
QWYA1 [10550(-27.2145.8| QLD DERM RW11 7 | Modern
Alfred near Wyandra
SBIL2 | 9673 [-35.01140.5| SA |Near Billiatt AC 1 7 | Modern
SFLIN1 | 8290 [-31.5]138.6| SA |Flinders Ranges SAM ABTC83954 |7 | Modern
SFLIN2 | 8687 |-31.5[138.6| SA |Flinders Ranges SAM ABTC83950 |7 | Modern
SGAWL | 8283 |-32.5|135.5| SA |Gawler Ranges SAM ABTC02818 | 7 | Modern
SPAUG | 8284 |-32.1|137.9| SA |57k N Port Augusta SAM ABTC12924 |1 | Modern
STULK | 8291 |-34.8|135.7| SA [11.9k WNW Tulka SAM ABTC93845 |1 | Modern
TAS02 | 8803 |-41.8|146.4| TAS |Tasmania QVMA #2 2 | 14,000
BMNH
TASO4 | 8805 |-41.8|146.4| TAS |Tasmania (Syntype) BMNH 2| 14,000
1838.1.15.203
_ BMNH
TASO06 | 8807 [-41.8|146.4| TAS |Tasmania BMNH 7 | 14,000
1894.8.21.1
TASO7 | 9439 |-41.8|146.4| TAS |Tasmania QVMA #3 2 | 14,000
VIC1 9778 - - VIC | - MV R4240 7 47
VPAT1 | 9775 | 35.3 |142.2| VIC |Patchewollock North MV B12543 2 | Modern
VWOO1 | 9782 |-38.5|146.9| VIC |Woodside MV R6156 7 35
VWOO02 | 9789 |-38.5[146.9| VIC |Woodside MV R6155 7 | Modern
VWOO3 | 9799 |-38.5]146.9| VIC |Woodside MV R6099 7 | Modern
WBON1 | 8285 [-30.4(118.3| WA |N Bonnie Rock SAM ABTC65041 |7 | Modern
WBON?2 | 8682 |-30.4(118.3| WA |N Bonnie Rock SAM ABTC65042 | 7 | Modern
WDER | 9800 |-17.3[123.6| WA |Near Derby MV R12274 3 | Modern
Gidgegannup, 14 miles
WGIDG | 9171 |-31.8|116.2| WA . WAM 8932 7 | Modern
NE of Midland
WGRAC | 9173 [-33.7[117.6| WA |Gracefield WAM 29603 1 46
WLAT?2 | 9175 [-29.8|116.4| WA |Latham WAM 35661 7 9
WMAR | 8288 [-31.5[119.5| WA |E Marvelock SAM ABTC65048 |6 | Modern
WMED | 9176 [-17.4| 124 | WA |[Meda WAM 35682 1 | Modern
WMIL2 | 9165 |-21.6|117.1| WA |Millstream WAM 8324 7 | Modern
WMIL3 | 9166 |-21.6|117.1| WA |Millstream WAM 8325 7 | Modern
WMIL4 | 9167 |-21.6|117.1| WA [Millstream WAM 8326 7 | Modern
WMIL5 | 9168 |-21.6|117.1| WA |Millstream WAM 8327 7 | Modern
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WMIL6 | 9169 |-21.6|117.1| WA |Millstream WAM 8328 7 | Modern
WMOOR | 9170 [-30.5|116.2| WA |Moore River WAM 8329 7 | Modern
WMOSP | 9172 |-32.0|115.8] WA | Mosman Park, Perth WAM 18614 1 | Modern
WSTH1 | 8286 |-31.2|119.3| WA |N Southern Cross SAM ABTC65043 |1 | Modern
WSTH2 | 8287 |-31.2|119.3| WA |E Southern Cross SAM ABTC65046 | 7 | Modern
WSTH3 | 8683 |-31.2|119.3| WA |N Southern Cross SAM ABTC65044 | 2 | Modern
WSTH4 | 8684 |-31.2|119.3| WA |N Southern Cross SAM ABTC65045 | 7 | Modern
WSTH5 | 8685 |-31.2|119.4| WA |E Southern Cross SAM ABTC65047 |1 | Modern
WTUN1 | 9668 |-34.1[115.0] WA |Tunnel Cave JD AD213 7| 13000
WTUN2 | 9669 |-34.1[115.0] WA |[Tunnel Cave JD AD214 1| 12500
WTUNG6 | 9972 |-34.1[115.0] WA |Tunnel Cave JD G10.79.7D 1| 16500
WTUNS | 9973 |-34.1(115.0] WA |[Tunnel Cave JD G10.59.7 3| 16500
WTUN9 | 9974 |-34.1[115.0] WA |Tunnel Cave JD G10.63.7A1 3| 16500
WWSF1 | 8289 |-31.3[118.7| WA |N Westonia Farmland SAM ABTC65049 |1 | Modern
WWSF2 | 8686 |-31.3(118.7| WA |N Westonia Farmland SAM ABTC65050 |3 | Modern
WYUIN4 | 9932 |-27.8|116.5| wa |Yuinstation, nearstate | o | \wA EMU 4 |3 | Modern
barrier fence

* Dates arein B.P. (years before 1950 A.D.), either as radiocarbon dates, approximate date of
island separation or museum collection date.

Samples in italics are those samples excluded from the analyses due to a lack of locality
information, or in the case of the NTY UE specimen alack of sample numbers.
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Table S6. Primer details used.

Multiplex A
A1360 Forward GGGCTATGTATTATTGTACA
A1407 Reverse CAATATATGGTTTGGGCACGTA
Al1414 Forward GGAACCCGTATTTCCCCTAA
A1361 Reverse CTGTTAAAGGGGAACGTGGA
A1691 Forward GCGTATTTGGGGAATCAT
A1692 Reverse TGGTGTTTAGGAAATTAGAGG
A1695 Forward TCACAAATTTATTATAGCAACTCC
A1363 Reverse GTCCTTAGGTAGGGTGGGTA

Multiplex B
A1410 Forward TATATACGTGCCCAAACCAT
Al1411 Reverse GAGGATGGTGAATCAAGAAA
A1539 Forward TCAACGTACCCCCATAAGTA
A1440 Reverse AGAGCCCGAATGATTCCCCA
A1693 Forward GCTTGATGGGCATAATTCTA
A1694 Reverse ACTCCAGTACTGATGACAAAAA
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TableS7. Summary statisticsof Dromaiuslimb bones, Femur, Tibia, and Tar so-metatarsi.

Femur n Mean Median Minimum Maximum CoV
Length 8 23250 2300 220.0 245.0 0.0364
Proximal Width 8  55.93 55.5 53.3 59.8 0.0401
2 Proximal Depth 8  60.04  59.2 58.2 63.9 0.0345
T Dista Width 8 7213 71.8 70.2 76.4 0.0279
= DistaDepth 8 7146 70.7 68.5 75.8 0.0349
Shaft Width 8  30.76 30.8 275 345 0.0695
Shaft Depth 8  28.89 29.1 25.7 324 0.0814
Length 13 17785  180.0 165.0 185.0 0.0334
2 Proximal Width 13 46.38 46.4 42.6 49.6 0.0449
D  proxima Depth 13 4544  46.0 39.4 48.2 0.0623
§ Distal Width 13 5517  55.0 525 58.0 0.0274
2 Distal Depth 13 52.85 52.5 51.2 55.0 0.0237
¥ Shaft Width 13 23.62 235 216 25.7 0.0478
Shaft Depth 13 21.78 22.0 19.8 24.0 0.0604
Length 16 164.75  160.0 150.0 190.0 0.0704
- Proximal Width 16 4040  40.2 35.7 435 0.0509
v%s Proximal Depth 16  38.92 38.6 335 44.9 0.0948
S  Dista Width 16  49.48 49.2 458 54.5 0.0513
C  Distal Depth 16  47.47 47.3 425 52.1 0.0587
Shaft Width 16 21.70 214 19.4 24.2 0.0716
Shaft Depth 16  18.03 18.0 15.3 22.0 0.0904

Tibia n Mean Median Minimum Maximum CoV
Length 8 43588 4420 400.0 460.0 0.0460
Proximal Width 8  53.21 52.8 51.3 55.5 0.0297
2 Proxima Depth 8 8624 862 84.0 89.3 0.0234
T DistaWidth 8 4735 473 a4.7 50.6 0.0434
= DistaDepth 8 4335 430 41.6 47.4 0.0434
Shaft Width 8 26.54 26.6 24.4 28.0 0.0453
Shaft Depth 8 2473 24.4 215 27.6 0.0811
Length 18 32944 3300 317.0 340.0 0.0208
2 Proximal Width 18  40.73 41.3 355 43.0 0.0471
D proximal Depth 18  64.32 64.2 60.4 68.0 0.0384
§ Distal Width 18 3675  36.7 33.8 39.8 0.0404
2 Distal Depth 18  34.37 343 324 37.2 0.0476
¥ Shaft Width 18 21.59 215 20.0 23.2 0.0463
Shaft Depth 18  17.59 17.7 16.5 18.7 0.0311
Length 13 29500 2850 260.0 350.0 0.0931
- Proximal Width 13  55.84 54.9 48.8 66.5 0.1011
v%s Proximal Depth 13  35.18 339 29.3 43.0 0.1156
o  Dista Width 13  35.03 34.1 31.2 41.2 0.0831
C  Distal Depth 13 29.72 28.6 243 36.2 0.1125
Shaft Width 13 20.87 19.7 185 23.8 0.0905
Shaft Depth 13 16.35 16.3 13.6 19.1 0.0983
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Tarso-metatarsi n Mean Median Minimum Maximum CoV
Length 8 387.88 3865 370.0 415.0 0.0346
Proximal Width 8  52.28 515 49.7 56.3 0.0510
2 Proxima Depth 8 4168 414 395 444 0.0401
T Disa Width 8 5220 51.8 50.4 54.4 0.0299
= DistaDepth 8  27.40 27.2 25.3 29.2 0.0521
Shaft Width 8 20.30 20.0 18.4 23.0 0.0822
Shaft Depth 8 2201 22.1 21.2 25.4 0.0765
Length 13 27923 2780 272.0 287.0 0.0204
2 Proxima Width 13 4024 405 38.6 420 0.0283
D  Proxima Depth 13 3246 322 30.0 35.4 0.0507
§ Distal Width 13 4439 433 38.0 63.1 0.1311
2 Distal Depth 13 21.88 217 20.9 23.0 0.0373
¥ Shaft Width 13 1554 15.4 15.1 16.0 0.0213
Shaft Depth 13 17.08 17.0 16.0 18.7 0.0534
Length 12 23425 2240 205.0 280.0 0.1033
o Proximal Width 12 3670 367 29.7 46.3 0.1047
v%s Proximal Depth 12  26.95 28.2 18.1 32.0 0.1317
o  Distal Width 12 4028 40.5 355 484 0.0899
C  Distd Depth 12 17.72 17.5 135 23.7 0.1573
Shaft Width 12 14.43 135 12.5 18.3 0.1262
Shaft Depth 12 14.21 14.3 10.8 17.0 0.1203

n —number of samples,

CoV — Coefficient of Variation (a measure of the variability of the data).
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Nullarbor Plains

Legend King Islan 51 O) ’ %

@ Most common ancestral haplotypes
® Less common ancestral haplotypes
[ Derived haplotypes Tasmania

Figure S2. M ap showing modern Emu distributions(modified from Blakerset al. 1985) with
thedark colouration indicating ar eas wher e Emus have been recor ded and the samplesin
this study marked by circles and squares. The Lake Eyre (LE), Port Augusta (PA), and
Murray-Darling (M D) basinswhereMiller et al. (1999; 2005) sampled ancient Emu eggshell
from up to 140 kya are noted.
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Figure S6. Mismatch distributions and Bayesian Skyline Plot (BSP) estimate of Emu
demographic history for A) Entire dataset, B) western population, and C) eastern
population. The unimodal mismatch distributions (left hand panels) for the entir e dataset
and the eastern population indicate evidence for demographic expansions, however the
bimodality of thewester n population suggestsit isat equilibrium. Thisisin direct contrast
to the BSP’s (right hand panels) — where the entire dataset and eastern populations had
very strongor decisiveevidencethat a constant population sizewasmorelikely, versusthe
western population wher etherewasweak evidencethat thedemographic history shownin
the BSP wasmorelikely; however even in thiscase a constant population size could not be
regjected. The Bayes Factor (BF) supporting either constant population size or BSP is
indicated in upper right hand corner (BF <1 is negative, 1<BF<3 is barely worth
mentioning, 3<BF<20ispositive, 20<BF<150isstrong, and BF>150isvery strong evidence;
Sibon Li and Drummond 2011), with the horizontal dashed line indicating the mean
population size estimated from BEAST runsof constant population size. The vertical line
indicates date of earliest samplefor each dataset, with demography to theright of theline
speculative.
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Figure S8. Results of daterandomisation test, showing actual evolutionary rate with 95%
HPD (shown in red) calculated in BEAST using a constant population size, HKY+G
substitution model and uncorrelated LogNormal clock model. Ten replicates were
undertaken by randomising the dates associated with each sample (shown in black). The
95% HPD of the randomisations do not overlap the point estimate of the actual
evolutionary rate, therefore thereisenough phylogenetic signal associated with the dated
samples for the evolutionary rate to be considered accurate enough for use in further
analyses.
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Chapter 4: the Ghost Bat

A ghost of a chance? Evolutionary history of the
Ghost Bat (Macroderma gigas) and its chances of

surviving future climate change
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Abstract

Aim: An understanding of species past distributions and response to climate change can help
conservationiststo prioritise management strategiesfor maximum biodiversity preservationinthe
face of future anthropogenic environmental change. Thisis particularly important for Australia,
where mammal extinctions since thetime of European col onisation account for half of the global

total over this period. Many other Australian mammals have suffered major range contractions
and this can confound our view of a species ecological requirements and of its demographic
history as reconstructed from genetic signals. On both counts, a more balanced picture can
emerge through investigation of the distribution and genetic signature of subfossil remains
representing the early historic period and deeper into prehistory. An excellent case study in the
Australian context is the Ghost Bat (Macroderma gigas), which has undergone a substantial

range contraction since European colonisation, isrepresented in many recent cave deposits, and is
currently rated Vulnerable by ITUCN. Our aim was to reconstruct past distributions and the
connectedness between extant and extinct colonies of Australian Ghost Bats (Macroderma gigas)
using modern samples and ancient DNA (aDNA) from Holocene subfossil deposits. By
combining thismodern and pal aeogenetic datawith ecological niche modelling (ENM) of present
and past climatic conditions, we inferred the response of M. gigas to past climate change and
investigate the mechanisms behind the extinction of the southern colonies. Furthermore, by
modelling future climate projections we attempt to assessthe ability of M. gigasto survivefuture
climate change.

L ocation The Australian continent.

Methods We sequenced a 255 bp fragment of the mitochondrial CR from cave subfossil

material of extinct coloniesusing aDNA techniques, and fresh tissues from extant colonies, and
combined with existing sequences to establish the timings of genetic divergence and expansion
eventsof colonies. Furthermore, weimplemented ENM to predict suitable current environmental
conditions and to model past and future distributional patterns.

Results Wefound evidence for widespread expansion after popul ation bottlenecks during
the Middle Pleistocene (0.126-0.781 Mya). In addition, two colonieswere found to exhibit signs
of expansion after the last interglacia (LIG; 120-140ka). Phylogenetic reconstructions suggest
that southern colonies, asrepresented by Hol ocene subfossil deposits, underwent periodic small-

scale expansion out of multiple refugia through the repeated glacial cycles of the Pleistocene,

resulting in deep divergence between regional clades.

Main conclusions  Our study is the first to investigate the temporal timeframe over which
gene flow occurred amongst M. gigas colonies, highlighting that M. gigas has had contrasting
regional responses to global climatic events. We found evidence that colonies of M. gigas have
expanded southwards during periods of higher humidity (interglacials), and contracted
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northwards in response to increasing aridity (e.g. in the lead up to the last glacial maximum).
Based on the combined analyses, we concur with previous views that M. gigas is a relictua
species, both phylogenetically and geographically. However, its propensity to utilise marginal
habitats and establish new coloniesduring interglacial periods (and possibly at other timesduring
ephemera rainfall events) confers a degree of resilience not present in many non-volant
Australian mammals. Furthermore, provided conservation efforts are made to ensure its short-
term survival, there isthe potential that future climate change may allow M. gigasto re-invade
currently unoccupied parts of its former range in southern Australia. However, uncertainty
surrounds whether these re-invading M. gigas popul ations can sustain viable colonies, given the
changes in ecosystem services that these currently unoccupied regions will have experienced
since historical extirpations of M. gigas from these southern regions.
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I ntroduction

Climatic and environmental change during the Late Quaternary played a key role in
shaping the diversity and distribution of present day plants and animalsworldwide (Irwin 2002;
Jones 2008; Maclean and Wilson 2011; Camposet al. 2011; Braconnot et al. 2007; Fujiokaet al.
2009). In Australia, these climate fluctuationswere characterised by repeated periods of increased
aridity (Barrowset al. 2002), which caused atemporal flux in ecological communities (Chapple
et al. 2004; Kearney and Blacket 2008). Individual specieswithinthe modern biotacarry signals
of these events in their pattern of distribution and in their genetic signature. In particular,
ecosystems of the Australian arid zone harbour many species with distinctive phylogeographic
patterns influenced by the formation of deserts (e.g. the Simpson and Western Deserts), and
potential refugia offered by mountain ranges (e.g. the Pilbara, Kimberley and Arunta blocks)
(Byrne et al. 2008). In addition, the ephemeral nature of theinland arid and semi-arid lakes has
played alargerolein sustaining geneflow and/or creating divergent populations (e.g. Lake Eyre,
Murray-Darling lakes, Lake Amadeus etc.). The inland drainage basins are often flat, with a
patchwork of meandering riversthat open up to many shallow yet ephemeral waterholes, and are
surrounded by large sparsely vegetated swampy regions. Each playa lake system will respond
differently to rainfall events, depending on depth of lake basin, height of water table, strength of
connection to nearby river systems, size and run-off features of the catchment area, and each
system will sustain varying patterns of floraand faunatemporally and spatially. In combination,
the mixture of deserts, mountain ranges and lakes acrossthe Australian arid and semi-arid zones
have structured both past and present biodiversity. Therefore, the deep phylogeographic
structuring in many arid zone taxa facilitates reconstruction of biotic responses to past climate
change (Blacket et al. 2001; Chapple et al. 2004; Cooper et al. 2000; Garrick et al. 2004; Oliver
et al. 2007; Perez et al. 2005; Smith et al. 2007), and may help in predicting the ability of these
same species to survive future climate change.

The Australian biota has suffered an exceptionally high rate of extinction since European
settlement due to acombination of climatic change, human-induced ecosystem disturbance, and
invasive species introductions (Burbidge et al. 2008; Bilney et al. 2010; Faith and O'Connell
2011). Australiahas the dubious honour of contributing to half of all recent mammal extinctions
globally (Short and Smith 1994). In order to preserve the remaining biodiversity, a deeper
understanding is needed about the causes of population declinesin vulnerable speciesand factors
that might influence survival under future climate change. For this study we choseto investigate
Australia’ slargest carnivorous bat, Macroderma gigas (the Ghost Bat). Macroderma gigasisthe
sole surviving species of aformerly more diverse radiation of megadermatid bats in Australia
(Worthington Wilmer et al. 1994; Worthington Wilmer et al. 1999; Hand 1996). It iscommonly
associated with bluffs, faceted slopes and caves/overhangs formed by westhering of specific
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geological formations to create suitable cave microclimates, as well as old subterranean mine
workings (Armstrong 2003; Armstrong and Anstee 2000). Accordingly, extant colonies of M.
gigas occur mostly as small digunct isolates in terrains that provide natural and human-made
shelters. At present they are restricted to the northern regions of the continent, at latitudes above
24 °S (Worthington Wilmer et al. 1994). However, historically and in recent prehistoric timesM.
gigas occurred more widely across the continent and subfossil remains occur in many caves
across southern Australia (Churchill and Helman 1990; Figure S1; Molnar et al. 1984, reviewed
in Armstrong and Anstee 2000). In Western Australia some Ghost Bat colonies persisted over
long time periods, from at least the Holocene/Pleistocene boundary (Hastings Cave, WA:
11,000ya; Devil’s Lair, WA: 12,000ya; Bridge 1975) through into the historic period (1850’ s-
1950's; Douglas 1967; 1956; 1957; Molnar et al. 1984). However, all historic sightings at these
now-extinct colonies were of single individuals or small colonies (Butler 1961; Douglas 1956;
1957; 1967), suggesting that they declined rapidly or were already in decline at the time of
European settlement. The causes of these declines are as yet unknown, although changing
climatic conditions and declines in available prey species have been highlighted as possible
mechanisms (Molnar et al. 1984; Burbidge et al. 1988).

The distribution and demographic history of M. gigas are likely influenced by its biotic
interactionsand life history traits (Pearson and Dawson 2003). Macroderma gigas major biotic
interactions are with its prey species, as it has few natural predators (although competitive
interactions do occur with medium sized owls; Hudson and Wilson 1986). I n extant colonies, the
prey of M. gigas are predominantly insects, especially during the wet season, with birds, other
bats, small mammals, and frogs supplementing their diet during the dry season (Tidemann et al.
1985). Several life-history traits may be important in determining the size and resilience of M.
gigascolonies. For example, the species hasalow reproductive rate with females producing one
young per year, and exhibiting ahigh level of natal roost philopatry (Worthington Wilmer et al.
1994; Worthington Wilmer et al. 1999). It does not enter torpor and thus requires a continuous
food supply; and being homeothermic, expends energy to maintain a constant body temperature
(Kulzer et al. 1970; Leitner and Nelson 1967). The species has apreferred roosting microclimate
of around 28° C and humidity level between 70-90% (Baudinette et al. 2000; Churchill 1991).
Availability of suitable cave formations clearly limits the location of colonies and M. gigasis
thought to be very sensitive to disturbance of its roosts (Churchill and Helman 1990; Churchill
1991; Worthington Wilmer et al. 1999; Worthington Wilmer et al. 1994; Armstrong and Anstee
2000). All of these factors may be important for understanding the decline and extinction of
southern colonies of M. gigas.

Severa authors have attempted to explain the extinction of M. gigas coloniesin southern
and central Australia(Molnar et al. 1984; Bridge 1975; Butler 1961; Finlayson 1961; Burbidge et
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al. 1988). Weincorporated these prior viewsinto three alternative, testabl e hypotheses that might
explain the current and past distribution of M. gigas:

* Hypothesis#1: The core distribution was awaysin the northern
regions of the continent (i.e. where the extant colonies are
located) and extinct southern colonies were the product of
episodic range expansions during more productive warm/wet
periodsi.e. the ephemeral filling of many inland arid and semi-
arid lakes (Periodic Southern Expansion Hypothesis).

* Hypothesis #2: The original core distribution was southern
Australia but the species slowly contracted northwards in
response to increased aridity, with southern populations
persisting into historic times in locally productive refugia with
suitable cave microclimates (Northern Relocation Hypothesis).

» Hypothesis #3: The species was effectively pan-continental,
limited primarily by the distribution of caves with suitable
microclimates, and southern colonies declined due to human-
induced factors (Pleistocene Continental Distribution
Hypothesis).

Each of these hypotheses has a different set of predicted genetic, temporal, and climatic
modelling signatures (outlined in Table 1). We considered the hypotheses in light of
phylogeographic reconstructions based on mitochondrial CR data that included samples from
previously published data (Worthington Wilmer et al. 1999; Worthington Wilmer et al. 1994),
extant northern colonies and sub-fossil remains from extinct southern colonies, the latter using
methods appropriate for ancient DNA (aDNA). We further explored the implications of these
resultsthrough ecological niche modelling, under present and past climatic conditions, and under

various future climate projections to assess the vulnerability of M. gigas to climate change.
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Tablel. Thehypothesesbeing tested in thisstudy, with the genetic (mtDNA), tempor al and

ecological niche modelling signatures expected under each scenario, and assuming the

signal stemsfrom morerecent glacial cycles.

Hypotheses Genetic signature Temporal signature Climatic modelling
signature

Periodic Southern | Some northern | Nodes date from before | Extant modelling predicts

Expansion Hypothesis: | haplotypes present in | last warm/wet expansion | suitable climate in south

Coredistributionin north;
episodic southward
expansion during more
productive  wet/warm
periods: predicts
expansions during Last

Inter-Glacial (LIG) and

southern colonies; gene
flow between colonies
connected by inland arid
and semi-arid lakes (e.g.
Lake Eyre and Lake
Amadeus); evidence of

expansions in southern

event: predicts nodes date
from just prior to the LIG

or Holocene

during last expansion event:
predicts suitable climate to
occur during LIG and
Holocene.

Assumes a centre of origin
for the species in tropica

northern Australia, e.g. see

Holocene colonies Hand (1996)

Northern Relocation | Some southern | Nodes date from before | Extinct modelling predicts
Hypothesis: Core | haplotypes present in | last dry/arid period | suitable climate in south
distribution in south; | northern colonies; gene | contraction event: predicts | prior to last contraction
contraction northwards | flow between colonies | nodes date from just prior | event in LGM: predicts

during dry/arid periods
including Last Glacia
Maximum (LGM); later
survival  in  localy
productive refugia with
suitable cave

microclimates.

connected by caveswith
suitable microclimate;
evidence of expansion

in northern colonies

to LGM

suitable climate to occur
prior to LGM, therefore
likely to be during LIG

Pleistocene Continental

Distribution Hypothesis:

Originally  widespread,
limited primarily by
availability of caves, with
regional extinctions due
to human-induced

ecological change

Extinct colonies only
distantly related to
extant colonies; gene

flow random

Node dates very old; stem
from more humid period

prior to IMya.

Modelling shows suitable
habitat localised around
caves with M. gigas
presence, but less suitable
habitat in intervening areas
or karst areas that lack sub-

fossil M. gigas

151




Methods

Dataset collection (M. gigas presence localities)

Subfossil M. gigasremainswere obtained from cavesin the Northern Agricultural Region
(NAR), Western Australia (Figure 1 and Table S1). Limb bones and teeth were collected from
surface depositsfrom caves E-24 and J-03, situated near Eneabbaand Jurien, respectively (along
the coast north of Perth). Additional samples of rostral cartilage and wing tissue were sampled
from mummified specimens in the South Australian Museum (SAM), which were collected as
surface cave finds from Alice Springsin central Australia (CA) and the Flinders Ranges (FR).
Although no radiocarbon dates were obtained from any subfossil or mummified individuals, the
physical condition of these specimens strongly suggests that they derive from some of the last
remaining individual s occupying these caves (e.g. within thelast 200 years). M odern tissue/blood
sampleswere collected from live M. gigas from the Pilbararegion and combined with sequences
from Worthington Wilmer et al. (1999; 1994).
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Figure 1. Map of M. gigas colonies sampled in this study (see Figure Sl for extinct
populations not sampled in this study). Circles correspond to extant colonies; triangles
correspond to extinct colonies; colours refer to clades denoted in BEAST phylogeny in
Figure 2. Thetimeto most recent common ancestor (tMRCA), range expansions (R), and
demographic expansions (D) of regionsareshown. M ajor geographicbarrierstogeneflow
in Australian birdsareindicated by arrows (Ford 1987). Biogeogr aphic barriersarenoted
by arrows, including Kimberley Plateau-Arnhem Land (KP-AL) barrier.
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DNA extraction and sequencing

Samples: Seventeen bone/teeth from the NAR and eight cartilage samplesfrom FR and CA
were extracted, amplified and sequenced for the mitochondrial control region (CR). DNA was
extracted from single teeth or 0.2 g of bone powder using a modified version of the DNeasy
Tissue kit (Qiagen) (see Chapter 5 methods). All bone and teeth samples were extracted in a
specialised ancient DNA laboratory that is physically remote from laboratories handling modern
samplesand PCR products. The Australian Centrefor Ancient DNA (ACAD) aDNA laboratory
iskept at positiveair pressure, and uses standard ancient DNA precautions (clean body suits, face
shields, multiple pairs of gloves), universal UV irradiation, and regular cleaning with oxidising
agentsto prevent contamination. All reagents and materialsare supplied DNA-free and used only
once. Separate hoods are used for DNA extractions and to set up PCR experiments, and the
amplification and post-PCR procedures are performed in a post-PCR laboratory located in a
separate, physically remote building, to minimise the potential for contamination by PCR
amplicons. The movement of researchers and materialsis carefully controlled to further reduce
this risk. The rostral cartilage and mummified tissue were extracted and PCR reactions
constructed in a pre-PCR clean-room laboratory. The modern tissue sampleswere extracted in a
separate laboratory using a MasterPure DNA purification kit (Epicentre Biotechnologies).

PCR and Sequencing. The same 255 bp of mitochondrial CR was amplified using primers
designed inside the 300 bp fragment generated in the studies of Worthington-Wilmer et al. (1999;
1994): AG605F - 5-CTACTTAAACTACCCCTTGC-3, A606R - 5-
GTTATGTCTTATGTACTGTCATG-3',A1542 -5 -CCCCATGCATATAAGCAAG-3', and
A1543-5-AGAGATAACCCATTGGAGGTGA-3'. These primerswere designed specifically
to amplify M. gigas, as the original primers (Worthington Wilmer et al. 1994) were in highly
conserved tRNA regions and would potentially co-amplify other contaminating mammal DNA.
PCRswere set up in 25 pL volumes containing afinal concentration of 1 U Platinum Tag DNA
Polymerase High Fidelity (Invitrogen), 1x PCR Buffer (Platinum, Invitrogen), 3mM MgSQO,, 200
UM each dNTP, 2 mg ml™ rabbit serum albumin (Sigma), 1 uM forward and reverse primersand
2-3 uL of template DNA. Thermocycling was conducted on a Corbett Research Palm Cycler
under the following conditions: 94° C for 2 min, followed by 55 cyclesof 94° Cfor 30 s, 55° C
for 30 s, 68° C for 30 s, and afinal extension of 10 min at 68°C. Extraction and PCR negative
controlswereincluded in all amplificationsto detect possible contamination. PCR productswere
separated by electrophoresison a3.5% agarose gel. Successful PCR amplificationswere purified
using EXOSAP (Fermentas), and the forward and reverse complement of each fragment was
sequenced from the same PCR reaction with the PCR primers using Big Dye Terminator v3.1
cycle-sequencing chemistry, and cleaned up on a Multiscreen®,,, SEQ plate (Millipore). The

sequencing run was conducted on an ABI 3130XC capillary sequencer. The sequences were
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edited and the forward and reverse strands aligned using Geneious (Drummond et al. 2011). The
modern tissuesfrom the Pilbaraand Kimberley were amplified using the primersin Worthington
Wilmer et al. (1999; 1994), and sequenced in asimilar manner to the ancient samplesabove. All
the edited sequences were aligned to 59 sequences generated by Worthington-Wilmer et al.
(1999) to form a dataset for 235 individual M. gigas.
Phylogenetic and phylogeographic analyses

Phylogenetic relationships were estimated using the BEAST (Bayesian evolutionary
analysis by sampling trees) algorithm (Drummond and Rambaut 2007). BEAST was used to
estimate intra-specific phylogeographic relationships among colonies (n=235 M. gigas
individuals, plus 2 individuals of the closest relative, Megaderma lyra, as an outgroup), using a
secondary fossil calibration point of 16.5 Mya (+ 2.75Mya) for the split between Macroderma
and Megaderma genera (2005) to date the major clades. A proportion of invariant sites was
considered unnecessary for the BEAST analysis of intra-specific diversity as over the shorter
time scaleinvariant siteswill likely be dueto alack of opportunity for mutationsto occur, rather
than evolutionary constraints forcing sites to be conserved (Ho et al. 2008). Therefore, when
M odel Generator v0.85 (Keane et al. 2006) was used to estimate which substitution model best fit
the data, the HKY +G model wasthe highest ranking model without aproportion of invariant sites
(based on Akaike Information Criterial and 2, and the Bayesian Information Criterion). Posterior
popul ation parameterswere estimated with multiple Markov chain Monte Carlo (MCMC) runs (2
runs of 100 million iterations), with sampling every 10,000 iterations and discarding the first 1
million as burnin. The effective sample size and convergence of the MCMC runswere checked in
TRACER v1.5 (Drummond and Rambaut 2007), and TreeAnnotator v1.6.0 (Drummond and
Rambaut 2007) was used to produce aconsensustree from the 10,000 treesfrom the BEAST runs
which had the highest Bayes Factor. Based on the high degree of philopatry and phylogeographic
structuring from Worthington Wilmer et al. (1999; 1994) we expected the phylogeographic
structuring of M. gigasto be present at multiplelevels, for exampleat theindividua cavelevel, at
the level of colonies and at the regional level. Table Sl lists the individual caves, colonies and
regions for all samplesused in this analysis.
Population genetic and demographic analyses

Popul ation statistics, Fg; differentiation statistics, and the parameters of demographic and
range expansions were estimated using Arlequin v3.5.1.2 (Excoffier and Lischer 2010).
Population genetic statistics in the large Pilbara sample will be reported in a separate
collaborative study. Since we believed the cave sub-fossil remains to be of historic or late
prehistoric age and therefore each colony to form a cohesive temporal group, it isappropriate to
apply these tests to both the extinct and extant colonies. The time since an expansion was
converted from tau (mutational units) to years using the evolutionary rate calculated from the
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BEAST analysis and a generation time of 7.5 years. The generation time of M. gigas was
estimated using the formula (T, + T,)/2; T, is age of first breeding (1 year in females; Jones
2008); T, isage of last breeding (14 yearsin females; Jones 2008). It should be noted that these
values are based on observations of captive animals, asthereisno relevant information available
from wild populations, and we aso do not know whether these life history parameters varied
geographically or through time. As expansion date calculations are particularly sensitive to
generation time estimates, thismay represent asignificant source of error inthese calculations (in
addition to the errors associated with using a secondary calibration point to estimate the
evolutionary rate in BEAST).

Climatic Envelope reconstruction

We constructed models of the distribution of M. gigas based on climatic envelopes to
investigate Pleistocene/Holocene patterns of suitable habitat in the context of our three
hypotheses. The species current distribution, and its distribution during both past and future
conditions were modelled under the assumptions that: 1) the climatic niche of M. gigas has
remained constant over time; 2) climateisan important factor determining the broad distribution
pattern of M. gigas, and 3) ambient climate can be used as an approximation for cave
microclimates, based on an expectation that the number of caves providing suitable microclimate
will vary in accordance with ambient conditions. The latter assumption may be the most
important with respect to the robustness of speciesdistribution modelling for M. gigas. However,
it must be acknowledged that any effect of climate-derived responses of vegetation habitats that
ultimately determines prey availability and the climatic preferences of introduced competitorscan
not be separated from climate itself as afactor.

Asmicroclimate datafrom extant and extinct coloniesin cave sitesare not readily available,
nor easily gathered, 19 commonly used atmospheric bioclimatic variables, in addition to atitude,
were used as a proxy for cave microclimates. Conditions in caves vary according to passage
diameter and degree of ventilation, as well as external climate (Smithson 1991), and cave
temperatures have generally been found to fluctuate around the annual mean ambient temperature
(Churchill 1991; Smithson 1991), though temperature and RH are generally higher and more
stablewith increasing depth into the cave (Churchill 1991; Armstrong 2000; 2001). In thisstudy,
we made a reasonable assumption that regional climate had arole in firstly creating suitable
subterranean habitats and secondly in supplying adequate groundwater to elevate RH inside
caves. Even though M. gigasisessentially relictual in arid areas such asthe Pilbara (suggesting
certain climatic parameters are unimportant), there are still seasonal weather eventsthat provide
sufficient rainfall to make habitable by this species. Interpretations of the importance of various
climatic parameters used in the models are important in this context.
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We collated environmental data at the finest scaleavailablefor Australiaviathe Worldclim

website (www.worldclim.org). Thisincluded 19 climatic layersat current conditions: interpol ated

from observed data, representing the years 1950-2000; past conditions: last glacial maximum
(LGM) at ~21,000 ya (Braconnot et al. 2007) and last inter-glacial (L1G) at ~ 120,000-140,000
ya (Otto-Bliesner et al. 2006); and future climate model scenarios for 2030 and 2080 as the
CSIRO Mk3.0 SRES A1B emission scenario (Canestrelli et al. 2010). The A1B emission
scenario isbased on high-energy requirementsfrom balanced energy sources, but with emissions
less than the A1Fl (Fossil Intensive) scenario. The LIG layers were available at multiple
resolutions, so the highest resol ution of 30 arc-seconds (equivalent to ~ 1 km) was used; however,
theLGM and futurelayerswereonly availableat 2.5 arc-minuteresolution (~5 km). The altitude
layer for each resolution was used to generate slope and aspect layers using the Terrain package
in R. A total of 22 of these ecogeographical variables (EGV) was used to select those with the
greatest influence (highest marginality) on the niche of M. gigasusing ENFA inthe* adehabitat’
package in R (Ecological Niche Factor Analysis, Hirzel et al. 2002). The ENFA uses only
presence data, so istherefore not biased by the method of selecting absence localities (Hirzel et
al. 2002). Asnot al of these EGV layerswere normally distributed, each layer was transformed
by taking the square root, the square or cube of the data, as ENFA requires normal and
symmetrical variables (data not shown). The nine layers with the highest absolute value of
marginality weretested for pairwise correlations on val ues extracted from the occurrence records,
with any two variables considered highly correlated when the correlation coefficient was > 0.9.
We excluded those variables that were highly correlated with more than one other variable, such
that those variables on a monthly or annual scale were excluded over quarterly scales. This
reduced the variables to six climatic variables (Biol, Bio3, Bioll, Biol5, Biol6, Biol8) that
were used further in the ecological nichemodelling (ENM) in MaxEnt (Phillipset al. 2006). The
MaxEnt program uses maximum entropy to model species geographic distributions, and its
predictive performance has been shown to be highly robust compared to other methods (Elith et
al. 2006). To assess the ability of MaxEnt to accurately predict the current distribution, and to
project the past and future distributions of M. gigas, we used 10-fold cross-validation and
assessed the predictive performance on the held-out folds using the area under the receiver
operating characteristic curve (AUC; Hanley and McNeil 1982). Cross-validation selects 10
different subsets of the presence data (without replacement), with the model run 10 timesusing
each of the subsets as test data with the rest used for training the model; the AUC measures the
ability of the predictions to discriminate presence from absence. In order to create smpler,
smoother functions of each variable, only hinge features were used with standard regularisation

parameters (beta= 1), and alogistic output.
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Presence and pseudo-absence dataset generation
Both the ENFA and Maxent analyses were undertaken using two datasets. One dataset

comprised extant colonies, which included the genetically sampled colonies plusthe locations of
additional specimensfrom Ozcam records (n=48 samples, termed * extant’ hereafter). The second
dataset included the extinct southern colonies in addition to the extant colonies (n=53 samples,
termed ‘extinct’ hereafter) under the premise that their extinction was caused by purely human-
mediated factors. So therefore their inclusion could be compared against the extant dataset to
assess their pre-European ecological niche. However, not all subfossil localities reported in
previous literature were included in the *extinct’ dataset as some are represented by remains of
uncertain age (i.e. potentially not *‘modern’) or they are un-vouchered (Churchill and Helman
1990; Molnar et al. 1984; Dobson 1880). Two pseudo-absence, or background, datasets
(‘ background-extant’ and ‘ background-extinct’ represent locationswhere M. gigas are not found)
were selected randomly across the entire Australian continent (approximately 1000 sites)
excluding siteswithin 1° latitude and longitude of presencelocalitiesto allow for inaccuraciesin
presence records. The values of climatic variables for the background dataset (e.g. annua
temperature where M. gigas is not found) is used to contrast against the values of presence
climatic variables (e.g. annual temperature where M. gigasisfound) in order to build the model
describing the distributional patterns of M. gigas. The background-extant dataset included the
extinct colonies as absence points as these are sites currently known to lack the presence of M.
gigas.

Results

The phylogeographic analysis of M. gigas mtDNA CR sequences reveals a number of
highly divergent and largely reciprocally monophyletic clades restricted to different geographic
regions, including Cape Y ork, the Kimberley, Arnhem Land, Pilbara, and two new regions: the
‘central east’ and ‘central west’ (Figure 2).

Population genetic and demographic analyses
I ntra-specific Diver sity
TheCape ork, Arnhem Land, Northern Agricultural Region (NAR), Rockhampton/Cape

Hillsborough (RC), Pilbara, and Camooweal (CM) regionsare genetically themost diverse, with
high levels of haplotype diversity but low levels of nucleotide diversity (Table 2). These
characteristics suggest bottlenecks followed by population growth (Lowe et al. 2004). This
population growth evidently occurred within regions and did not result in substantial gene flow
between regions (based on significant levels of genetic differentiation; Table 3). Moreover, the
population growth occurred a significant time ago, as the time to most recent common ancestor
(tMRCA) of clades, plussignsfor demographic and range expansions of colonies and regions, all
pre-date the last glacial maximum (LGM), most by a significant margin (Tables 4 and 5).
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Table 2. Diversity summary statistics for each region and/or colonieswithin regions.

Region Col opégeisovr\]/ithi : n #H  Tajima'sD Fu'sFS H d?\[/)é?;%?/e N;\C/Ler(;titse
Cape York (KP, MP) 11 4 1131 3.445 0.746 0.0202
Arnhemland (CC, CV, NR, PC) 27 10 0.955 0.774 0.889 0.0283
PC+CV 21 10 1.463 1.683 0.833 0.0240
NR 6 3 -0.447 0.117 0.733 0.0047
Pilbara 138 14 0.002 2.196 0.781 0.0207
Kimberley (TC,C9) 17 4 -1.949* 1.089 0.331 0.0067
TC 16 3 -1.55* -0.014 0.242 0.0024
Central West (NAR, CM) 22 11 0.212 -2.417 0.918 0.0148
NAR (E24, J03) 17 9 -0.191 -4.022* 0.890 0.0077
CM 2 1.225 0.626 0.600 0.0020
Central East (CA, RC, FR) 20 10 -0.807 0.212 0.863 0.0272
CA 5 -0.764 -0.190 1.000 0.0440
RC 12 3 1.967 5.059 0.621 0.0174
FR 3 3 0.000 0.588 1.000 0.0183

* indicates p-value < 0.05. n — number of samples; #H — number of haplotypes.

CA —Central Australia; CC — Cutta Cutta; CH — Cape Hillsborough; CM — Camooweal; CS —
Cave Springs; CV — Claravale Station; FR — Flinders Ranges, KP—Kings Plains; MP—Mitchell
Palmer; NAR —Northern Agricultural Region; NR — Nourlangie Rock; PC — Pine Creek; RC —
Rockhampton and Cape Hillsborough; TC — Tunnel Creek.

158



= MgMP1

MgKP1 (2)

o
]
o

=]
o

N s CENTRAL
EAST

o
©
3

0610 T ABNHEM
h LAND

1.325

L0 1TC (16) KIMBERLEY

P

0.679

0.1

Figure 2. BEAST rooted phylogeny of intra-species diversity using HKY +G substitution
model and showing all 235 sequences (outgroupshave been removed for clarity). Numbers
(in italics) on branches refer to posterior probabilities, and numbers on nodes (in bold)
represent thetimeto most recent common ancestor (tMRCA) of nodein Millions of years
ago (Mya). CA —Central Australia; CC — Cutta Cutta; CH — Cape Hillsborough; CM —
Camooweal; CS — Cave Springs;, CV — Claravale Station; FR — Flinders Ranges; KP —
Kings Plains; MP — Mitchell Palmer; NAR — Northern Agricultural Region; NR —
Nourlangie Rock; PC —Pine Creek; RH —Rockhampton; CH — Cape Hillsborough; TC —
Tunnel Creek.
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Table 3. F4indices between colonies.
Kimber Cape

REGION: Arnhem Land Central East Central West
ley York
Pilbara
PC/CV/ RC KM
CAVES: NR CA FR TCICS NAR CM
ccC (RH/C (KP/MP)
PC/CV/CC
NR 0.51* -
CA 0.48* 0.69* -
FR 0.67*  0.90* -
RC (RH/CH) 0.67* 0.89* 0.17* 0.31* -
TCICS 0.72* 0.91* 0.700 0.84* 0.84* -
KM (KP/MP) 0.56* 0.79* 0.42* 0.63* 0.66* 0.81* -
NAR 0.72* 0.89* 0.69* 0.81* 0.82* 0.87* 0.78*
CM 0.64* 0.94* 058 0.85* 0.83* 0.90* 0.73* 0.77* -

PILBARA 0.61* 0.72* 054+ 061* 062 066* 056~ 057 055 -
* indicates p-value < 0.05, which represent colonies with significant genetic differentiation.

CA —Central Australia; CM —Camooweal; CV — Claraval e Station; FR — Flinders Ranges, KM —
KingsPlainsand Mitchell Palmer; NAR —Northern Agricultural Region; NR —Nourlangie Rock;
PC — Pine Creek; RC — Rockhampton and Cape Hillsborough; TC — Tunnel Creek.

The Fg indices between individual caves within colonies/regions were all non-significant
(PC:CV =0.0265; PC:CC =-0.126; CV:CC = 0.131; RH:CH = 0.85; KP:MP = 0.295)

Table 4. Mean time estimates and associated 95% HPD for time to most recent common
ancestor (tMRCA) of clades (defining regions) and/or colonieswithin clades(regions) from
the BEAST run (HKY+G).

Region Caves/colonies Mean tMRCA  2.5%qt 97.5% qt PP
within renion
Cape Y ork (KP, MP) 476,600 125,100 954,200 0.99
Arnhem Land (CC, CV, NR, PC) 610,200 180,300 1,133,000 0.99
TC 218,100 33,400 473,600 1.00
Central West (NAR, CM) 342,300 93,900 661,600 0.75
cM 70,600 4,700 179,500 1.00
NAR (E24, J03) 155,000 37,600 309,400 0.98
Pilbara+ Central West 679,600 212,100 1,231,500 0.76
Central East (CA, RC, FR) 462,700 144,000 887,800 1.00

Evolutionary rate —4.217 x 10°® substitutions per site per year = 4.217% per Million years.

CA — Central Australia; CC — Cutta Cutta; CM — Camooweal; CV — Claravale Station; FR —
Flinders Ranges;, KP — Kings Plains; MP — Mitchell Palmer; NAR — Northern Agricultural
Region; NR — Nourlangie Rock; PC — Pine Creek; RC — Rockhampton and Cape Hillsborough;
TC —Tunnel Creek.
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Despitethe overwhelmingly regional signaturein the phylogeographic pattern of M. gigas
mMtDNA, some colonies contained individuals from multiple clades (e.g. similar haplotypes
shared between individuals from Arnhem Land and Central Australia, see arrowed samplein
Figure 2), indicating either incomplete lineage sorting, or ongoing dispersal. In general, shared
hapl otypes were observed most often in the largest colonies, such as those at Pine Creek (PC),
and Claravale (CV). Some of these colonies occur in natural caves but others are in abandoned
mine adits (e.g. PC in Arnhem Land).

Special phylogenetic rel ationships between extinct southern colonies and geographically
distant extant colonies indicate ancient patterns of divergence at the regional level within M.
gigas (Figures 1 and 2). A shared genetic history is indicated prior to 343 thousand years ago
(kya) (95% HPD: 94-662 kya; Table4) between extinct coloniesinthe NAR (near Perth) and the
extant colonies at CM (in western Queensland; located 2500 km away). An older connection,
with an estimated age of at least 679 kya (95% HPD: 212 kya-1.23 Million years ago (Mya);
Table4), isindicated between the combined NAR/CM clade (designated ‘ Central West; Figure 1)
and colonies in the Pilbara (only 1100 km away from the NAR). Additionaly, the extinct
colonies of CA and FR shared agenetic history with the extant RC colonies (designated * Central
East’; Figure 1) at least 463 kya (95% HPD: 144888 kya; and at a distance of 1360-1740 km)
rather than with the geographically more proximate CM coloniesin western Queensland (which
are 635-1150 km away). While the colonies in the Central West region are all reciprocally
monophyletic, those of the Central East clade are not: M. gigas from the Flinders Ranges share
similar haplotypes with individuals from both the Central Australia and Cape Hillsborough
colonies.

Environmental variablesinvolved in extinctions

Of the 22 ecogeographical variablesused in the ENFA, the six with the highest power for
predicting M. gigas presence (but with correlation coefficients < 0.9) included: annual mean
temperature (biol), isothermality (bio3), mean temperature of coldest quarter (bioll),
precipitation seasonality (biol5), precipitation of wettest quarter (biol6), and precipitation of
warmest quarter (biol8). Based on these variables it appears that al extant M. gigas inhabit
regionsthat fall within adistinct climatic niche (Table 5), mainly limited by cold and dry stress.
For example, mean temperatures of the coldest quarter range between 15-26° C for presence
localities compared to 9-21° C for absence localities; precipitation of the wettest quarter is
between 100-1100 mm for presence compared to < 500 mm for absence locdlities; and
precipitation of the warmest quarter is between 100-600 mm for presence vs. < 300 mm for
absence localities. Environmental conditions in arid regions of the country where M. gigas
colonies have undergone recent extinction consistently resemble the pseudo-absence localities

generated for this study; weinfer that these extinct colonies existed under * marginally suitable’
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ambient climates for this species. Moreover, some extant colonies aso resemble the pseudo-
absencelocalitiesfor one or afew variables (Figure S2) and also might beinferred to exist under
marginal conditionsfor sustaining viable M. gigas colonies. Accordingly, we define those cyan-
green colourations on the modelling maps to indicate ‘marginal’ habitats, and the yellow-red
colourationsto indicate ‘ suitable’ habitat (Figure 3).
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The fit of the MaxEnt model to the distribution of the species was high (AUC values =
0.943 £ 0.022 for the extant dataset; AUC = 0.880 + 0.083 for the extinct dataset), therefore we
feel confident there is an association between the bioclimatic variables used and the current
distribution of M. gigas (a random prediction corresponds to an AUC of 0.5). However, this
might reflect the influence of the climate in promoting the availability of suitable microclimates
inside caves, or another indirect cause, such as climate-derived responses of vegetation habitats
that ultimately determine prey availability, the climatic preferences of introduced competitors; or
even some interaction of all of these.

With Kruskal-Wallisanalysis of variance we found asignificant differencein valuesfor
each of the 9 important bioclimatic variables between locations where M. gigas are present vs.
absent (Table 5 and Figure S2). However, of the 22 original bioclimatic variables, even the
variable with the lowest absolute marginality score (maximum temperature of the warmest
month) still had significantly different values between presence and absence locations (Figure
S2), suggesting that many aspects of the ambient climatic conditions play arole in determining
M. gigas presencein the landscape. When the extinct presence locations were used to model the
current distribution of M. gigas, the limiting factors predicting M. gigas extinctionswere mainly
precipitation of the warmest quarter (i.e. <130 mm for the Flinders Ranges, NAR, and Centra
Australia colonies vs. an average of 324 mm for the extant colonies), and mean temperature of
the coldest quarter (i.e. 11° C for the Central Australia colony vs. an average of 20° C for the
extant colonies; Figure S2).

Climatic modelling

When reconstructions of past climate conditions were used to hindcast M. gigas
distributionsinto theLGM (21 kya) and LIG (120 kya), we found the hindcast distribution to not
differ substantially from the current distribution as based on the extant dataset (Figure 3).
However, when the current distribution is based on the extinct dataset, the LIG and LGM
distributions differ significantly from the modern distribution (Figure 3).

Last Glacial Maximum (LGM)
The ENM reconstruction using the extinct dataset predicted asight increasein the area of

extent of ‘suitable’ habitat in southern Australiafrom current to hindcast distributions. Themain
increase in ‘suitable’ regions during the LGM compared to current day is a strip of *suitable’
habitat along the coast margin of the Nullarbor Plain, the continental shelf currently submerged
under Torres Strait and off the southern Queenland coast, and a small area along the WA coast;
the Bassian Plain is identified as marginally suitable habitat (Figure 3). Although no recent
colonies of M. gigas are known from most of these regions, the NAR colonies fall within the
predicted ‘ suitable’ habitat a ong the WA coast; thisfinding suggeststhat the NAR colonies may

have remained viable even during the aridity of the LGM.
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Last Inter-Glacial (L1G)
During the LI1G, M. gigas distributions were predicted to span more of central Australia,

with regions of high suitability dotted across the Lake Eyre Basin and potentially linking Cape
York and the Camooweal/coastal Queensland sites with Central Australia and the Flinders
Ranges (Figure 3). However, even during the favourable climatic conditions of the LIG, no
increasein ‘suitable’ habitat linked the NAR region with any other M. gigas colonies (Figure 3).
This long period of isolation for the NAR colonies is consistent with the time to most recent
common ancestor (tMRCA) of the NAR colonies (155,000 ya; 95% HPD 37,600-309,400 ya).
The last active gene flow between the NAR and other populations must have occurred under
conditions of more widespread warmth and humidity even than predicted for the L1G, though
perhaps only ephemeral in nature.
Future

When the predicted bioclimatic variablesfor the years of 2030 and 2080 are used with the
extant dataset to model the extent of the M. gigas ecological niche into the future, there is a
dlight increase in ‘suitable’ habitat exhibited for inland and coastal Queensland. However, it is
only when the extinct dataset is used that an additional increasein ‘ suitable’ habitat isseen along
the WA and SA coastlines.
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Discussion

Despite its capacity for dispersal via flight and a wide distribution on the Australian
continent, M. gigas exhibits surprising levels of phylogeographic structure. This suggests|ong-
term isolation and deep divergence between allopatric populations and supports Finlayson's
(1961) characterisation of M. gigas as arelictual taxon.
Genetic substructuring

Previous population genetic studies have suggested strong female philopatry
(Worthington Wilmer et al. 1999; Worthington Wilmer et al. 1994). This interpretation is
reinforced by the highly significant F4; val ues between the mgjority of all coloniessampled in our
study. The pattern of phylogenetic relationships among colonies of M. gigas at the continental
scale indicates very ancient patterns of shared genetic history, possibly dating back to more
humid periods of the Pleistocene, as landscapes were eroding and current habitats were
developing into the forms we see today.

Northern colonies

The Cape Y ork and Arnhem Land colonies are located within regionsthat appear to beto
climatically stable regions for M. gigas (Figure 3). This interpretation is reinforced by the
observation that these are some of the genetically most diverse M. gigas colonies, with long
histories of genetic isolation but also with signs of population expansions since the Middle
Pleistocene (Figure 4). Although our results support the notion that M. gigasfemales are highly
philopatric (Worthington Wilmer et al. 1999), the observation of haplotypes belonging to
multiplemtDNA CR cladesin thelarger coloniesat Pine Creek/Claravale and in the Pilbaradoes
imply occasional female dispersal between colonies. We suspect that this may not reflect natural
behaviour for the species. Extant mine roosts of M. gigas in Arnhem Land and the Pilbara are
likely subject to ahigh level of human disturbance (Armstrong and Anstee 2000) and thismay be
disrupting the usually strong site-fidelity of these colonies, encouraging dispersal between caves
at alocal level. However, this pattern of infrequent gene flow between colonies has only been
detected in the better-sampled colonies with large sample sizes (e.g. the Pilbara, Arnhem Land,
NAR), and it may be more widespread than suggested by present datasets.

Central West

Each of the Central West colonies appearsto represent an ancient lineage, with NAR and
CM having diverged > 300 kya, and the NAR and CM coloniestogether from thosein the Pilbara
even earlier at > 680 kya. The genetic link between the NAR and CM col onies spans 2500 km of
habitat with currently relatively low relief and therefore alow cave forming tendency. Where
subfossil remains of M. gigas have been sampled from suitable intervening caves (Alice
Springs/Central Australia), quite different haplotypes are currently found (haplotypes belong to
the Central East clade). However, these individual s belonging to the Central East cladefound in
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recent times may beremnants of alater expansion westwardsfrom coastal Queensland, replacing
any Central West clade individuals still remaining from an earlier expansion from CM to NAR.
The ENM also suggests ancestors of the Pilbara/NAR/CM colonies may have actually inhabited
central Australiaduring past interglacial cycles, asalack of ‘ suitable’ habitat inthe Pilbararegion
but alargeregion of ‘climatically suitable’ habitat in central Australiais suggested for M. gigas
during the L1G. Subsequent dispersal of M. gigasinto the Pilbararegion appearsto have occurred
around Terminal 1V (range expansion at 320 kya); colonisation of the NAR probably after the
LIG (range expansion at 95 kya); and CM perhaps occupied only in the lead up to the LGM
(range expansion at 44 kya). Although the 95% HPD are quite wide for all these population
expansi ons—thereby creating uncertainty in correlating expansion eventswith particular climatic
cycles — the suggested expansion and colonization events are consistent with the changing
distribution of suitable M. gigas habitat under glacial and interglacial conditions (Figure 3). In
order to fully explore the possibility of central Australiaas an interglacial refugium, the extinct
M. gigas colonies in the Rawlinson and Kathleen Ranges, and near Warburton in Western
Australia, would need to be sampled (Churchill and Helman 1990).

The persistence of the NAR coloniesthrough the highly arid LGM into the 19" century is
also consistent with the modelling results. Furthermore, it servesto highlight the importance of
the southwest corner of Australia, which wasarefugium for many speciesduring periods of peak
aridity (Byrne et al. 2008; Dodson 2001). However, in the case of M. gigas the pal eontol ogi cal
record suggeststhat the core refugelay not in the forested region of the southwest but somewhat
to the north. For while the northern NAR colonies sampled in this study contain both skeletal
remains and large piles of guano (indicating large colonies), some caves south of NAR, such as
those at Wanneroo-Y anchep, contain only sporadic skeletal remains as surface deposits (Bridge
1975). Our findings support Bridge' s (1975) suggestion that colonies south of NAR represented
relatively recent southward expansions of M. gigas. Ancient DNA studies of material from the
more southerly caves would provide a direct test of this proposition.

Central East

The low Fg values between the CA and FR samples suggest some level of female
dispersal, although possibly only on aregional scale (Table 3). However, the lack of reciprocal
monophyly for CA, FR and CH colonies of the Central East clade clearly indicates secondary
dispersal since the establishment of the CA and FR colonies by at least 100 kya. This is not
surprising, as the ephemeral, yet cyclical, nature of flooding in the Lake Eyre basin would
provide suitably warm/humid conditions and an expanded regional prey base to support repeated
long-distance dispersal events. To test this theory, colonies around the type locality at Mount
Margaret in western Queensland (Dobson 1880), and at any recently extinct coloniesin NSW,

would have to be sampled for genetic analysis (Molnar et al. 1984).
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Theevidencefor expansionsin both extant northern and extinct southern colonies do not
consistently support any one of the three hypotheses. The lack of genetic links between the
extinct colonies and their geographically proximate extant neighbour appears to support
hypothesisthree. However, taking into account the biogeographic barriershighlighted in Figure 1
and the potential for central Australian playalakesto act ascorridorsfor geneflow —for example
Lake Eyre basin in eastern Australia linking RC to CA/FR colonies and Lake Amadeus/L ake
Mackay in western Australialinking CM to NAR colonies—we regard hypothesis one (Periodic
Southern Expansion Hypothesis) to be more likely than the others. Furthermore, where single
individuals show haplotypestypical of another region/colony (i.e. the shared hapl oty pes between:
Central Australiaand Arnhem Land, the Flinders Ranges and Central Australia, the Pilbaraand
Kimberley; Cape Hillsborough and Central Australian individuals), the majority of the exotic
hapl otypes are of northern rather than southern origin, as would be predicted under hypothesis
one (Periodic Southern Expansion Hypothesis).

Temporal signatures

Macroderma gigas has a deep evolutionary history in Australia— tMRCA is 1.32 Mya
fromthe BEAST analysis—and the species clearly has been impacted by repeated glacial cycles.
Thislong history issupported by thefossil record (Churchill 2008) and is consistent with the fact
that many of the landscape features they inhabit have been tectonically stable since at least 80
Mya (the Pilbara Block; Kimberley Block; and Alice Springs sites in the Arunta Block;
Kranendonk et al. 2002). Nevertheless, it is clear that regular gene flow between the major
regions and even between relatively close coloniesin most cases ceased in the order of hundreds
of thousands of years ago. This history of long term isolations may reflect the formation and
reinforcement of the major barriers/impediments to gene flow in arid and northern Australia,
including: the Simpson Desert (initially formed 1 Mya; Fujiokaet al. 2009); the stony deserts of
central Australia (initially formed 3-2 Mya; Fujioka et al. 2005); the Murchison River gorge
(Edwards 2007); the Carpentarian semi-arid barrier (Leeet al. 2008); the Canning basin (Pepper
et al. 2011); theKimberley Plateau-Arnhem Land Barrier (Eldridgeet al. 2012); the Burdekindry
habitat gap (Chapple et al. 2011); and to alesser extent the St. Lawrence-Gladstone dry corridor
(Webb and Tracey 1981); and the East-West Kimberley Gap formed by abasalt range (Potter et
al. 2012). Although the tMRCA for the NAR coloniesisjust prior to the L1G, consistent with
hypothesis one (Periodic Southern Expansion Hypothesis), the 95% HPD aretoo widefor direct
correlation between divergence of clades and climatic cycles (Table 4 and Figure 4).
Accordingly, the temporal signal of M. gigas does not exclusively support any one of the three
hypotheses being investigated.
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Climate modelling signatures

The modelling of current distributions with the extant dataset does not identify the
locations of extinct coloniesas having ‘ suitable’ habitat. Furthermore, the hindcast distributions
using the extant datasets al so failed to identify these extinct colony locations as having * suitable
habitat during either arid (LGM) or humid (L1G) environmental conditions. Four possiblereasons
can be posed to explain these discrepancies. First, the proxy we used (of ambient climatefor cave
microclimate) may not be particularly relevant to understanding the distribution of M. gigas.
However, the strong correlation between cold/dry stress and the M. gigas absence datasets
concurs with the known physiological constraints of this species. Second, the use of the extant
dataset may not provide a complete picture of the species’ ecological niche. Y et, the fit of the
MaxEnt models to the current distribution of the species was high (AUC values much greater
than 0.5), suggesting that we are capturing an accurate representation of the ecological niche.
Third, we may not be modelling the correct temporal period when these expansions occurred.
However, population expansions predicted from the genetic datado appear to coincide with some
of the time periods modelled using the ENM (i.e. L1G). Last, M. gigas may not need permanent
or even persistent ‘ suitable’ habitat to expand itsrange. Instead, it may be able to take advantage
of ephemeral climate changes producing transient conditionsthat are ‘ suitable’ for dispersal. Of
the four, the last explanation seems the most plausible but is perhaps the most difficult to test.

The NAR colonies appear to have been established just prior to the LIG and experienced
an expansion just after the LIG; yet the modelling fails to identify this area as having * suitable’
habitat during the L1G. All observations may be correct if intermittent and ephemeral late
summer rainfall inthe NAR provided opportunitiesfor M. gigasto disperse out of large breeding
colonies and find temporary refuge in rock-overhangs or shallow caves lacking an appropriate
microclimate. These types of heavy rainfall events may have provided both the high humidity
level and erupting insect/rodent populationsrequired for M. gigasto survive and colonisethearid
centre of the continent. Furthermore, modelling for the L1G indicates that regions in the Lake
Eyre basin may have had habitat ‘suitable’ for supporting small M. gigas colonies, thereby
forming the ancestors of the Central East clade. The evolutionary histories of NAR, CA and FR
coloniesthus provide support for hypothesis one (Periodic Southern Expansion Hypothesis). On
the other hand, the more recent (post-L1G) establishment and expansion of the Camooweal caves
colony points to possible northward expansion of M. gigas, perhaps in response to increasing
aridity in central Australia. If thisis the case, one could postulate that the CA, FR, and NAR
colonies may have survived the increasing aridity of the last glacial cycle by using caves with
suitable microclimates. The evolutionary history of the CM colony therefore offers some support
for hypothesis two (Northern Relocation Hypothesis). Support for multiple hypotheses seems

contradictory. However, it may actually be correct if the recent evolutionary history of M. gigas
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has been one of contrasting regional responses to global climatic events. Indeed, given the
evidence of deep genetic divergences within M. gigas, thereis no a priori reason to expect all
populations of the species to possess a common demographic history.

Assumptionsinherent in the ecological niche modelling used

Thetype of climate envelope modelling undertaken here estimates the realised niche of M.
gigas, as it utilises presence records which already reflect the impacts of biotic interactions
including resource competition, predator-prey dynamics, etc. Moreover, as we have not
investigated caves with appropriate microclimateswithin the‘ suitable’ habitat regions, the‘ true
realised niche of M. gigas will be a subset of the projected ‘suitable’ habitat as defined by the
model. The underlying geology and degree of weathering across the Australian landscape may
have profoundly influenced the actual distribution of M. gigas in each of the time periods
projected here. Although atitude, slope and aspect wereall included inthe ENFA (which selected
most important variables determining M. gigas presence) the coarse-scale resolution of these
layers (2.5 and 30") may have obscured any value they may have had in predicting both the
current distribution, and into other temporal periods. Furthermore, it should be noted that the
probability of presence predicted by the model does not strictly reflect ‘true’ probability of M.
gigas colonies ‘ on the ground’. Many more factors need to be taken into account, including but
not restricted to: availability of suitable cave sites; thelevel of human disturbance; colony sizes,
and the operation of other detrimental factors.

It isinteresting to note that while the extinct dataset gave alower fit to current M. gigas
distribution, it predicted larger areas of ‘ suitable’ habitat when both hindcasting and forecasting.
Overall, these predictionswerein better agreement with the sub-fossil record. However, they also
suggested that the recently extinct colonies were situated in ‘marginal’ areas for M. gigas and
highlighted a possible danger with including extinct populations when doing forecast and
hindcast modelling — that predicted distributions will include substantial areas of ‘margina’
habitat in addition to genuinely ‘ suitable’ habitat. Thismay not bethe casefor lessvagile species
that have suffered historical declines.

Futuredistributions

Whether or not M. gigas colonies are able to take advantage of the projected increase in
‘margina’ habitat in the future will depend on several factors: whether the extant colonies can
survive human encroachment into its current habitat over the next hundred years (have current
populations been reduced in size too much to rebound?); whether there are appropriately
wet/warm periodsfor expansion of prey populationsto alow M. gigasto colonise these southern
regions (will ENSO cycles retain their warm/wet characteristics?); and ultimately, on whether
these regions contain caves with microclimates suitabl e to support maternal roosting behaviour of

M. gigas (will caves in these regions develop acceptable microclimates as ambient climates
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change?). However, climateisnot the only consideration, either in termsof providing conditions
for prey eruptions in central Australia, or for M. gigas cave microclimate requirements. If M.
gigas can re-invade currently unoccupied parts of its former range in southern Australia, will
there be sufficient ecological communities to sustain them, given the historical declinein small
mammalsin southern Australia (potentially due to human-mediated |andscape modificationsand
the introductions of alien species; Bilney et al. 2010; Burbidge et al. 1988; L etnic and Dickman
2006; Menkhorst and K night 2004; Short and Smith 1994)? Although anthropogenic factors may
have contributed to the downward spiral of southern M. gigas extinctions historically, how will
the continued effects of these factors in the intervening 200 years have combined with

anthropogenic climate change to impact these potentially new colonisations of M. gigas?
Conclusion

The species distribution modelling for M. gigas is an idealised representation of the
climatic envelope, with limitations inherent in projecting climates into past and future periods
adding additional uncertainty to our forecasting/hindcasting ability. A major limitation of our
study arises from the use of atmospheric climate as a proxy for suitable cave microclimate. In
particular, the lack of landscape-scale information on rock type and its associated erosional
structure (i.e. whether a formation was likely to contain caves), and of measured cave
microclimate datain the modelling dataset, potentially restricts our conclusionsto generalisations
at the continental-scale. The interpretations made were limited to detecting connectedness
between broad regionswithout adetailed analysis of whether the geological terrainswould have
provided caves over their associated long history of erosion into the features present today. This
being said, by combining perspectives of genetic and continental occupancy patterns, we suggest
that the past distribution of M. gigas has not simply been static with a contraction northwards
following changing conditions in the Holocene and more recently after the arrival of Europeans
(as suggested by Churchill and Helman 1990; Molnar et al. 1984). Rather, we present a more
dynamic view where the warm, wet conditions of interglacial episodes allowed the species to
expand southwardsto occupy regionsthat became uninhabitable under glacial conditions(i.e. the
majority of evidence supports the Periodic Southern Expansion Hypothesis). We suppose that
rainfall eventsin interglacial periods that promoted biomass increases (including prey species)
and provided the groundwater for maintaining humidity in caves allowed M. gigas to expand
across the large swathes of otherwise inhospitable habitat covering the arid centre of Australia.
However, this dependence on prey species, such assmall mammalsthat are vulnerable to human
disturbance, hasalso likely been afactor initsdeclinein the south where speciesand popul ations
have disappeared from many areas. Genetic evidence from the Camooweal colony suggeststhat
M. gigas has also responded to periods of extreme aridity by contracting out of the arid centre
(providing minor support for the Northern Relocation Hypothesis).
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In the context of ensuring the continued survival of M. gigas under future anthropogenic
climate change, this new understanding of the past response of M. gigas might be applied to
current conservation and management efforts, but with care. The ecological niche modelling
predicts future climate change may allow M. gigasto re-invade currently unoccupied parts of its
former range in southern Australia. However, even if predictions of a potentially positive
outcome involving an expansion of distribution are accurate, we will also need to consider 1)
whether in each geographic population (sensu Worthington Wilmer et al. 1994, 1999) the
abundance of individualsand the number of secure and adequately protected coloniesis sufficient
for both in situ persistence and expansion of abundance and distribution boundaries in the long
term; and 2) whether we have modified the landscape and its concomitant ecological structures
and function in these currently un-occupied parts of its former range too much for natural
processes to sustain these newly colonising populations of M. gigas.
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Supplementary I nformation
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Figure S1. Map showing past and present distribution of Macroderma gigas colonies. Blue
circles represent extant populations, those with an outer ring are those sampled by
Worthington Wilmer et al. (1999; 1994) and included in thisstudy. Starsrepresent extinct
populations; red circled star saretheextinct populationssampled in thisstudy; yellow stars
are extinct populations not sampled in this study (Eastern NSW, Kathleen Ranges,
Rawlinson Ranges, Yanchep-Wanneroo), with a central dot indicating the type locality
(Mount Margaret). Thearid and semi-arid inland lakes and associated basins ar e noted:
LA, LakeAmadeus, LB, LakeBarlee, LC, LakeCarnegie; LD, LakeDisappointment; LE,
LakeEyre, LF, LakeFrome; LG, LakeGairdner; LM, LakeMackay; LT, LakeTorrens,
LW, Lake Wells; MDL, Murray-Darling lakes, including Menindee L akes, Anabranch
Lake, Willandra Lakes, Lake Victoria; PL, Percival L akes.

178



Table S1. Sampledetails, including specimen number, museum accession number, latitude

and longitude, cave/colonies/r egion designation.

Accession
REGION Colonies Cave  Specimen Sample details number Location
Arnhem land CC CC MgCC WW et al. (1999) AJ130998 Cutta Cutta, NT
Arnhem land Ccv CV  MgCV1i6 WW et al. (1999) AJ131008 Claravale, NT
Arnhem land cv CV  MgCVla WW etal.(1999) AJ131005 Claravale, NT
Arnhem land Ccv CV  MgCVib WW et al. (1999) AJ131005 Claravale, NT
Arnhem land cv CV  MgCVlic WW et al. (1999) AJ131005 Claravale, NT
Arnhem land Ccv Cv  Mgcvldd WW et al. (1999) AJ131005 Claravale, NT
Arnhem land cv CV  MgCv2 WW et al. (1999) AJ131007 Claravale, NT
Arnhem land Ccv CV  MgCvz23 WW et al. (1999) AJ131009 Claravale, NT
Arnhem land CcVv CV  MgCvs WW et al. (1999) AJ131006 Claravale, NT
Nourlangie Rock,
Arnhem land NR NR MgNRla WW etal.(1999) AJ131010 NT
Nourlangie Rock,
Arnhem land NR NR MgNRlb  WW etal. (1999) AJ131010 NT
Nourlangie Rock,
Arnhem land NR NR MgNR2a  WW etal. (1999) AJ131011 NT
Nourlangie Rock,
Arnhem land NR NR MgNR2b  WW etal. (1999) AJ131011 NT
Nourlangie Rock,
Arnhem land NR NR  MgNR2c WW et al. (1999) AJ131011 NT
Nourlangie Rock,
Arnhem land NR NR MgNR6 WW et al. (1999) AJ131012 NT
Arnhem land PC PC  MgPC10 WW et al. (1999) AJ131002 Pine Creek, NT
Arnhem land PC PC MgPCla WW et al. (1999) AJ130999 Pine Creek, NT
Arnhem land PC PC  MgPClb WW et al. (1999) AJ130999 Pine Creek, NT
Arnhem land PC PC  MgPClc WW et al. (1999) AJ130999 Pine Creek, NT
Arnhem land PC PC MgPCld WW et al. (1999) AJ130999 Pine Creek, NT
Arnhem land PC PC  MgPC26 WW et al. (1999) AJ131003 Pine Creek, NT
Arnhem land PC PC  MgPC2a WW et al. (1999) AJ131000 Pine Creek, NT
Arnhem land PC PC  MgPC2b WW et al. (1999) AJ131000 Pine Creek, NT
Arnhem land PC PC  MgPC2c WW et al. (1999) AJ131000 Pine Creek, NT
Arnhem land PC PC MgPC2d WW et al. (1999) AJ131000 Pine Creek, NT
Arnhem land PC PC  MgPC31 WW et al. (1999) AJ131004 Pine Creek, NT
Arnhem land PC PC MgPC8 WW et al. (1999) AJ131001 Pine Creek, NT
Cape York KM KP  MgKPla WW et al. (1999) AJ130995 Kings Plains, QId
Cape York KM KP  MgKP1b WW et al. (1999) AJ130995 Kings Plains, QId
Cape York KM KP  MgKP2a WW et al. (1999) AJ130996 Kings Plains, QId
Cape York KM KP  MgKP2b WW et al. (1999) AJ130996 Kings Plains, Qld
Cape York KM KP  MgKP2c WW et al. (1999) AJ130996 Kings Plains, QId
Cape York KM KP  MgKP6 WW et al. (1999) AJ130997 Kings Plains, QId
Mitchell Palmer,
Cape York KM MP  MgMP1 WW et al. (1999) AJ130994 Qld
Central East CA AS A0l SAM M525/001  Alice Springs, NT
Central East CA AS AO02 SAM M525/002  Alice Springs, NT
Central East CA AS A04 SAM M526/002  Alice Springs, NT
Central East CA AS A06 SAM M526/004  Alice Springs, NT
Central Australia,
Central East CA CA C02 SAM M1992 NT
Flinders Ranges,
Central East FR FR  FO1 SAM M785 SA
Flinders Ranges,
Central East FR FR  F02 SAM M2691 SA
Flinders Ranges,
Central East FR FR  FO7 SAM M3791 SA
Central East RC CH MgCH1 WW et al. (1999) AJ130993 Cape
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Accession
REGION Colonies Cave  Specimen Sample details number Location

Hillsborough, QId

Central East RC RH MgRla WW et al. (1999) AJ130991  Rockhampton, Qld
Central East RC RH  MgR1b WW et al. (1999) AJ130991  Rockhampton, Qld
Central East RC RH MgRlc WW et al. (1999) AJ130991  Rockhampton, Qld
Central East RC RH MgR2a WW et al. (1999) AJ130992  Rockhampton, QId
Central East RC RH  MgR2b WW et al. (1999) AJ130992  Rockhampton, Qld

CentraWest CM CM MgCla WW etal. (1999)  AJ130986  Camooweal, Qld
Central West ~ CM CM  MgClb WW etal. (1999)  AJ130986  Camoowed, Qld
CentraWest CM  CM MgC2a WW etal. (1999)  AJ130987  Camooweal, Qld
Central West ~ CM CM  MgC2b WW etal. (1999)  AJ130987  Camoowed, Qld
CentraWest CM  CM  MgC2c WW etal. (1999)  AJ130987  Camooweal, Qld

Central West NAR E-24 EO1 Ancient ACADY467 E-24, WA
Central West NAR E-24 EO2 Ancient ACAD9469 E-24, WA
Central West NAR E-24 EO3 Ancient ACAD9471 E-24, WA
Central West NAR E-24 EO04 Ancient ACAD9473 E-24, WA
Central West NAR E-24 EO5 Ancient ACAD9475 E-24, WA
Central West NAR E-24 EO06 Ancient ACAD9476 E-24, WA
Central West NAR E-24 EO7 Ancient ACAD9549 E-24, WA
Central West NAR E-24 EO8 Ancient ACAD9550 E-24, WA
Central West NAR E-24 EO09 Ancient ACAD9551 E-24, WA
Central West NAR E-24 E10 Ancient ACAD9552 E-24, WA
Central West NAR E-24 E11 Ancient ACAD9554 E-24, WA
Central West NAR J3 J1 Ancient ACAD9290 J3, WA
Central West NAR J3 J02 Ancient ACAD9292 J3, WA
Central West NAR J3 J03 Ancient ACAD9294 J3, WA
Central West NAR J3 J4 Ancient ACAD9555 J3, WA
Central West NAR J3 J05 Ancient ACAD9556 J3, WA
Central West NAR J3 X6 Ancient ACAD9557 J3, WA
Kimberley CS CS MgCsi WW et al. (1999) AJ130990 Cave Springs, WA
Kimberley TC TC 01TC Modern Tunnel Creek, WA
Kimberley TC TC 02TC Modern Tunnel Creek, WA
Kimberley TC TC 03TC Modern Tunnel Creek, WA
Kimberley TC TC 04TC Modern Tunnel Creek, WA
Kimberley TC TC 05TC Modern Tunnel Creek, WA
Kimberley TC TC 0O7TC Modern Tunnel Creek, WA
Kimberley TC TC 08TC Modern Tunnel Creek, WA
Kimberley TC TC 09TC Modern Tunnel Creek, WA
Kimberley TC TC 10TC Modern Tunnel Creek, WA
Kimberley TC TC 11TC Modern Tunnel Creek, WA
Kimberley TC TC 12TC Modern Tunnel Creek, WA
Kimberley TC TC 13TC Modern Tunnel Creek, WA
Kimberley TC TC 14TC Modern Tunnel Creek, WA
Kimberley TC TC 15TC Modern Tunnel Creek, WA
Kimberley TC TC 16TC Modern Tunnel Creek, WA
Kimberley TC TC MgTC1l WW et al. (1999) AJ130989  Tunnel Creek, WA
Pilbara Pilbara BB BB1l1 Modern Pilbara, WA
Pilbara Pilbara BB BB12 Modern Pilbara, WA
Pilbara Filbara BB BB13 Modern Pilbara, WA
Pilbara Pilbara BB BB14 Modern Pilbara, WA
Pilbara Filbara BB  BB15 Modern Pilbara, WA
Pilbara Pilbara BB BB16 Modern Pilbara, WA
Pilbara Pilbara BB  BB17 Modern Pilbara, WA
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Accession

REGION Colonies Cave  Specimen Sample details number Location

Pilbara Pilbara BB  BB60 Modern Pilbara, WA
Pilbara Pilbara BB BB61 Modern Pilbara, WA
Pilbara Pilbara BB BB62 Modern Pilbara, WA
Pilbara Pilbara BB BB63 Modern Pilbara, WA
Pilbara Filbara BB BB64 Modern Pilbara, WA
Pilbara Pilbara BB BB65 Modern Pilbara, WA
Pilbara Pilbara BB BB66 Modern Pilbara, WA
Pilbara Pilbara BB BB67 Modern Pilbara, WA
Pilbara Pilbara BB BB70 Modern Pilbara, WA
Pilbara Pilbara BB BB71 Modern Pilbara, WA
Pilbara Pilbara BB BB72 Modern Pilbara, WA
Pilbara Pilbara BB BB73 Modern Pilbara, WA
Pilbara Pilbara BB BB74 Modern Pilbara, WA
Pilbara Pilbara BB BB78 Modern Pilbara, WA
Pilbara Pilbara BB BB79 Modern Pilbara, WA
Pilbara Pilbara CL  GO1CL Modern Pilbara, WA
Pilbara Pilbara CL  GO02CL Modern Pilbara, WA
Pilbara Pilbara CL  GO3CL Modern Pilbara, WA
Pilbara Pilbara CL  GO04CL Modern Pilbara, WA
Pilbara Pilbara CL  GO5CL Modern Pilbara, WA
Pilbara Pilbara CL  GO6CL Modern Pilbara, WA
Pilbara Pilbara CL  GO7CL Modern Pilbara, WA
Pilbara Pilbara CL  GO8CL Modern Pilbara, WA
Pilbara Pilbara CL  GO9CL Modern Pilbara, WA
Pilbara Pilbara CL  G10CL Modern Pilbara, WA
Pilbara Pilbara CL  G11CL Modern Pilbara, WA
Pilbara Pilbara CL  G12CL Modern Pilbara, WA
Pilbara Pilbara CL  G13CL Modern Pilbara, WA
Pilbara Pilbara CL  G14CL Modern Pilbara, WA
Pilbara Pilbara CL  G15CL Modern Pilbara, WA
Pilbara Pilbara CL  G16CL Modern Pilbara, WA
Pilbara Pilbara CL  G17CL Modern Pilbara, WA
Pilbara Pilbara CL  G18CL Modern Pilbara, WA
Pilbara Pilbara CL  G19CL Modern Pilbara, WA
Pilbara Pilbara CL  G20CL Modern Pilbara, WA
Pilbara Pilbara CL  G21CL Modern Pilbara, WA
Pilbara Pilbara CL  G22CL Modern Pilbara, WA
Pilbara Pilbara CO M48754 WAM M48754 Pilbara, WA
Pilbara Pilbara CO M 48755 WAM M48755 Pilbara, WA
Pilbara Pilbara CO M 49657 WAM M49657 Pilbara, WA
Pilbara Pilbara CO PKACOO Modern Pilbara, WA
Pilbara Pilbara EC ECO1EC Modern Pilbara, WA
Pilbara Pilbara KA MA47791 WAM M47791 Pilbara, WA
Pilbara Pilbara KO K75KO Modern Pilbara, WA
Pilbara Pilbara KQ GI1KQ Modern Pilbara, WA
Pilbara Pilbara KQ G23KQ Modern Pilbara, WA
Pilbara Pilbara KQ G24KQ Modern Pilbara, WA
Pilbara Pilbara KQ G25KQ Modern Pilbara, WA
Pilbara Pilbara KQ G26KQ Modern Pilbara, WA
Pilbara Pilbara KQ G27KQ Modern Pilbara, WA
Pilbara Pilbara KQ G28KQ Modern Pilbara, WA
Pilbara Pilbara KQ G29KQ Modern Pilbara, WA
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182

REGION Colonies Cave  Specimen Sample details number Location

Pilbara Pilbara KQ G2KQ Modern Pilbara, WA
Pilbara Pilbara KQ G30KQ Modern Pilbara, WA
Pilbara Pilbara KQ G32KQ Modern Pilbara, WA
Pilbara Pilbara KQ KQO02 Modern Pilbara, WA
Pilbara Pilbara KQ KQO3 Modern Pilbara, WA
Pilbara Pilbara KQ KQO04 Modern Pilbara, WA
Pilbara Pilbara KQ KQO05 Modern Pilbara, WA
Pilbara Pilbara KQ KQO6 Modern Pilbara, WA
Pilbara Pilbara KQ KQO7 Modern Pilbara, WA
Pilbara Pilbara KQ KQO8 Modern Pilbara, WA
Pilbara Pilbara KQ KQO09 Modern Pilbara, WA
Pilbara Pilbara KQ KQ10 Modern Pilbara, WA
Pilbara Pilbara KQ KQ11 Modern Pilbara, WA
Pilbara Pilbara KQ KQ12 Modern Pilbara, WA
Pilbara Pilbara KQ KQ13 Modern Pilbara, WA
Pilbara Pilbara KQ KQ14 Modern Pilbara, WA
Pilbara Pilbara KQ KQ15 Modern Pilbara, WA
Pilbara Pilbara KQ KQ20 Modern Pilbara, WA
Pilbara Pilbara KQ KQ21 Modern Pilbara, WA
Pilbara Pilbara KQ KQ22 Modern Pilbara, WA
Pilbara Pilbara KQ KQ24 Modern Pilbara, WA
Pilbara Pilbara KQ KQ25 Modern Pilbara, WA
Pilbara Pilbara LR LRO1 Modern Pilbara, WA
Pilbara Pilbara LR LRO2 Modern Pilbara, WA
Pilbara Pilbara LR LRO3 Modern Pilbara, WA
Pilbara Pilbara LR LRO4 Modern Pilbara, WA
Pilbara Pilbara LR LRO5 Modern Pilbara, WA
Pilbara Pilbara LR LRO6 Modern Pilbara, WA
Pilbara Pilbara LR LRO7 Modern Pilbara, WA
Pilbara Pilbara LR LRO8 Modern Pilbara, WA
Pilbara Pilbara LR LR0O9 Modern Pilbara, WA
Pilbara Pilbara LR LR10 Modern Pilbara, WA
Pilbara Pilbara LR LR11 Modern Pilbara, WA
Pilbara Pilbara LR LR12 Modern Pilbara, WA
Pilbara Pilbara LR LR13 Modern Pilbara, WA
Pilbara Pilbara LR LR14 Modern Pilbara, WA
Pilbara Pilbara LR LR15 Modern Pilbara, WA
Pilbara Pilbara NU NUO1 Modern Pilbara, WA
Pilbara Pilbara NU NUO2 Modern Pilbara, WA
Pilbara Pilbara - MgP1 WW et al. (1999) AJ130998 Pilbara, WA
Pilbara Pilbara RR AA14RR Modern Pilbara, WA
Pilbara Pilbara RR BAKEN2 Maodern Pilbara, WA
Pilbara Pilbara RR RHDA1l Modern Pilbara, WA
Pilbara Pilbara RR RHDA12 Modern Pilbara, WA
Pilbara Pilbara RR RHDA13 Modern Pilbara, WA
Pilbara Pilbara RR RHDA14 Modern Pilbara, WA
Pilbara Pilbara RR RHDA15 Modern Pilbara, WA
Pilbara Pilbara RR RHDA16 Modern Pilbara, WA
Pilbara Pilbara RR RHDA17 Modern Pilbara, WA
Pilbara Pilbara RR RHDA18 Modern Pilbara, WA
Pilbara Pilbara RR RHDA31 Modern Pilbara, WA
Pilbara Pilbara RR RHDA32 Modern Pilbara, WA



Accession

REGION Colonies Cave  Specimen Sample details number Location

Pilbara Pilbara RR RHDA33 Modern Pilbara, WA
Pilbara Pilbara RR RHDA34 Modern Pilbara, WA
Pilbara Pilbara SG KA_SG Modern Pilbara, WA
Pilbara Pilbara SG KE_SG Modern Pilbara, WA
Pilbara Pilbara SG KI_SG Modern Pilbara, WA
Pilbara Pilbara SG KU_SG Modern Pilbara, WA
Pilbara Pilbara SG  SGO_SG Modern Pilbara, WA
Pilbara Pilbara SG  SG4 SG Modern Pilbara, WA
Pilbara Pilbara SG  SG5 Modern Pilbara, WA
Pilbara Pilbara SG TAGI1SG Modern Pilbara, WA
Pilbara Pilbara SG TAG2SG Modern Pilbara, WA
Pilbara Pilbara SG  TAG3SG Modern Pilbara, WA
Pilbara Pilbara TA M3415 WAM M3415 Pilbara, WA
Pilbara Pilbara TX  TEX08 Modern Pilbara, WA
Pilbara Pilbara TX  TEX09 Modern Pilbara, WA
Pilbara Pilbara TX  TEXL1 Modern Pilbara, WA
Pilbara Pilbara TX  TEX10 Modern Pilbara, WA
Pilbara Pilbara TX  TEX2 Modern Pilbara, WA
Pilbara Pilbara TX  TEXS3 Modern Pilbara, WA
Pilbara Pilbara TX TEX4 Modern Pilbara, WA
Pilbara Pilbara TX TEX6 Modern Pilbara, WA
Pilbara Pilbara TX  TEX7 Modern Pilbara, WA
Pilbara Pilbara TX  TEXS8 Modern Pilbara, WA
Pilbara Pilbara WA WA Modern Pilbara, WA
Pilbara Pilbara WA WANA14 Modern Pilbara, WA
Pilbara Pilbara WA WANB11 Maodern Pilbara, WA
Pilbara Pilbara WA WANGI11 Maodern Pilbara, WA

Sample detailsabbreviations: SAM — South Australian Museum; WAM —Western Australian
Museum; CA — Central Australia; CA — Central Australia; CC — Cutta Cutta; CH — Cape
Hillsborough; CM — Camooweal; CS— Cave Springs; CV — Claravale Station; FR — Flinders
Ranges and Central Australia; FR — Flinders Ranges, KP—Kings Plains; KM —Kings Plains
and Mitchell Palmer; MP — Mitchell Palmer; NAR — Northern Agricultural Region; NR —
Nourlangie Rock; PC — Pine Creek; RH — Rockhampton; RC — Rockhampton and Cape
Hillsborough; TC — Tunnel Creek; E-24 — Cave near Eneabba, WA ; J-3 — Cave near Jurien,
WA. WW et al. (1999) - (Worthington Wilmer et al. 1999)
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Annual precipitation (Bio12) for Ghost Bat ‘extant’
presence vs. absence localities
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Figure S2. Ninebioclimatic variablesidentified ashaving a high impact on predicting Ghost
Bat presence, showing variance between presence and pseudo-absence climate conditions
for both extant and extinct datasets. A) annual mean temperature (Biol) using extant
dataset; B) annual mean temper atur e (Biol) using extinct dataset; C) isother mality (Bio3)
using extant dataset; D) isothermality (Bio3) using extinct dataset; E) minimum
temperature of coldest month (Bio6) using extant dataset; F) minimum temperature of
coldest month (Bio6) using extinct dataset; G) mean temper atur eof coldest quarter (Bioll)
using extant dataset; H) mean temper atur eof coldest quarter (Bioll) using extinct dataset;
I) annual precipitation (Biol2) using extant dataset; J) annual precipitation (Biol2) using
extinct dataset; K) precipitation of wettest month (Biol3) using extant dataset; L)
precipitation of wettest month (Biol3) using extinct dataset; M) precipitation seasonality
(Biol5) using extant dataset; N) precipitation seasonality (Biol5) using extinct dataset; O)
precipitation of wettest quarter (Biol6) using extant dataset; P) precipitation of wettest
guarter (Biol6) using extinct dataset; Q) precipitation of warmest quarter (Biol8) using
extant dataset; R) precipitation of warmest quarter (Biol8) using extinct dataset.
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Abstract

The peopling of Remote Oceania was characterised by distinctive cultural traits and the
dispersal of commensal animals, which proceeded east from Asia across the vast expanse of the
Pacific Ocean. Despite more than a century of research, there is little conclusive evidence about
the route and timing of this migration, or whether it included direct contact with South America.
We use mitochondrial DNA from fifteen modern and twenty-two ancient chicken specimens,
sampled across Polynesia, to investigate this issue. In contrast to previous reports, we find two
clusters of Island South East Asian lineages widely distributed across the Pacific. One sub-clade
is found in all archaeological chicken samples and is suggested to represent the original
Polynesian domestic strain. It persists on several Polynesian islands at high frequencies. Neither
Pacific group has been found in South American chickens, arguing against direct contact of

Polynesian commensals with South America.

198



I ntroduction

The colonization of the remote Pacific was one of the last great prehistoric migrations,
and the timing and route have been debated for centuries. A variety of hypotheses based on
archaeological, linguistic and biological lines of evidence have been developed to explain this
process, which culminated less than 800 years ago (ya) in the geographically dispersed islands of
Hawai'i, New Zealand, and Rapa Nui (Easter Island) (Wilmshurst et al. 2011). There is
considerable debate about whether these lines of evidence are congruent; clearly indicate the
migration of Austronesian language speakers south and east from Taiwan; and/or highlight the
degree to which their genes and Neolithic cultures replaced those of pre-existing populations in
Island Southeast Asia (ISEA) (Shutler and Marck 1975; Diamond 2001; Diamond and Bellwood
2003; Specht 2007; Bulbeck 2008; Lemey et al. 2009; Donohue and Denham 2010). The Malayo-
Polynesian sub-group (MP) of the Austronesian language family is widely accepted as originating
in Taiwan, and replaced most pre-existing languages within ISEA (Blust 2000; Ross 2005).
However, the genetics of modern human populations in the area show only a limited Taiwanese
inheritance (Capelli et al. 2001; Hill et al. 2007; Lansing et al. 2007; Abdulla et al. 2009; Soares
et al. 2011), and the fine scale spatio-temporal aspects of Neolithic material cultural traits are
poorly understood (Donohue and Denham 2010), including commensal animals (Dobney et al.
2008).

In Remote Oceania (Figure 1), the eastward migration of Austronesian language speakers
is commonly associated with the advent of the Lapita Cultural Complex (LCC) around 2800-
3450 ya, which is characterised by distinctive dentate-stamped pottery (Green 1991; Kirch 1997,
Spriggs 1997; Summerhayes 2000). Although the cultural and genetic patterns of Austronesian
language speakers in ISEA and Near Oceania are complex, the first colonizers of Remote
Oceania (or ‘the Pacific’) —initially the island groups comprising Vanuatu, New Caledonia, Fiji,
Tonga and Samoa — were Lapita-bearing (Bedford et al. 2006; Clark and Anderson 2009). These
colonists carried a material culture that combined elements from ISEA and Melanesia. For
example, together with pottery, they brought commensal animals from ISEA such as the pig (Sus
scrofa) (Allen et al. 2001; Larson et al. 2005; Larson et al. 2007), dog (Canis familiaris)
(Savolainen et al. 2004; Oskarsson et al. 2011), Pacific rat (Rattus exulans) (Matisoo-Smith et al.
1998; Matisoo-Smith 2002; Matisoo-Smith and Robins 2004) and chicken (Gallus gallus) (Storey
et al. 2007; Gongora et al. 2008). Similarly, they carried plants originally domesticated in the
New Guinea region, including bananas (Musa spp.) (Perrier et al. 2011), breadfruit (Artocarpus
altilis), sugarcane (Saccharum spp.) and some yams (Dioscorea spp.) (Lebot 1999). The
descendants of these colonizers are presumed to have eventually settled the remainder of the
Pacific.
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The development of biomolecular markers and techniques have greatly improved our
capacity to track the separate genetic histories of the biological elements associated with the
expansion of Neolithic traits in ISEA, the development and spread of the LCC in Near Oceania,
and the colonization of the Pacific. Molecular techniques can test elements of different models for
these processes, whether ‘Entangled Bank (Terrell 1988), ‘Slow Boat’ (Oppenheimer and
Richards 2001), ‘Express Train’ (Oppenheimer 2004) or “Triple I’ (Intrusion/ Integration/
Innovation) (Green 1991). Furthermore, the temporal and geographic analysis of ancient DNA
(aDNA) from prehistoric remains of commensal animals and plants provides an even more
powerful approach (Cooper and Poinar 2000). However, the evidence from ancient commensals
in the Pacific has so far been equivocal. Mitochondrial DNA (mtDNA) sequences from the
Pacific rat have provided limited resolution of migration patterns, probably due to limited
amounts of sequence information, restricted sampling, and the likelihood that phylogeographic
signals have been obscured by accidental back migrations (as stowaways on prehistoric vessels
with inter-island interactions) (Matisoo-Smith et al. 1998; Matisoo-Smith 2002; Matisoo-Smith
and Robins 2004). Though the movement of dogs into Australia has been explored, few Pacific
dogs have yet to be characterized (Savolainen et al. 2004; Oskarsson et al. 2011). Lastly,
although modern and ancient pig samples (Larson et al. 2005; Larson et al. 2007) support two
migration trajectories from the East Asian mainland into the Pacific, the lack of resolution within
populations involved in these two pathways has limited the understanding of interactions within
Remote Oceania. In contrast, the domestic chicken has high levels of mitochondrial genetic
variability in the Asia-Pacific region, and appears to be an ideal proxy to study human migration
patterns in Oceania. Substantial phylogeographic structure exists within the mtDNA of chickens
worldwide (Fumihito et al. 1996; Oka et al. 2007; Kanginakudru et al. 2008; Silva et al. 2009),
with nine highly divergent haplogroups (designated A-1) identified (Liu et al. 2006). The current
distribution of these clades is thought to reflect the original natural diversity, overlaid with
separate domestication events within Asia, and subsequent transportation and trading further

afield by both historic (Johannessen 1982) and prehistoric (West and Zhou 1988) human cultures.

Using chickensto investigate Polynesian contact with South America

Prehistoric contact between Asia and the Americas has long been indirectly suggested by
the presence of South American domesticates (the bottle gourd and sweet potato) in early Pacific
sites (Whitaker and Carter 1954; O'Brien 1972; Hather and Kirch 1991; Clarke et al. 2006).
Recently, Storey et al. (2007) claimed that ancient archaeological chicken bones provided direct
support for prehistoric contact, after finding a mitochondrial haplogroup E sequence in a single,
immediately pre-Columbian, chicken bone (CHLARAOQO1) from El Arenal-1 in Chile. The same
genetic signature was found in several Polynesian archaeological samples, including Rapa Nui in
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the far east of the Pacific Ocean (Storey et al. 2007; Storey et al. 2010). However, this conclusion
was challenged as chicken haplogroup E is distributed widely throughout Eurasia (and
worldwide), and represents the most common haplotypes in Europe (71%): the Middle East
(91%) and India (55%) (Liu et al. 2006) so is not phylogenetically informative (Gongora et al.
2008). For example, Chilean archaeological specimens around the time of European contact
could simply represent the first chickens introduced by Portuguese colonizers around 1500 A.D.
(Carter 1971), rather than by Polynesians (A.D. ~1200-1300; Wilmshurst et al. 2011). It is also
important to note that E haplotypes are likely to be produced from contamination with modern
domestic chicken DNA, and contaminated laboratory consumables are a well-known problem in
aDNA research (Leonard et al. 2007). Without a clear genetic connection, the only support
provided by the chicken sequences for a prehistoric link between South America and the Pacific
is the radiocarbon dates of three immediately pre-Columbian South American chicken samples
(calibrated at two sigma to A.D. 1304-1424, A.D. 1427-1459, and A.D. 1426-1457; Storey et al.
2008). These have been queried on the basis that dietary marine carbon may have artificially
added inbuilt age to the samples (Gongora et al. 2008). As a result, the implications of the
chicken data generated by Storey et al. (2007) remain unresolved. To clarify the issue of whether
E haplotypes are actually present in the Pacific prehistorically or result from contamination, we
used new aDNA protocols, shrimp DNase anti-contamination measures and new samples to
examine Pacific chicken diversity and further investigate Polynesian migration routes. In
addition, we re-examined a selection of the previously published Pacific archaeological chicken
samples, including the key Rapa Nui specimen (PAQANAO011) used to link east Polynesia and
South America (Storey et al. 2007).

Results

Thirty-seven archaeological chicken bones from Polynesia were analysed, 22 of which
(59%) yielded positive PCR amplification and DNA sequencing results (Niue, n=2/8; Hawaii,
n=7/11; Rapa Nui, n=13/18; Table 1). A 330 base pair (bp) segment of the mtDNA control region
(CR) was amplified from each specimen in short overlapping fragments (either 250bp and 305bp;
or 151bp, 187bp, and 192bp, Table S1, Figure S1, and Supplementary Material and Methods). All
22 of the ancient Polynesian chicken specimens with replicable results produced mitochondrial
sequences belonging to clade D, a South East Asian lineage whose modern distribution closely
follows the distribution of cockfighting in India, Indonesia, China, and Japan (i.e. is 'localised' to
the Asia-Pacific region, see Figures 1 and S2; Liu et al. 2006). Additionally, two samples could
not be reliably reproduced (one from Niue and one from Rapa Nui): they each generated a single
PCR product that produced different non-D haplotypes (Tables 1 and S2). However, when
double-strand specific Shrimp DNase was used to remove contaminating DNA from reagents

(Champlot et al. 2010) these sequences were no longer detected (Supplementary Information).
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We also analysed 17 naturally shed modern feather samples from the Marquesas and Hawaii, of
which 15 (Marquesas, n=5; Hawaii, n=10; Table 1) gave positive amplification and DNA
sequencing results for the same 330 bp of the mtDNA CR.

Damaged natur e of ancient Pacific chicken samples

The sequences from the ancient Pacific chicken samples showed elevated levels of
template fragmentation and miscoding lesions, which is not unexpected given the tropical and
sub-tropical conditions of Pacific archaeological deposits (Robins et al. 2001). Elevated levels of
template damage encourage the amplification of sporadic exogenous contamination, and indeed
the laboratory consumables appeared to contain detectable amounts of both haplogroup E and A
(the two most frequent haplogroups worldwide: common in South (Kanginakudru et al. 2008;
Silva et al. 2009) and East Asia (Liu et al. 2006; Oka et al. 2007; Berthouly-Salazar et al. 2010;
Dancause et al. 2011) but with haplotypes also in the Middle East, Europe, South America and
Africa (Liu etal. 2006; Gongora et al. 2008; Muchadeyi et al. 2008; Adebambo et al. 2010). This
is a potential explanation for the contrast between the Pacific-specific haplogroup D sequences
found in this study and the ‘worldwide’ haplogroup E sequences obtained by Storey et al. from
all Pacific archaeological specimens outside Rapa Nui (Storey et al. 2007). Interestingly, within
Rapa Nui, Storey et al. also obtained haplogroup D sequences from five out of six archaeological
bones, although this was not clear as phylogenetic analyses were not performed (Gongora et al.
2008).
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Table 1. Pacific samples and corresponding haplotypes discussed in the text.

Locations # Samples Haplotypes
No. Samples D sub- | Dy sub
Island | Site name | attempted/Sa 13U 28t DO1* | E | A References
clade clade
mples
Ancient
Rapa Anakena 14 (1)/21 14 - - Q| - This study
Nive | Anatoloa 2/2 2 - - - - | This study
Paluki 0 (1)/6 - - - - | (1) | This study
Hawaii | Makauwa 7/11 7 - - - - This study
Modern
Marques - 5/6 3 - - 2 - This study
Hawaii Kokee 10/11 - - - 10 | - This study
Efate 14 6 5 - 2 1
Vanuatu | Tanna 3 2 - 1 |- |- | Dancause
Ambae 7 4 3 - - -
Aneityum 19 17 2 - - -
Guam - 5 1 2 - 2 - Dancause

* - Haplotype from Liu et al. (2006)

(1) - Samples not replicable and concluded to be contamination by Shrimp DNAse experiment.
Efate has a population size of 42128, and an island size of 900km?

Tanna has a population size of 25840, and an island size of 550km?

Ambae has a population size of 9418, and an island size of 400km?

Aneityum has a population size of 821, and an island size of 160km?

Critically, the sixth Rapa Nui archaeological bone (PAQANAO011) studied by Storey et al.
(2007) yielded a haplogroup E sequence identical (apart from one ambiguous site) to their
Chilean archaeological sample (CHLARAOO01), and this close genetic and geographic relationship
was used to argue for pre-Columbian East Polynesian/South American contact. The elevated
levels of template damage and risk of contaminating haplogroup E sequences in laboratory
consumables suggest that this key result should be re-examined, especially given the otherwise
ubiquitous nature of haplogroup D in Polynesian archaeological material. We obtained further
samples from the original PAQANAO011 bone, and performed independent DNA extraction and
sequencing analysis in Adelaide and Durham. The analyses revealed that PAQANAO11 exhibited
high levels of template damage, with cloned sequences indicating that numerous PCR
amplifications were initiated from single template molecules (Table S3). Direct sequencing and
cloning analyses (Table S2 & S4) clearly placed PAQANAOQ11 within the ‘localised” D
haplogroup, in contrast to the ‘worldwide’ haplotype E sequence reported by Storey et al. (2007).
This finding indicates that all 16 Rapa Nui archaeological specimens examined to date belong to
the D haplogroup. Within the cloning reactions, we note that one of ten amplicons sequenced at
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Durham was contaminated by haplotype A35 exogenous chicken DNA (Table S4). Consequently,
the PAQANAO11 specimen appears to be particularly susceptible to contamination in PCR
reactions (Supplementary Information; Table S3).

As the Storey et al. (2007) ancient Pacific dataset spans a similar geographic range to our
dataset (from Niue/Tonga in the east to Rapa Nui in the west and as far north as Hawaii), the
probability of detecting each haplogroup in the proportions observed in each study can be directly
compared. If the E haplogroup is truly present within ancient Pacific chickens at the levels
detected by Storey et al. (55%; 2007), then the probability that all 22 of our ancient samples
would belong to the D haplogroup is practically zero (P-value = 2.9x10°®). As Figure S3 shows,
the probability distributions for each dataset are completely different — with our results showing
95% probability that if haplogroup E is present at all, it is in less than 13% of ancient Polynesian
chickens. This contrasts with the Storey et al. paper (2007), as they show a 95% probability that
the frequency of haplogroup E in their samples is greater than 29%. If, for arguments sake,
haplogroup E chickens are truly present in low frequencies (e.g. 10%), then there is a small
chance that they were not found in our 22 ancient samples simply due to stochastic effects (i.e.
poor preservation conditions concealing haplogroup E from detection just by chance; P-value =
0.0985). However, if E is truly present at only 10% then it is highly unlikely that Storey et al.
would observe 6/11 of their ancient Pacific chickens to be authentic haplogroup E sequences (P-
value = 2.7 x 10°%.

Phylogeogr aphy

The combined ancient and modern sequences were analysed along with data from modern
Pacific chickens reported in Dancause et al. (2011), and global chicken sequences from Genbank.
It was necessary to exclude sequences from Storey et al. (2007; 2010) from the Network analysis
due to the short fragment lengths (167-201bp), and the lack of contamination removal procedures
such as Shrimp DNase treatment. Figure 2 shows that the D haplotypes generated from our 22
ancient Polynesian samples clustered together to form a novel sub-clade (designated here as
‘Dap’ Or “Ancient Pacific’ sub-clade; Figures 2 and S2), which has not been detected outside the
Pacific. This Dap sub-clade remains common in modern chicken samples from the Marquesas
(n=3/5) and Vanuatu (Dancause et al. 2011), suggesting a relatively high level of genetic
continuity on these islands since prehistoric times. Dancause et al. (2011) also reported a modern
Dap sequence from Guam (n=1/5); although interestingly, this particular Dap haplotype is not
shared with VVanuatu. A cluster of haplotypes, designated here as Dwp (or “Western Pacific’; see
Figure 2), was found in all but one of the remaining modern D haplotypes from the Pacific
(Dancause et al. 2011) and, similar to Dap, neither the Guam nor Vanuatu Dwe haplotypes were
shared between the island chains. In fact D haplotype frequencies between modern chickens from
Guam and Vanuatu are significantly different (p-value = 0.00527; Table S5). The sole exception
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to the Dwp or Dap haplogroups was a D haplotype from Vanuatu (Dancause et al. 2011)
previously defined as DO1 (Liu et al. 2006), which is common in China, Myanmar, and India.
The remainder of the modern Marquesas samples (n=2), and all the modern Hawaiian specimens
(n=10) were found to belong to the worldwide E haplogroup, as did the balance of the Guam
(n=2) and Vanuatu (n=2) sequences from Dancause et al. (2011) (Figure 1).

By comparing the observed data of modern South American chicken haplogroups
(Gongoraet al. 2008) to the haplogroup frequencies found in ancient Pacific (this study), modern
Pacific (Dancause et al. 2011), and modern European chickens (Liu et al. 2006), we find that
South American chicken haplogroups have more similar frequencies to those in European
chickens (p-value = 0.059) than to ancient Pacific (p-value = 2.2 x 10™°) or modern Pacific
chickens (p-value = 2.2 x 10™*®; see Table S5 and Figure S5). In fact, in the PCA (Figure S6)
principal component 1 (PC1) accounts for almost 70% of the variation between these chicken
populations, with PC1 clearly separating modern European/South American chickens from all
Pacific chickens. Haplogroups A, D and E have no significant difference in frequencies between
modern South American and European sampled populations, while all our ancient Pacific and
most of the modern Pacific samples had significantly different frequencies (p-values < 0.01 for
all but haplogroup A where p = 0.11 for a match to modern chicken frequencies in Vanuatu).
Although haplogroup B was present in significantly different frequencies between modern South
American and European populations (15% vs. 2% respectively), the fact that haplogroup B
chickens are present in both Europe and South America, but not in the Pacific to date highlights

the close relationship between modern chicken haplogroups in South America and Europe.
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Discussion

The environmental conditions in the Pacific (and possibly the Chilean) archaeological
deposits are clearly not optimal for long term DNA preservation (Robins et al. 2001), and this is
reflected in the low amplification success rate. Just over a third of the 81 ancient chicken bones
so far analysed from the Pacific (Storey et al. 2007; Storey et al. 2010, this paper) have given
replicable amplification and sequencing results (32/81, 39%). The majority of these were D
haplotypes (25/32 or 78%), with E haplotypes comprising the rest (7/32 or 22%) (Storey et al.
2007; Storey et al. 2010). None of the Clade E sequences (Storey et al. 2007; Storey et al. 2010)
were produced from analyses using anti-contamination measures such as Shrimp DNase, and
indeed were often obtained from a single isolated bone from the oldest layers of archaeological
deposits. When shrimp DNase is used (this study) it is highly likely (at the 99% level) that
haplogroup E ancient chickens, if present at all, were at a low frequency in the Pacific (< 19%;
Figure S3), which is not consistent with the Storey et al. (2007) dataset (p-value = 0.0074). When
no shrimp DNase is used to remove potential lab contamination (as in Storey et al. 2007), it is
highly likely (at the 99% level) that haplogroup E sequences are present in at least 29% of ancient
samples (Storey et al. 2007). Given that at least the Rapa Nui haplogroup E sequence is now
thought to result from contamination, we suggest that the other E haplotypes from archaeological
specimens (Storey et al. 2007) should be considered questionable until replicated using
treatments to remove potential contamination.
Phylogeogr aphy of D, and D,p

Sequences from mitochondrial haplogroup D dominate the genetic diversity of our ancient
and modern Pacific chicken sequences plus the Genbank sequences from Vanuatu and Guam
(Dancause et al. 2011) (Figures 1 and 2), suggesting a strong association with ISEA and/or
mainland South East Asia (MSEA) (Liu et al. 2006). The new sub-clade Dap, found in all 22
archaeological specimens examined, has not been found outside the Pacific and appears to
represent a commensal chicken breed of the Ancient Pacific. The Dap sub-clade survives in
modern chickens found in Eastern Polynesia, Western Polynesia, and Micronesia (Dancause et al.
2011), despite likely subsequent introgression of European breeds during the colonial and modern
periods. The sister group Dwe has been reported from modern chickens in Japan (n=14),
Indonesia (n=3), the Philippines (n=1), Thailand (n=1), and China (n=1) (Liu et al. 2006; Oka et
al. 2007). Furthermore, it is widespread in modern chickens of the western Pacific, but was not
detected further east than Vanuatu. Therefore, while Dwp indicates an ISEA/MSEA origin it is
currently restricted to Western Polynesia/Micronesia, and it appears only the Dap sub-clade was
carried further east.
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The remaining haplogroup D sequence detected in the Pacific (D01; Dancause et al. 2011)
was found only in modern chickens from western Polynesia, and falls within a clade associated
with a high level of human-mediated transportation. Although D01 has a predominantly South
and East Asian homeland (including India; Liu et al. 2006), closely related haplotypes extend as
far west as east Africa (e.g. modern chickens in Madagascar, Kenya, Sudan, Zimbabwe and
Malawi; Dataset S1; Liu et al. 2006; Muchadeyi et al. 2008; Mwacharo et al. 2011). While
tempting to suggest these sequences might reflect the dispersal of Austronesian speakers
westward to Madagascar (Bellwood 1991; Razafindrazaka et al. 2010), it will be necessary to
examine ancient chickens from this African distribution to determine the antiquity of such a
connection.

The vast majority of modern chickens sampled in Vanuatu by Dancause et al. (2011) fell
within haplogroup D (93%, Table 1), and were found on all the islands sampled including the
larger, more highly populated island of Efate (and to a lesser extent Tanna), as well as the
smaller, more undeveloped islands of Ambae and Aneityum. The remaining modern Vanuatu
samples fell within the globally widespread E and A haplogroups (n=2 and n=1, respectively),
and importantly, were only found on the most populated island, Efate (Dancause et al. 2011). The
high proportion of Dap, and to a lesser extent Dwep, haplotypes found in Vanuatu (and in particular
on the more remote islands), suggests that these D haplotypes represent the prehistoric chicken
diversity. Furthermore, the more remote islands have significantly different haplogroup
frequencies than the more populated island of Efate (p-value = 0.0295; Figure S4 and Table S5).
In contrast, the few isolated A and E haplotypes restricted to Efate suggest more recent (possibly
historic) introductions, as both haplogroups (but especially E) have been distributed globally via
European colonial contact (Liu et al. 2006; Gongora et al. 2008; Muchadeyi et al. 2008;
Adebambo et al. 2010). Similarly, we consider the archaeological E haplotypes obtained by
Storey et al. (2007) to represent contamination because at least some of these specimens were
actually Dap, and none of our ancient samples were found to contain replicable E haplotypes. As
a result, we suggest that only the Dap and Dwp sequences reflect the pre-European spread of
people into the Pacific, and this is strongly supported by the apparent restriction of Dap
haplotypes to the Pacific.

Previous studies of prehistoric Pacific chickens (Storey et al. 2007; Storey et al. 2010)
have proposed a two-wave migration model in Remote Oceania/Western Polynesia, with each
wave characterised by a different mtDNA haplogroup (clades D and E), with E used to
demonstrate contact with South America. However, our sequences suggest only clade D
sequences were moved across the Pacific, potentially in one or two waves. A one-wave scenario
would be consistent with the movement of a single mixed population from MSEA/ISEA,
containing both Dap and Dwpe Pacific chickens (and possibly DO01), eastwards as far as
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Vanuatu/western Polynesia (Figure 1: arrow 1A). Subsequent dispersals (potentially as separate
phases) moved a subset of this genetic diversity (Dap) into eastern Polynesia, where it became
widely distributed (Figure 1: arrows 3-6); and another subset (both Dap and Dwp) as a back
migration into Micronesia (Figure 1: arrow 1B). Several alternative two-wave scenarios can be
proposed. Perhaps the most likely being where both Dap and Dwp Sequences result from a single
mixed population of ISEA origin transported separately to: Micronesia, but no further (Figure 1:
arrow 2); and to western Polynesia (Figure 1: arrow 1A), with Dap only being distributed widely
across East Polynesia (Figure 1: arrows 3-6). Although a sampling bias may explain the non-
overlapping Dap and Dwp haplotypes between Guam and Vanuatu (and significant p-value of
0.00097; Table S5), the current data is more consistent with this two-wave hypothesis.
Importantly, a similar two-wave genetic pattern was suggested for the human dispersal of pigs
across the Pacific (Larson et al. 2007), again with the separate dispersal through Micronesia not
appearing to reach Western Polynesia.

Recently, Addison and Matisoo-Smith (2010) further developed the two-wave model of
Polynesian origins put forward by Storey et al. (2007; 2010), by compiling molecular data from
all the Polynesian commensals. Addison and Matisoo-Smith (2010) suggest one wave moved
through Micronesia to Western Polynesia (1,500-2,000 ya) where it mixed with an earlier Lapita
migration wave (2,800-3,500 ya). Our chicken data would be consistent with such a pattern if
Micronesian Dwp or Dap Sequences were present in Western or Eastern Polynesia. However, this
is not the case. In addition, the lack of convincing archaeological evidence for early domestic
animals across many areas of Micronesia (Wickler 2004; Anderson 2009) provides little support
for this early Micronesian wave, and if anything suggests that the Micronesian chicken diversity
potentially represents a late dispersal (<1200 ya; Wickler 2004). In this regard, genetic sequences
from radiocarbon-dated chicken bones in the area have the potential to further resolve the role of
Micronesia as a stepping stone, trading partner, or terminus of back-migrations in the prehistoric
Pacific.

South American contact

The presence of Dap sequences in ancient or modern South American samples would
provide strong evidence that East Polynesians introduced chickens to South America in
prehistoric times. However, no Dap sequences have been detected in the single ancient sample
(Storey et al. 2007) or 41 modern specimens examined, which include multiple native breeds
(Gongora et al. 2008). Consequently, there is no genetic evidence in support of a prehistoric
introduction of Polynesian chickens, and if anything the absence of Polynesian sequences in
South America to date argues against it. In fact, the close resemblance in haplogroup frequencies
between modern South American and European chickens sampled to date, suggests these South
American chickens stem from post-Columbian introductions. The only way to reconcile these
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results (lack of D haplogroups and the similar frequencies in ‘worldwide’ haplogroups between
South America and Europe) with a prehistoric link between South America and the Pacific is
based on wholesale replacement of the early Polynesian chickens with European chickens after
colonisation. This is surprising as Polynesian-introduced chickens might be expected to have
become rapidly and widely established through pre-Columbian trade links.

Materials and Methods

Samples. Eight chicken bones from Niue were provided by Richard Walter (Otago
University Anthropology department) from archaeological sites in Paluki and Anatoloa; 11
ancient Hawaiian chicken bones from an excavation at Makauwahi Cave on Kauai, Hawaii
(National Tropical Botanical Gardens collection); and 18 Rapa Nui chicken bones excavated
from a site at Anakena (University of Hawaii Rapa Nui Field School). Sequences from five of
these Rapa Nui samples were previously published by Storey et al. (2007) (Table S2). Modern
chicken feathers of unknown age were also collected non-invasively: Eleven feathers from
Kokee, Kauai, were obtained by DB, and six feathers from the Marquesas, French Polynesia,
collected by TH.

aDNA Extraction, Amplification, and Sequencing. Samples were extracted, amplified,
and sequenced in specialist aDNA laboratories at the Australian Centre for Ancient DNA
(ACAD) in Adelaide, South Australia, according to a range of strict protocols, including
numerous controls (Cooper and Poinar 2000). A modified Qiagen silica extraction protocol was
used to extract DNA (Supplementary Materials and Methods). PCR was used to amplify
overlapping sections of the mtDNA CR (trimmed to 330bp common to both ancient and modern
datasets; Figure S1), and sequencing was performed using an ABI 3130 or 3730 (Supplementary
Materials and Methods). Independent external replication was performed in a dedicated aDNA
lab in the Archaeology Department at Durham University following strict laboratory procedures
as per commonly used guidelines (Cooper and Poinar 2000). Cloning of both the initial and
independently replicated PCR fragments from bone sample PAQANAO11 was performed using
Stratagene and/or Topo cloning kits using manufacturers instructions after an A-tailing procedure
at the ACAD laboratories (Supplementary Material and Methods).

Sequence analysis. In addition to the 37 sequences generated in this study, we
downloaded 866 mtDNA CR chicken sequences from Genbank (Liu et al. 2006; Oka et al. 2007;
Storey et al. 2007; Gongora et al. 2008; Kanginakudru et al. 2008; Muchadeyi et al. 2008; Silva
et al. 2009; Adebambo et al. 2010; Berthouly-Salazar et al. 2010; Dancause et al. 2011,
Mwacharo et al. 2011) to establish the geographic distributional range for each chicken
haplogroup. These 903 aligned chicken CR sequences (trimmed to 330bp) were collapsed to 404
unique haplotypes (Dataset S1). ModelGenerator (Keane et al. 2006) was used to establish the

best model to fit the data (GTR+I+G). Identification of the Pacific chicken sequences to
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haplogroup level was undertaken by generation of a Maximum Likelihood tree (PhyML,; Figure
S2; Guindon et al. 2010). We also explored the data in SplitsTree4 (Huson and Bryant 2006),
using the NeighborNet algorithm, and found that the data appeared not to be tree-like, so a
Median Joining Network (using Network v4.6; Bandelt et al. 1999) was also generated for just
the D haplogroup (Supplementary Material and Methods; Figure 2).

Statistical analysis. The tests of statistical significance were performed using the
binom.test and fisher.test commands and the probability distribution graphs were created using
the dbinom command, in the R “stats’ package (R development core team 2011).

Acknowledgements: We thank Jessica Metcalf for assistance with sample extraction,
John Terrell for manuscript discussions, and the generous assistance of the individuals and
institutions listed in the Materials and methods section that provided access to samples. This
work was supported by the Australian Research Council grants to AC and ARC Discovery grant
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Supplementary I nformation — Materials and Methods

aDNA Extraction, Amplification, and Sequencing. All samples were extracted,
amplified, and sequenced in specialist aDNA laboratories at the Australian Centre for Ancient
DNA (ACAD) in Adelaide, South Australia, according to a range of strict protocols and including
controls (Cooper and Poinar 2000). Ancient bone samples (n=37) were extracted and PCR
experiments set up in the physically remote ACAD ancient laboratory, whereas the feathers
(n=17) were extracted and PCR experiments set up in either the remote ACAD ancient lab or the
physically remote ACAD pre-PCR clean-room laboratory. The ACAD ancient laboratory is kept
at positive air pressure, and uses standard ancient DNA precautions (clean body suits, face
shields, multiple pairs of gloves), universal UV irradiation, and regular cleaning with oxidising
agents to prevent contamination. The ACAD pre-PCR cleanroom uses many of the same ancient
DNA precautions (laboratory coats, face masks, multiple pairs of gloves) and undergoes regular
cleaning with oxidising agents to prevent contamination. All reagents and materials are supplied
DNA-free and used only once. Separate hoods are used for DNA extractions and to set up PCR
experiments, and the amplification and post-PCR procedures are performed in a post-PCR
laboratory located in a separate, physically remote building, to minimise the potential for
contamination by PCR amplicons. Uni-directional movement of researchers and materials are
carefully controlled to further reduce contamination risk.

Bone extractions. Each chicken bone was ground to fine powder in a Mikrodismembrator
(5000 rpm, for 10 seconds). Approximately 70 mg of bone powder was decalcified concurrently
with protein digestion by incubation at 55 °C overnight in ImL of extraction buffer (consisting of
0.4725 M EDTA (pH=8.0), 0.2 % sodium dodecyl sulphate (SDS), and 0.7 mg.mI™ Proteinase
K). After digestion, samples were centrifuged at 10,000 rpm for 5 mins and the supernatant was
transferred to an Amicon ultra-4 (Millipore), which was centrifuged at 4000 xg until only 100 pL
supernatant remained. The supernatant was washed with 1 mL molecular grade water and
centrifuged again (at 4000 xg until only 100 ul remained). An equal volume of ATL buffer
(Qiagen DNeasy kit) was then added, mixed, and the supernatant removed to a 2 mL screw-cap
tube. The supernatant was incubated for 10-60 mins at room temperature on a rotary mixer after
the addition of an equal volume of AL buffer (Qiagen DNeasy kit) and 0.02 ug.ul™ of carrier
RNA. After the incubation, an equal volume of ethanol (100 %) was added, and then the total
volume was transferred to a Qiagen DNeasy spin column where it was incubated at room
temperature for 10-60 mins. The extraction then followed the Qiagen DNeasy kit instructions,
with the following exceptions at the elution stage: 100-150 uL of warmed AE buffer was added
and then incubated at room temperature for 10-30 mins, before being centrifuged at 8,000 rpm
for 1 min, this step was repeated to finish with 200-300 pL of total volume.
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Feather extractions. Approximately 5 mm of each feather tip was rehydrated overnight
with 1 ml phosphate buffered saline (PBS) on a rotary mixer at room temperature. On day 2, the
supernatant was removed, the feather tip was macerated using a clean scalpel blade, and the
sample was digested in 440 pl of digestion buffer (comprising ATL buffer (Qiagen DNeasy Kkit)
with 1.8 mg.mlI™* Proteinase K, and 90 mM Dithiothreitol) overnight at 55 °C on a rotary mixer.
After digestion, 400 pL of AL buffer (Qiagen DNeasy kit) and 0.02 pg.pl™ of carrier RNA was
added and incubated at room temperature on a rotary mixer for 10-30 mins, after which 400 uL
of 100 % ethanol was added. The supernatant (650 ul) was incubated on a Qiagen DNeasy spin
column for 10-30 mins before being centrifuged at 8000rpm for 1 min. This incubation was then
repeated until all of the supernatant had been centrifuged through the column. The feather
extraction protocol then followed that of the bone extraction procedure above.

PCR amplification and sequencing. PCRs were set up using 25 uL volumes containing
a final concentration of 1 U Platinum Tag DNA Polymerase High Fidelity (Invitrogen), 1 x PCR
Buffer (Platinum, Invitrogen), 3 mM MgSO,, 200 pM each dNTP, 2 mg.ml™ rabbit serum
albumin (Sigma), 1 uM forward and reverse primers and 2-3 ul of template DNA. Primers used
to generate the D-loop sequences are listed in Table S1. See Figure S1 for diagram describing

primer arrangement.

Table S1. Primer sequences

Primer name Primer sequence (5’ to 3') Reference
GG144F ACCCATTATATGTATACGGGCATTAA (Storey et al. 2007)
GG387R CGAGCATAACCAAATGGGTTAGA (Storey et al. 2007)
GG316F AACAAGTCACCTAACTATGAATGGTTAC | (Storey et al. 2007)
GG586R AGTTATGCATGGGATGTGCCTGACCGA | (Storey et al. 2007)
A1780F CAGCTCCAAACCACTACCAAG This paper
A1781R AGGTGACTTGTTGGGGGAAG This paper
A1958F TCTAACTCATTTGGTTATGCTCG This paper
A1959R AGTTATGTATGGGATGTGCCTGACCGA | This paper

PCR reactions were performed on a Corbett Research Palm Cycler using the following
cycling conditions: 94 °C for 2 min, 55 cycles of 94 °C for 30 s, 55 °C for 30 s, 68 °C for 30 s,
and a final extension of 10 min at 68 °C. Amplifications of extraction and PCR controls were
performed in all experiments to monitor contamination. PCR products were separated by
electrophoresis on a 3.5 % agarose gel. Successful PCR products (10 ul) were purified using 0.8
ul of EXOSAP (Fermentas) at final concentration of 0.38 U/ul Exonuclease I, and 0.05 U/ul
Shrimp Alkaline Phosphotase, and thermal cycled at 37 °C for 30 mins, 80 °C for 15 mins, and
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15 °C for 3 mins on a Corbett Research Palm Cycler. The forward and reverse complements of
each fragment were sequenced from the same PCR reaction using the same primers as for the
PCR, and Big Dye Terminator v3.1 cycle-sequencing chemistry, followed by vacuum clean up on
a Multiscreen®334 SEQ plate (Millipore). The sequencing run was conducted on an ABI 3130XC
capillary sequencer.

Primers GG144F/GG387R (Storey et al. 2007) and GG316F/GG586R (Storey et al. 2007)
were used initially but as the PCR products amplified from these primers (fragment 1 and 2) are
250bp and 305bp respectively; additional primers were designed to cover the same range of
mtDNA control region. Primer GG144F was paired with A1781 (187bp as fragment 3) and
A1780 was paired with GG387R (151bp as fragment 4) to cover the equivalent DNA sequence as
fragment 1 but in two overlapping fragments. Primers A1958 and A1959 (192bp as fragment 5)
were used to cover the balance of the mtDNA CR under study. The use of this alternative primer
set meant that a sequence gap was introduced in some ancient sequences equivalent to the primer
binding region, however as this region of 23bp had only 8/901 instances of a variable site across
the entire reference dataset (but at the 5’ end of the primer which should still allow the primer to
bind and amplification to occur), this 23bp gap was excluded from the dataset. Further trimming
to the sequence length shared across all chicken specimens resulted in a final sequence length of
330bp.

Control Region (366bp)

GG144F fragment 1 (250bp) GG387R
ﬁ F
GG316F fragment 2 (305bp) GG586R
P
fragment 3 (187bp)
fragment 4 (151bp)

fragment 5 (192bp)

Figure S1. Details of primer arrangement showing the 366bp target region, prior to
trimming sequences to the length common across both ancient and modern datasets
(330bp).

Replication.

DNA extraction of the replicate ancient chicken bone fragment PAQANAO11 was
performed in a dedicated aDNA lab in the Archaeology department at Durham University
following strict laboratory procedures as per commonly used guidelines (Cooper and Poinar
2000). All equipment and work surfaces were cleaned before and after each use with a dilute
solution of bleach (10 %) followed by ethanol (99 %). The ancient chicken bone (~0.05 g) was

pulverized in a Micro-dismembrator, digested in 0.425 M EDTA, 0.05 % SDS, 0.05 M Tris-HCI
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and 0.333 mg.ml™ proteinase K and incubated overnight on a rotary mixer at 50 °C until fully
dissolved. 2 ml of solution was then concentrated in a Millipore Amicon Ultra-4 30 KDa MWCO
to a final volume of 100 ul. The concentrated extract was purified using the QIAquick PCR
Purification Kit following manufacturers recommendations, except that the final elution step was
performed twice to produce a final volume of 100 ul. A negative extraction control was
performed alongside the ancient bone sample.

PCRs were setup in 25 ul reactions using 1.25 U Taqg GOLD (Applied Biosystems), 1 x
Gold buffer (Applied Biosystems), 2.5 mM MgCl,, 0.5 pg.ul™ bovine serum albumine (BSA),
200 uM of each dNTP, 0.8 uM of each forward and reverse primers, and 2-5 ul of aDNA extract.
We used PCR primers (5’-3") GG144F and GG387R (2); GG316F, and GG586R (2). One PCR
negative control was included for every three aDNA template PCR tubes. We ran a total of 22
PCRs with aDNA template, eight PCR negative controls and two PCR negative extraction
control. Neither the PCR negative controls nor the negative extraction control produced bands
(PCR product) when analysed by gel-electrophoresis. PCR cycling conditions were 95°C for 5
min, 50 cycles of 94 °C for 45 sec, 54 °C for 45 sec and 72 °C for 45 sec, followed by 72 °C for
10 min. PCR products were stored at -20 °C. Sanger sequencing on the Applied Biosystems 3730
DNA Analyser was performed at the DNA sequencing service in the School of Biological and
Biomedical Sciences at Durham University.

Cloning. The PCR products generated from bone sample PAQANAO11 were cloned
using Stratagene and/or Topo cloning kits using manufacturers instructions (after an A-tailing
reaction). The A-tailing reaction consisted of a 20 pl volume reaction containing 0.125 U
HotMaster Taqg, 2.5 uM dATP, 10x HotMaster buffer, 17 ul cleaned PCR products. The Buffer,
dATP’s and Taq were activated at 94 °C for 2 mins prior to addition of the PCR products then a
further incubation at 72 °C for 10 mins. The A-tailed PCR products were then cleaned up using
an Isopropanol precipitation and resuspended in 10 pl of PCR grade water. Sanger sequencing of
the cloned PCR products were performed according to the procedures outlined above.
Sequence analysis

The sequence chromatograms were formed into contigs and edited manually in Geneious
(Drummond et al. 2011). Reference sequences downloaded from Genbank were aligned with our
sequences using the ClustalW algorithm in Geneious (then refined by eye) to form a dataset of
903 sequences of 519bp in length. This dataset was then trimmed to the shortest common length
of our ancient Pacific sequences and the 23bp gap created by the primer overlap was removed.
This resulted in a full dataset of 330bp in length. Using Collapse v1.2 we reduced the full dataset
down to haplotypes and for clarity, we distinguish 404 haplotypes, including A1-13 designated by
Liu et al. (2006) (Table S5). ModelGenerator (Keane et al. 2006) was used to establish the best

model to fit the data, which was GTR+1+G based on the Akaike Information Criterion 2. In order
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to establish which haplogroups the Pacific chickens belonged to we used PhyML (Guindon et al.
2010) to generate a Maximum Likelihood tree using the full dataset (903 sequences) and with a
GTR site model and approximate Likelihood Ratio Test with Chi?-based parametric branch
supports on nodes. We explored the data in SplitsTree4 (Huson and Bryant 2006), using the
NeighborNet algorithm, and found that the data appeared not to be tree-like, so a network was
also generated of just the D haplogroup.

Network. All of the samples that fell within the D haplogroup from our phylogeographic
analysis above (excluding the Storey et al. samples) were used to create a Median Joining
network in the software Network v4.6 (Bandelt et al. 1999). DNASP v5.10.1 (Librado and Rozas
2009) was used to form the .rdf file for input into Network from the nexus file of the aligned
sequence dataset, where gaps were considered. As all the ancient Pacific samples radiate out from
the most common haplotype, this star cluster was designated sub-clade Dap. The majority of the
rest of the Pacific samples (all modern) fell within five haplotypes, each separated by individual
SNP’s in a linear progression, so these haplotypes were designated as group Dwp. However, as
the Dwp grouping is within a reticulate area of the network, no monophyly was found within the
phylogenetic tree. Therefore, the classification of it as a ‘group’ of haplotypes is based on purely
geographic criteria (i.e. chickens with these five closely related haplotypes were found in Western
Polynesia).
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Supplementary I nformation

Ancient Pacific samples

Storey et al. (2007) found five of their six Rapa Nui samples fell within clade D (Table
S2), with the sixth (PAQANAO011) falling within clade E, which is found worldwide. Our re-
extraction of this Rapa Nui bone sample (PAQANAO011) contradicts this as we found ittobea D
haplotype. Repeated amplifications and Sanger sequencing of this sample placed it within the D
haplogroup (Table S4), however it also highlighted 15 C-to-T transitions between the 17
amplicons. This type of transition is commonly observed in aDNA because of post-mortem
template damage, with the hydrolytic loss of amino-groups from cytosine converting the base to
uracil, which DNA polymerases read as a thymine base (Paabo et al. 2004). As these internal
PCR replications confirmed the discrepancy between our extraction (ACAD9068) and Storey et
al.’s (2007) published sequence (EF535246) for bone sample PAQANAO11, we had it
independently replicated by another aDNA laboratory at Durham University (Table S4).
| ndependent replication

A subsample of the PAQANAO11 bone was sent to Durham University, where it was
extracted and three PCR amplifications were performed for each of fragments 1 and 2 of the
mtDNA CR (as only fragment 1 is diagnostic to haplogroup level and below, it is this fragment
that is compared to the Liu et al. (2006) dataset in the discussion below). Two different
haplotypes were detected across the three amplicons of fragment 1 for PAQANAO11. Two
amplicons matched each other and fell within clade D. The third amplicon matched Haplotype
A35, which is found in chickens from China and Japan (Liu et al. 2006), as well as two other
Genbank samples: AM746039 (Muchadeyi et al. 2008) and AB263973, both of which are
commercial breeds. Liuetal. (2006) found almost 95% of domestic chickens to belong to clades
A, B, C, E, F, and G, which suggests the presence of clade A (this study) and clade E (Storey et
al. 2007) amplicons from this sample may reflect lab consumable/reagent contamination by
modern domestic chicken DNA. Although fragment 2 is not as phylogeographically informative
as fragment 1, amplification of this fragment did reinforce the highly damaged/degraded nature of
this particular sample, which may have allowed modern chicken DNA (at low levels in lab
reagents/consumables) to occasionally outcompete the endogenous DNA. Across the three
amplicons of fragment 2, seven randomly distributed C-to-T transitions were found to
differentiate the sequences from our extract of this sample (ACAD9068; see Table S4). Although
the damaged sites tended to be within the longer amplicons, this was not always the case.
Cloning

Cloning of the PCR amplicons from both labs (ACAD and Durham University) was
undertaken at ACAD to confirm the Sanger sequencing results and to establish whether the C=>T
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transitions were due to post-mortem damage. At the base pairs where C=>T transitions were
initially detected, few differences were detected between the clones, which suggests that each
amplicon was formed by amplification from a single damaged template (Table S3). However, at
least four matching (non-damaged) amplicons were retrieved for both fragments 1 and 2, so that a
consensus sequence could be generated (Table S3).

Shrimp DNase experiment to test ACAD3890 and ACAD9060 samples

From the 24 ancient samples successfully amplifying DNA, two samples (ACAD3890
from Niue, and ACAD9060 from Rapa Nui) yielded haplotypes other than from clade D.
ACAD3890 matched Liu et al.’s haplotype *‘A34’, which is found in only one modern sample
from Xinjiang, China (Liu et al. 2006). ACAD3890 had poor amplification/sequencing success
(n=1/31), with only one amplicon (102bp) amplifying and sequencing successfully (using primers
Al1780 and GG387R). The second sample, ACAD9060, matched EO1 found commonly
worldwide (China, n=19; India, n=10; Sri Lanka, n=20; Japan, n=27; Iran, n=3; Turkmenistan,
n=3; UK, n=2; Europe, n=34; Chile, n=25, Kenya, n=58) (Liu et al. 2006; Oka et al. 2007;
Gongora et al. 2008; Mwacharo et al. 2011). This sample also did not amplify often (n=8/14),
with the EO1 haplotype only occurring once (all other PCR amplicons could not be successfully
sequenced). Accordingly, contamination by modern chicken DNA was suspected as the source of
both the A34 and EO1 haplotypes, however due to the stringent alDNA procedures in place at the
ACAD, there is limited opportunity for modern chicken DNA to enter the lab. The possibility of
contamination in the laboratory consumables/reagents was tested by the addition of Shrimp
DNase to three sets of subsequent PCR reactions for all 24 samples. Shrimp DNase is an
endonuclease that cleaves phosphodiester bonds in double stranded DNA. It is often used to treat
PCR master mixes prior to the addition of extracted DNA in order to break down contaminating
modern DNA in PCR reagents. No DNA was successfully amplified after Shrimp DNase
treatment of PCR’s for the ACAD3890 sample, while Shrimp DNase treatment of PCR’s for
ACAD9060 sporadically gave haplotype D sequence across a variety of fragment sizes (210bp,
190bp, 129bp, and 90bp), plus one sequence (116bp) that could not be assigned to any
haplogroup — it had 7 mismatches from its closest BLAST matches (94% identity). Both of these
results suggest PCR reagent contamination by modern chicken DNA was the likely source of the
original A34 and EO1 haplotypes. When ACAD9060 did give a D haplotype, it matched the D
haplotype from the other ancient Pacific samples for fragment 1, however fragment 2 could not
be amplified so this sample was excluded from further analyses. The possibility of laboratory
consumable/reagent contamination needs to be discussed more in aDNA studies, especially when
the use of a simple PCR additive, such as Shrimp DNase, can rule out one source of possible
contamination (i.e. PCR reagents; USB 2006). This additive (or similar) is essential for alDNA
studies of commensal or domesticated species, where DNA from modern populations of the same
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species may permeate factories where lab consumables and/or reagents are produced (Leonard et
al. 2007).

Although the overall percentage of E haplotypes (7/81, 9%) detected in ancient
Polynesian chicken samples is higher than the nominal 5% contamination rate of modern
domestic species found in lab consumables (Leonard et al. 2007), low levels of preserved
endogenous DNA may allow any contaminating modern chicken DNA to outcompete them in
PCR reactions (unless an endonuclease such as Shrimp DNase is used to remove contaminating
DNA in PCR lab reagents). Previously, some of the Storey et al. co-authors have reported low
amplification success from Mele Havea (Tonga) and Paluki (Niue) (Robins etal. 2001) —and in
our analyses of Paluki material we identified a non-D haplotype to be contamination from PCR
reagents (Table S2).

Phylogenetic analysesincluding Storey et al. (2007) data

Although we did not include the Storey et al. (2007) samples in our Network analysis, we
did include them in the Maximum Likelihood phylogenetic analysis (Figure S2; Table S5). For
those Storey et al. (2007) samples we could independently replicate (i.e. there was sample left)
and for those we could not (i.e. there was no sample left), phylogenetic analyses allowed us to
confirm that their five D sequences from Rapa Nui form part of the Ancient Pacific Dap sub-clade
(see Table S2). This means that Dap sequences have been independently determined from Pacific

archaeological material multiple times.

222



0.56 0.99

Bankiva

Figure S2. Maximum Likelihood tree constructed using PhyML with 330bp of
mitochondrial control region for 903 Gallus gallus sequences wor ldwide (see Table S7 for
list of samples), with G. g. bankiva as an outgroup. Colors and labels in this figure
represent each of the nine worldwide chicken haplogroupsinitially identified in Liu et al.
(2006), with the addition of our D,, and D, groups. The support values on branchesare
estimated using a Chi*-based approximateLikelihood Ratio Test (aLRT) —theD,,and Dy,p
groups have branch support of 0.999 and 0.9999, respectively.
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Probability distributions of Haplogroup E in ancient Pacific chickens
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Figure S3. Binomial probability distribution showing the probability of detecting the
observed number of haplogroup E sequences (for arange of hypothetical frequenciesof E
in theancient Pacific chicken population). For example, if weassumethat haplogroup E is
actually present at a frequency of 0.1 (i.e. 10%) in the total ancient population, then the
probability of detecting 0/22 haplogroup E sequences is 0.098 (this study), but the
probability of Storey et al. (2007) detecting 6/11 haplogroup E sequencesis 0.00027.
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Probability distributions of haplogroups in modern Efate (Vanuatu) chickens
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Frequencies of haplogroups in modern Efate (Vanuatu) chickens

Figure$A. Probability distributionsof ‘worldwide' vs. ‘localised’ haplogroupsfrom modern
chickensfrom Efateand theproportion of these haplogr oupson theother Vanuatu islands
(Dancause et al. 2011). The modern Vanuatu chickens sampled from Efate include two
wor ldwide haplogroupsnot present on theother lesspopulated isands. TheFisher’sexact
test (in table S5) comparing Efate haplogroup frequenciesto those on the other Vanuatu
isands, found that the haplogroup frequenciesin Efate are significantly different to those
on the other islands (p-value = 0.0295). Furthermore, if we assume that the modern
proportions of ‘worldwide’ haplotypes on Efate reflect the true chicken populationsin
Vanuatu gener ally, then the probability that the‘worldwide haplogroupsweremissed just
by chance on the less populated islands is very small (p-value = 0.00092). Therefore, we
posit that the*localised’ (haplogroup D) chickensrepresent the prehistoric chickensof the
Pacific, but that the‘worldwide haplogroupsareonly present on Efate (themost populated
isand) dueto later European introductions.
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Probability distributions

1.0
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Figure S5. Binomial probability distributions with 95% confidence intervals for
haplogroupsA, B, D, and E in moder n chicken populationsin South America (Gongora et
al. 2008), ancient Pacific (this study), modern Vanuatu (this study; Dancause et al. 2011),
and modern European samples (Liu et al. 2006). The modern South American chickens
sampled to date match the signatur e of European moder n chickensmor e closely than that
of either ancient or modern Pacific chickens (see Fisher’s exact test data in Table S5).
Modern South American chicken haplogroup frequenciesare not statistically different at
the5% level from moder n European haplogroup frequenciesover all (p-value=0.059), but
aredignificantly different from ancient Pacific (thisstudy, p-value= 2.2 x 10-16; and Storey
et al. 2007, p-value = 0.00043), and moder n Pacific chickens (p-value = 7.51 x 10™). For
example, if weassumethat themoder n South American chickenssampled by Gongoraet al.
(2008) accur ately represent thetotal chicken populationsin South Americatoday, then the
proportion of haplogroups A, D, and E in South America more closely reflects the
proportionsof thesamehaplogroupsin moder n Eur opean chickensthan it doesthemodern
Pacific (thisstudy, Dancauseet al. 2011) or ancient Pacific chickensof our study (T able S6),
which can beseen in thisfigure, wherethe 95% confidenceintervalsof the South American
and European modern chickens overlap for haplogroups D and E. The frequency of
haplogroup B in South America (15%) is consider ed significantly different from that in
Europe (2%), but the fact haplogroup B is present in detectable levels in both South
American and European chicken populationslendssupport for thislink, ashaplogroup B
hasnot befound at all in either ancient or modern Pacific chickens.

226



15

i Europe A

(modern)
o O
) g D. Vanuatu
3 modern
S 2 B 3 . < )
8
§ * . . L
33 This study
i g ancient
L, . (ancient)
g 7] Storey
South America (ancient)
=, (modern)
O
T B.-
-2 -1 0 ] )

PC 1 - 69.7 % variance

Figure S6. Results of principal component analysis (PCA) of haplogroup frequencies by
population/location. Principal component 1 (PC1) accountsfor almost 70% of thevariation,
with thisprincipal component separ ating the moder n chicken populationsof Eur ope/South
Americafromthosein thePacific (both moder n and ancient). Thisfigurehighlightsthefact
that South American and European chickens(on theleft hand side) arevery different from
Pacific chickens (on theright hand side). Thisdichotomy isstrongly impacted by the high
proportion of D haplotypes(which arelocalized to the Asia-Pacificregion) in the Pacific, in
comparison to South American and Eur opean chickens, which areinfluenced by A, B and E
haplotypes (which are found worldwide).
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Table Sb. Fisher exact test to detect significance of deviation from null hypothesis of equal
haplogroup proportions between chicken populations (alter nate hypothesisis not-equal).

Chicken populations tested for equal proportions of haplogroups (A, B, D, E)

Population 1 Population 2 P-value

Modern Chilean (Gongora et al. 2008) Modern European (Liu et al. 2006) 0.05855
Modern Chilean Modern Pacific (incl. this study) 7.5 x 106
Modern Chilean Ancient Pecific (this study) 2.2 x 106

Modern Chilean Ancient Pacific (Storey et al. 2007) 0.00043*

Efate (Dancause et al. 2011) Other Vanuatu islands (Dancause et al. 2011) 0.0295*

Ancient Pacific (Storey et al. 2007) Ancient Pecific (this study) 0.00042*
Chicken populations tested for equal proportions of sub-haplogroups (D, Dws, D01, E, A)

Population 1 Population 2 P-value
Modern Pacific (this study, Dancause et Ancient Pacific (this study) 0.00150*
al. 2011)
Chicken populations tested for equal proportions of individual D haplotypes
Population 1 Population 2 P-value
Modern Guam (Dancause et al. 2011) Ancient Pecific (this study) 0.00049*
Modern Marquesas (this study) Ancient Pecific (this study) 0.08058
Modern Vanuatu (Dancause et al. 2011) Ancient Pacific (this study) 0.00677*
Modern Guam (Dancause et al. 2011) Modern Vanuatu (Dancause et al. 2011) 0.00097*
Modern Marquesas (this study) Modern Guam (Dancause et al. 2011) 0.1
Modern Vanuatu (Dancause et al. 2011) Modern Marquesas (this study) 0.8753

* P-value < 0.05 indicates significant difference between haplogroup frequencies between
population 1 and population 2.
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Table S6. Binomial test of statistical significance for deviationsin the frequency of each
haplogroup in possible sour ce populations compar ed to the expected distributions of each
haplogroup in South American chickens observed in Gongora et al. (2008). The possible
sour ce populations tested include modern European chickens (Liu et al. 2006), ancient
Pacific chickens(thisstudy), and moder n Pacific chickens(thisstudy, Dancauseet al. 2011).

Frequency in F . Frequency in
modern requencyn I.:reque.ncy modern Pacific
: modern In ancient .
Chilean European Pacific chickens
Haplogroup c(hlc_l;elr;s chickens chickens (n=i3L (this
n= (n=56) (Liu et (n=22) (this Stuay;
(Gongora et al. al. 2006) study) Dancause et al.
2008) 2011)
A 0.05 0.07 0.00% 0.02
B 0.15 0.02* 0.00* 0.00*
D 0 0 1.00* 0.73*
E 0.8 0.91 0.00* 0.25*

* P-value < 0.01 indicates significant deviation between a particular haplogroup frequency in
possible source chicken population compared to that expected from the frequency of that
hapl otype observed in modern Chilean chickens.
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Table S7. Unique haplotypesbased on 903 sequences of 330bp fragment of mitochondrial
control region used in thisstudy, prepared using Collapsev1.2.

Haplogroup| No. of
Unique |accordingto| samples Genbank .

Haplotype| Liuetal’s per Accession Code Reference Location Ancient or

No. (2006) | haplotype No. Modern

designations [n]

1 A [1] |FJ851658 SI RIRAJAS Adebambo et al. (2010) Nigeria Modern
2 E [1] |FJ851679 |SW32 Adebambo et al. (2010) Nigeria Modern
3 E [1] |FJ851656 |YAFFA113 |Adebambo et al. (2010) Nigeria Modern
4 E [1] |GU951752|NW59 Adebambo et al. (2010) Nigeria Modern
5 E [2] |FJ851657 |ANAK109 |Adebambo et al. (2010) Nigeria Modern
5 E GU951755|SE8 Adebambo et al. (2010) Nigeria Modern
6 E [1] |FJ851678 |SW30 Adebambo et al. (2010) Nigeria Modern
7 E [3] |FJ851666 |NE84 Adebambo et al. (2010) Nigeria Modern
7 E FJ851682 |SW59 Adebambo et al. (2010) Nigeria Modern
7 E FJ851684 |SW62 Adebambo et al. (2010) Nigeria Modern
8 E [1] |FJ851675 |SW15 Adebambo et al. (2010) Nigeria Modern
9 E [1] |FJ851660 |NE62 Adebambo et al. (2010) Nigeria Modern
10 E [1] |FJ851662 |NE73 Adebambo et al. (2010) Nigeria Modern
11 E [1] |FJ851663 |NE74 Adebambo et al. (2010) Nigeria Modern
12 E [1] |FJ851664 |NE79 Adebambo et al. (2010) Nigeria Modern
13 E [1] |FJ851665 |NE81 Adebambo et al. (2010) Nigeria Modern
14 [1] |FJ851667 |[NW7 Adebambo et al. (2010) Nigeria Modern
15 E [1] |FJ851668 |[NW9 Adebambo et al. (2010) Nigeria Modern
16 E [1] |FJ851669 |NW18 Adebambo et al. (2010) Nigeria Modern
17 E [1] |FJ851670 |NW25 Adebambo et al. (2010) Nigeria Modern
18 E [1] |FJ851671 |NW35 Adebambo et al. (2010) Nigeria Modern
19 E [1] |FJ851672 |NW36 Adebambo et al. (2010) Nigeria Modern
20 E [1] |FJ851673 |SW10 Adebambo et al. (2010) Nigeria Modern
21 E [1] |FJ851674 |SW12 Adebambo et al. (2010) Nigeria Modern
22 E [1] |FJ851677 |SW27 Adebambo et al. (2010) Nigeria Modern
23 E [1] |FJ851680 |SW49 Adebambo et al. (2010) Nigeria Modern
24 E [1] |FJ851681 |SW55 Adebambo et al. (2010) Nigeria Modern
25 E [1] |FJ851683 |SWE0 Adebambo et al. (2010) Nigeria Modern
26 E [1] |FJ851685 |SW77 Adebambo et al. (2010) Nigeria Modern
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27 E [1] |FJ851686 |SwW82 Adebambo et al. (2010) Nigeria Modern
28 E [1] |GU951751|NE96 Adebambo et al. (2010) Nigeria Modern
29 E [1] |GU951753|SE2 Adebambo et al. (2010) Nigeria Modern
30 E [2] |GU951754|SE5 Adebambo et al. (2010) Nigeria Modern
30 E FJ851676 |SW20 Adebambo et al. (2010) Nigeria Modern
31 E [1] |GU951756|SE10 Adebambo et al. (2010) Nigeria Modern
32 E [1] |GU951757|SE18 Adebambo et al. (2010) Nigeria Modern
33 E [1] |GU951758|SE32 Adebambo et al. (2010) Nigeria Modern
34 E [1] |FJ851659 |[NE51 Adebambo et al. (2010) Nigeria Modern

China (7),
35 EO4 [15] |AF128325 Liu et al. (2006) Japan (2),| Modern

Europe (2)
35 E EF190850 |CHL24 Gongoraet al. (2008) Chile Modern
35 E EU847816 Kanginakudru et al. (2008) India Modern
35 E EU095147 Mwacharo et al. (2011) Kenya Modern
36 E [1] |EU095169 Mwacharo et al. (2011) Kenya Modern
37 E [1] |EU095149 Mwacharo et al. (2011) Kenya Modern

China (19),

India  (9),

Japan (11),
38 EO1 [199] |[ABO07734 Liu et al. (2006) ran ®). Modern

Turkmenista

n(3), UK (2),

Europe (34),

Unknown (1)
38 E FJ914366 |GUAM101 |Dancauseetal. (2011) Guam Modern
38 E EF190838 |CHL11 Gongoraet al. (2008) Chile Modern
38 E EF190839 |CHL12 Gongoraet al. (2008) Chile Modern
38 E EF190840 |CHL13 Gongoraet al. (2008) Chile Modern
38 E EF190841 |CHL14 Gongoraet al. (2008) Chile Modern
38 E EF190842 |CHL15 Gongoraet al. (2008) Chile Modern
38 E EF190844 |CHL18 Gongoraet al. (2008) Chile Modern
38 E EF190845 |CHL19 Gongoraet al. (2008) Chile Modern
38 E EF190831 |CHL2 Gongoraet al. (2008) Chile Modern
38 E EF190847 |CHL21 Gongoraet al. (2008) Chile Modern
38 E EF190851 |CHL25 Gongoraet al. (2008) Chile Modern

243




38 E EF190853 |CHL27 Gongoraet al. (2008) Chile Modern
38 E EF190854 |CHL28 Gongoraet al. (2008) Chile Modern
38 E EF190856 |CHL30 Gongoraet al. (2008) Chile Modern
38 E EF190859 |CHL33 Gongoraet al. (2008) Chile Modern
38 E EF190860 |CHL34 Gongoraet al. (2008) Chile Modern
38 E EF190861 |CHL35 Gongoraet al. (2008) Chile Modern
38 E EF190864 |CHL38 Gongoraet al. (2008) Chile Modern
38 E EF190865 |CHL39 Gongoraet al. (2008) Chile Modern
38 E EF190866 |CHL40 Gongoraet al. (2008) Chile Modern
38 E EF190867 |CHL41 Gongoraet al. (2008) Chile Modern
38 E EF190868 |CHL42 Gongoraet al. (2008) Chile Modern
38 E EF190869 |CHL43 Gongoraet al. (2008) Chile Modern
38 E EF190834 |CHL7 Gongoraet al. (2008) Chile Modern
38 E EF190835 |CHL8 Gongoraet al. (2008) Chile Modern
38 E EF190836 |CHL9 Gongoraet al. (2008) Chile Modern
38 E16 AY 704713 Liu et al. (2006) India (1) Modern
38 E EU095075 |MG17 Mwacharo et al. (2011) Kenya Modern
38 E EU095081 |MR14 Mwacharo et al. (2011) Kenya Modern
38 E EU095083 [MR22 Mwacharo et al. (2011) Kenya Modern
38 E EU095089 |IMR43 Mwacharo et al. (2011) Kenya Modern
38 E EU095102 Mwacharo et al. (2011) Kenya Modern
38 E EU095105 Mwacharo et al. (2011) Kenya Modern
38 E EU095107 Mwacharo et al. (2011) Kenya Modern
38 E EU095112 Mwacharo et al. (2011) Kenya Modern
38 E EU095123 Mwacharo et al. (2011) Kenya Modern
38 E EUQ095124 Mwacharo et al. (2011) Kenya Modern
38 E EU095126 Mwacharo et al. (2011) Kenya Modern
38 E EU095127 Mwacharo et al. (2011) Kenya Modern
38 E EU095128 Mwacharo et al. (2011) Kenya Modern
38 E EU095129 Mwacharo et al. (2011) Kenya Modern
38 E EU095130 Mwacharo et al. (2011) Kenya Modern
38 E EU095131 Mwacharo et al. (2011) Kenya Modern
38 E EU095132 Mwacharo et al. (2011) Kenya Modern
38 E EU095133 Mwacharo et al. (2011) Kenya Modern
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38 E EU095134 Mwacharo et al. (2011) Kenya Modern
38 E EU095135 Mwacharo et al. (2011) Kenya Modern
38 E EU095136 Mwacharo et al. (2011) Kenya Modern
38 E EU095137 Mwacharo et al. (2011) Kenya Modern
38 E EU095139 Mwacharo et al. (2011) Kenya Modern
38 E EU095140 Mwacharo et al. (2011) Kenya Modern
38 E EU095142 Mwacharo et al. (2011) Kenya Modern
38 E EU095143 Mwacharo et al. (2011) Kenya Modern
38 E EU095144 Mwacharo et al. (2011) Kenya Modern
38 E EU095145 Mwacharo et al. (2011) Kenya Modern
38 E EU095146 Mwacharo et al. (2011) Kenya Modern
38 E EU095148 Mwacharo et al. (2011) Kenya Modern
38 E EU095151 Mwacharo et al. (2011) Kenya Modern
38 E EU095155 Mwacharo et al. (2011) Kenya Modern
38 E EU095157 Mwacharo et al. (2011) Kenya Modern
38 E EU095160 Mwacharo et al. (2011) Kenya Modern
38 E EU095164 Mwacharo et al. (2011) Kenya Modern
38 E EU095165 Mwacharo et al. (2011) Kenya Modern
38 E EU095166 Mwacharo et al. (2011) Kenya Modern
38 E EU095167 Mwacharo et al. (2011) Kenya Modern
38 E EU095168 Mwacharo et al. (2011) Kenya Modern
38 E EU095170 Mwacharo et al. (2011) Kenya Modern
38 E EU095171 Mwacharo et al. (2011) Kenya Modern
38 E EU095172 Mwacharo et al. (2011) Kenya Modern
38 E EU095173 Mwacharo et al. (2011) Kenya Modern
38 E EUQ095174 Mwacharo et al. (2011) Kenya Modern
38 E EU095175 Mwacharo et al. (2011) Kenya Modern
38 E EU095178 Mwacharo et al. (2011) Kenya Modern
38 E EU095179 Mwacharo et al. (2011) Kenya Modern
38 E EU095180 Mwacharo et al. (2011) Kenya Modern
38 E EU095181 Mwacharo et al. (2011) Kenya Modern
38 E EU095183 Mwacharo et al. (2011) Kenya Modern
38 E EU095184 Mwacharo et al. (2011) Kenya Modern
38 E EU095185 Mwacharo et al. (2011) Kenya Modern
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38 E EU095187 Mwacharo et al. (2011) Kenya Modern
38 E EU095188 Mwacharo et al. (2011) Kenya Modern
38 E EU095189 Mwacharo et al. (2011) Kenya Modern
38 E EU095190 Mwacharo et al. (2011) Kenya Modern
38 E EU095191 Mwacharo et al. (2011) Kenya Modern
38 E EU095192 |INV44 Mwacharo et al. (2011) Kenya Modern
38 E AB268508 Okaet al. (2007) Japan (10) | Modern
38 E AB268510 Okaet al. (2007) Japan (1) Modern
38 E AB268513 Okaet al. (2007) Japan (5) Modern
38 E EU199906 Silvaet al. (2009) S Lanka Modern
(14)
38 E EU199907 Silvaet al. (2009) Sri Lanka (1)| Modern
38 E EU199908 Silvaet al. (2009) Sri Lanka (1)| Modern
38 E EU199909 Silvaet al. (2009) Sri Lanka (2)| Modern
38 E EU199911 Silvaet al. (2009) Sri Lanka (1)| Modern
38 E EU199912 Silvaet al. (2009) Sri Lanka (1)| Modern
38 E HWMDO5 |This study Hawaii Modern
38 E HWMDO7 |This study Hawaii Modern
38 E MQMDO1 |Thisstudy Marquesas | Modern
38 E MQMDO03  [Thisstudy Marquesas | Modern
Azerbaijan
39 EO08 [20] |AY 704696 Liu et al. (2006) (1), Japan| Modern
)
39 E14 E14 Liu et al. (2006) Japan (1) Modern
39 E EU095035 |KF04 Mwacharo et al. (2011) Kenya Modern
39 E EU095039 |KF19 Mwacharo et al. (2011) Kenya Modern
39 E EU095040 | KF21 Mwacharo et al. (2011) Kenya Modern
39 E EU095041 | KF24 Mwacharo et al. (2011) Kenya Modern
39 E EU095042 |KF27 Mwacharo et al. (2011) Kenya Modern
39 E EU095046 |CHO1 Mwacharo et al. (2011) Kenya Modern
39 E EU095048 |FFO1 Mwacharo et al. (2011) Kenya Modern
39 E EU095049 | TT02 Mwacharo et al. (2011) Kenya Modern
39 E EU095050 | TT05 Mwacharo et al. (2011) Kenya Modern
39 E EU095058 |FFO5 Mwacharo et al. (2011) Kenya Modern
39 E EU095117 Mwacharo et al. (2011) Kenya Modern
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39 E EU095121 Mwacharo et al. (2011) Kenya Modern
39 E EU095152 Mwacharo et al. (2011) Kenya Modern
39 E AB268511 Okaet al. (2007) Japan (5) Modern
40 E [2] |EU095154 Mwacharo et al. (2011) Kenya Modern
40 E EU095125 Mwacharo et al. (2011) Kenya Modern
411 E [2] |AY644978 Liu et al. (2006) Europe (1) | Modern
41 E EU095101 Mwacharo et al. (2011) Kenya Modern
42 E [1] |EU095122 Mwacharo et al. (2011) Kenya Modern
43 E [15] |EU095109 Mwacharo et al. (2011) Kenya Modern
43 E EU095043 |KF29 Mwacharo et al. (2011) Kenya Modern
43 E EU095057 |PN15 Mwacharo et al. (2011) Kenya Modern
43 E EU095062 |TL04 Mwacharo et al. (2011) Kenya Modern
43 E EU095063 |MG01 Mwacharo et al. (2011) Kenya Modern
43 E EU095064 |MG02 Mwacharo et al. (2011) Kenya Modern
43 E EU095074 (M G16 Mwacharo et al. (2011) Kenya Modern
43 E EU095085 |[MR31 Mwacharo et al. (2011) Kenya Modern
43 E EU095091 |MR50 Mwacharo et al. (2011) Kenya Modern
43 E EU095093 |[KT08 Mwacharo et al. (2011) Kenya Modern
43 E EU095095 |KT15 Mwacharo et al. (2011) Kenya Modern
43 E EU095138 Mwacharo et al. (2011) Kenya Modern
43 E EU095150 Mwacharo et al. (2011) Kenya Modern
43 E EU095162 Mwacharo et al. (2011) Kenya Modern
43 E EU095176 Mwacharo et al. (2011) Kenya Modern
44 E [1] |EU095059 |CHO7 Mwacharo et al. (2011) Kenya Modern
45 D [35] |EU095092 |KT02 Mwacharo et al. (2011) Kenya Modern
45 D EU095051 [TT11 Mwacharo et al. (2011) Kenya Modern
45 D EU095052 [TT14 Mwacharo et al. (2011) Kenya Modern
45 D EU095056 |PN13 Mwacharo et al. (2011) Kenya Modern
45 D EU095065 |MGO03 Mwacharo et al. (2011) Kenya Modern
45 D EU095067 |MG05 Mwacharo et al. (2011) Kenya Modern
45 D EU095068 |M G06 Mwacharo et al. (2011) Kenya Modern
45 D EU095069 |M G08 Mwacharo et al. (2011) Kenya Modern
45 D EU095070 [IMG10 Mwacharo et al. (2011) Kenya Modern
45 D EU095071 |MG11 Mwacharo et al. (2011) Kenya Modern

247




45 D EU095072 [MG12 Mwacharo et al. (2011) Kenya Modern
45 D EU095073 |MG14 Mwacharo et al. (2011) Kenya Modern
45 D EU095076 (M G18 Mwacharo et al. (2011) Kenya Modern
45 D EU095077 |M G20 Mwacharo et al. (2011) Kenya Modern
45 D EU095078 |MRO1 Mwacharo et al. (2011) Kenya Modern
45 D EU095079 |MR09 Mwacharo et al. (2011) Kenya Modern
45 D EU095080 |MR11 Mwacharo et al. (2011) Kenya Modern
45 D EU095084 [MR27 Mwacharo et al. (2011) Kenya Modern
45 D EU095086 |MR34 Mwacharo et al. (2011) Kenya Modern
45 D EU095087 |MR37 Mwacharo et al. (2011) Kenya Modern
45 D EU095088 |MR40 Mwacharo et al. (2011) Kenya Modern
45 D EU095090 |MR46 Mwacharo et al. (2011) Kenya Modern
45 D EU095096 |KT17 Mwacharo et al. (2011) Kenya Modern
45 D EU095097 |KT20 Mwacharo et al. (2011) Kenya Modern
45 D EU095099 KT26 Mwacharo et al. (2011) Kenya Modern
45 D EU095100 Mwacharo et al. (2011) Kenya Modern
45 D EU095103 Mwacharo et al. (2011) Kenya Modern
45 D EU095104 Mwacharo et al. (2011) Kenya Modern
45 D EU095106 Mwacharo et al. (2011) Kenya Modern
45 D EU095108 Mwacharo et al. (2011) Kenya Modern
45 D EU095115 Mwacharo et al. (2011) Kenya Modern
45 D EU095116 Mwacharo et al. (2011) Kenya Modern
45 D EU095119 Mwacharo et al. (2011) Kenya Modern
45 D EU095182 Mwacharo et al. (2011) Kenya Modern
45 D EU095186 Mwacharo et al. (2011) Kenya Modern
46 D [1] |EU095094 |KT12 Mwacharo et al. (2011) Kenya M odern
47 D [5] |EU095111 Mwacharo et al. (2011) Kenya Modern
47 D EU095082 [MR17 Mwacharo et al. (2011) Kenya Modern
47 D EU095113 Mwacharo et al. (2011) Kenya Modern
47 D EU095114 Mwacharo et al. (2011) Kenya Modern
47 D EU095118 Mwacharo et al. (2011) Kenya Modern
48 D [1] |EU095037|KF13 Mwacharo et al. (2011) Kenya Modern
49 D [1] |EU095054|TT21 Mwacharo et al. (2011) Kenya M odern
50 D02 [8] |ABO07742 Liu et al. (2006) M adagascar Modern

@,
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Unknown (2)

50 D EU095034 |KFO1 Mwacharo et al. (2011) Kenya Modern
50 D EU095044 |PN0O4 Mwacharo et al. (2011) Kenya Modern
50 D EU095047 |DCO5 Mwacharo et al. (2011) Kenya Modern
50 D EU095055 |PN10 Mwacharo et al. (2011) Kenya Modern
50 D EU095098 [KT23 Mwacharo et al. (2011) Kenya Modern
50 D EU095110 Mwacharo et al. (2011) Kenya Modern
50 D EU095156 Mwacharo et al. (2011) Kenya Modern
51 D [1] |EU095045 |PN09 Mwacharo et al. (2011) Kenya Modern
Indonesia
52 D06 [4] |AB009429 Liu et al. (2006) (2), India(1),| Modern
Japan (1)
52 D EU095053 |TT18 Mwacharo et al. (2011) Kenya Modern
Japan (1),
52 D AB268525 Okaet al. (2007) Indonesian | Modern
Bantam
53 E [1] |EU095163 Mwacharo et al. (2011) Kenya Modern
54 E [1] |EU095159 Mwacharo et al. (2011) Kenya Modern
55 E [4] |EU095161 Mwacharo et al. (2011) Kenya Modern
55 E EU095141 Mwacharo et al. (2011) Kenya Modern
55 E EU095158 Mwacharo et al. (2011) Kenya Modern
55 E EU095177 Mwacharo et al. (2011) Kenya Modern
56 E [1] |EU095153 Mwacharo et al. (2011) Kenya Modern
57 E [3] |EU095038 [KF17 Mwacharo et al. (2011) Kenya Modern
57 E EU095061 |TLO2 Mwacharo et al. (2011) Kenya Modern
57 E EU095120 Mwacharo et al. (2011) Kenya Modern
58 E [1] |EU095036 [KF09 Mwacharo et al. (2011) Kenya Modern
59 E11 [8] |AY645014 Liu et al. (2006) Europe(4) | Modern
59 E EF190858 |CHL32 Gongoraet al. (2008) Chile Modern
59 E EU095066 (M G04 Mwacharo et al. (2011) Kenya Modern
59 E AB268506 Okaet al. (2007) Japan (4) Modern
59 E EU199922 Silvaet al. (2009) Sri Lanka (1)| Modern
China (1),
60 EO3 [4] |AY 704728 Liu et al. (2006) Turkmenistg Modern
n(1
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60 E FJ914365 |{GUAMO0O4 |Dancause et al. (2011) Guam Modern
60 E EU095060 |DC10 Mwacharo et al. (2011) Kenya Modern
60 E AB268515 Okaet al. (2007) Japan (3) Modern
60 E EU199921 Silvaet al. (2009) Sri Lanka (3)| Modern
61 Co1 [32] |ABO07743 Liu et al. (2006) China (19). Modern

Japan (8)
61 C16 AB098690 Liu et al. (2006) Japan (1) Modern
61 C AB268533 Okaet al. (2007) Japan (1) Modern
61 C AB268534 Okaet al. (2007) Japan (6) Modern
61 C AB268536 Okaet al. (2007) Japan (12) Modern
61 C GQ227995 Zhou et al. (2010) China (1) Modern
62 E [19] |GQ227998 Zhou et al. (2010) China(l) |Modern
62 E EF190849 |CHL23 Gongoraet al. (2008) Chile (1) Modern
62 E EF190852 |CHL26 Gongoraet al. (2008) Chile (1) Modern
62 E AB268509 Okaet al. (2007) Japan (5) Modern
62 E AB268514 Okaet al. (2007) Japan (2) Modern
62 E EU199913 Silvaet al. (2009) Sri Lanka (2)| Modern
62 E EU199914 Silvaet al. (2009) Sri Lanka (1)| Modern
62 E GQ228010 Zhou et al. (2010) China (1) Modern
62 E GQ228012 Zhou et al. (2010) China (1) Modern
62 E HWMDO04 |This study Hawaii (1) | Modern
62 E HWMDO06 |This study Hawaii (1) Modern
62 E HWMDO08 |This study Hawaii (1) Modern
62 E HWMDQ9 |This study Hawaii (1) Modern

China (97),

Indonesia

(3), Laos (1),

Thailand (1),

India (1),
63 BO1 | [137] |AB009442 Liu et al. (2006) Japan  (8),| Modern

Iran (1),

Turkmenistg

n (1), Europe

@,

Unknown (3)
63 B EF190830 |CHL1 Gongoraet al. (2008) Chile (1) Modern
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63 B EF190843 |CHL17 Gongoraet al. (2008) Chile (1) Modern
63 B EF190862 |CHL36 Gongoraet al. (2008) Chile (2) Modern
63 B EF190863 |CHL37 Gongoraet al. (2008) Chile (2) Modern
63 B EF190833 |CHL6 Gongoraet al. (2008) Chile (2) Modern
63 B AB268539 Okaet al. (2007) Japan (4) Modern
63 B AB268540 Okaet al. (2007) Japan (1) Modern
63 B AB268541 Okaet al. (2007) Japan (2) Modern
63 B AB268542 Okaet al. (2007) Japan (1) Modern
63 B EU199938 Silvaet al. (2009) Sri Lanka (4)| Modern
63 B EU199943 Silvaet al. (2009) Sri Lanka (1)| Modern
63 B GQ228000 Zhou et al. (2010) China (1) Modern
63 B GQ228007 Zhou et al. (2010) China (1) Modern

China (93),

Laos (2),
64 AO1 | [163] |AB007749 Liu et al. (2006) Japan - (19). Modern

Iran (1),

Europe (2),

Unknown (1)
64 A FJ914337 |VAN21 Dancause et al. (2011) Vanuatu (1) | Modern
64 A FJ914361 |THAIO2 Dancause et al. (2011) Thailand (1) | Modern
64 A28 AB114073 Liu et al. (2006) Japan (1) Modern
64 A31 AB114084 Liu et al. (2006) Japan (1) Modern
64 A24 AY 465960 Liu et al. (2006) China (16) Modern
64 A AB268516 Okaet al. (2007) Japan (12) Modern
64 A AB268517 Okaet al. (2007) Japan (7) Modern
64 A AB294233 Okaet al. (2007) Japan (2) Modern
64 A EU199941 Silvaet al. (2009) Sri Lanka (8)| Modern
64 A GQ228011 Zhou et al. (2010) China (1) Modern
65 E [4] |EF190848 |CHL 22 Gongora et al. (2008) Chile (1) Modern
65 E EF190837 |CHL10 Gongoraet al. (2008) Chile (2) Modern
65 E EF190846 |CHL20 Gongoraet al. (2008) Chile (2) Modern
65 E EF190855 |CHL29 Gongoraet al. (2008) Chile (2) Modern

China (1),
66 A02 [15] |ABO07758 Liu et al. (2006) Japan (1) Modern

Iran (1),

Europe (1)
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66 A EF190857 |CHL31 Gongoraet al. (2008) Chile (1) Modern
66 A EF190832 |CHL5 Gongoraet al. (2008) Chile (1) Modern
66 A EU847801 Kanginakudru et al. (2008) India (1) Modern
66 A AB268521 Okaet al. (2007) Japan (3) Modern
66 A EU199940 Silvaet al. (2009) Sri Lanka(7)| Modern
66 A X52392 Desjardins et al. (1990) - Modern
67 B [1] |EF190870 |CHL44 Gongora et al. (2008) Chile Modern
68 A [1] |EF535249 Gongora et al. (2008) Chile Modern
69 E [1] |EF535248 Gongora et al. (2008) Chile Modern
70 B [14] |EU199937 Silva et al. (2009) (S;) Lanka Modern
71 B [1] [EU199939 Silva et al. (2009) SriLanka | Modern
72 CO06 [15] |ABO009446 Liu et al. (2006) China (1) Modern
Japan (10)
72 C AB268531 Okaet al. (2007) Japan (1) Modern
72 C AB268532 Okaet al. (2007) Japan (1) Modern
72 C EU199947 Silvaet al. (2009) Sri Lanka (2)| Modern
73 D23 [2] |AY704709 Liu et al. (2006) India (1) Modern
73 D EU199945 Silvaet al. (2009) Sri Lanka (1)| Modern
74 D24 [4] |AY704717 Liu et al. (2006) India (5) Modern
74 D EU199946 Silvaet al. (2009) Sri Lanka (1)| Modern
75 D [1] [EU199942 Silva et al. (2009) SriLanka | Modern
76 D [1] |EU199944 Silva et al. (2009) SriLanka | Modern
77 E09 [11] |AY392336 Liu et al. (2006) Eu'.rOpe @ Modern
China (3)
77 E AB268507 Okaet al. (2007) Japan (2) Modern
77 E EU199923 Silvaet al. (2009) Sri Lanka (2)| Modern
78 E17 [4] |AY704708 Liu et al. (2006) India (1) Modern
78 E EU847813 Kanginakudru et al. (2008) India (1) Modern
78 E EU847815 Kanginakudru et al. (2008) India (1) Modern
78 E EU199916 Silvaet al. (2009) Sri Lanka (2)| Modern
78 E EU199917 Silvaet al. (2009) Sri Lanka(1)| Modern
79 E [1] [|EU199910 Silva et al. (2009) (Slr)l Lanka Modern
80 E [1] [EU199915 Silva et al. (2009) Sri Lankal Modern
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1)

Sri - Lankal

81 E [3] |EU199918 Silva et al. (2009) @ Modern
81 E EU199919 Silvaet al. (2009) Sri Lanka (1)| Modern
82 E [1] |EU199920 Silva et al. (2009) SriLanka |Modern
83 E [1] |EU199924 Silva et al. (2009) SriLanka |Modern
84 E [2] |EU199925 Silva et al. (2009) SriLanka |Modern
85 [1] |EU199926 Silva et al. (2009) SriLanka |Modern
86 GO05 [10] |EU199933 Liu et al. (2006) China (1) Modern
86 G EU199931 Silvaet al. (2009) Sri Lanka (8)| Modern
86 G EU199933 Silvaet al. (2009) Sri Lanka (1)| Modern
87 G09 [3] G09 Liu et al. (2006) China (1) Modern
87 G EU199936 Silvaet al. (2009) Sri Lanka (2)| Modern
) Sri Lanka
88 G [2] |EU199927 Silva et al. (2009) o Modern
88 G EU199928 Silvaet al. (2009) Sri Lanka (1)| Modern
) Sri Lanka
89 G [19] |EU199929 Silva et al. (2009) an Modern
89 EU199930 Silvaet al. (2009) Sri Lanka (1)| Modern
89 EU199934 Silvaet al. (2009) Sri Lanka (1)| Modern
Q0 [1] |EU199932 Silva et al. (2009) SriLanka |Modern
] Sri Lankal
91 G [10] |EU199935 Silva et al. (2009) 10) Modern
G.g. CHKMTB o
92 . [1] Fumihito et al. (1996) Modern
bankiva 03
G.g. CHKMTB o
93 . [1] Fumihito et al. (1996) Modern
bankiva 02
G.g. CHKMTB o
94 . [1] Fumihito et al. (1996) Modern
bankiva 01
G.g. o
95 . [2] |AP003323 Nishibori et al. (2005) Modern
bankiva
G.o. )
95 ] HM462178 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
bankiva
G.g.
96 . [1] |AB007718 Modern
bankiva
97 I [1] |HM462202 Berthouly-Salazar et al. (2010)|Vietham Modern
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98 I [2] [HM462203 Berthouly-Salazar et al. (2010)|Vietnam (1) | Modern
98 I HM462205 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
99 I [1] [HM462204 Berthouly-Salazar et al. (2010)|Vietnam Modern
100 A [12] |HM 462082 Berthouly-Salazar et al. (2010)|Vietnam (1) | Modern
100 A HM 462087 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
100 A HM 462089 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
100 A HM 462093 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
100 A HM 462105 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
100 A HM 462107 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
100 A HM462146 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
100 A HM 462156 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
100 A HM 462158 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
100 A HM 462163 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
100 A HM 462173 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
100 A HM 462176 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
101 A [1] [HM462201 Berthouly-Salazar et al. (2010)|Vietham Modern
102 A [1] [|HM462194 Berthouly-Salazar et al. (2010)|Vietham Modern
103 A [3] [HM462196 Berthouly-Salazar et al. (2010)|Vietnam (1) | Modern
103 A HM 462197 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
103 A HM 462198 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
104 A [1] [HM462199 Berthouly-Salazar et al. (2010)|Vietham Modern
105 A [1] [HM462200 Berthouly-Salazar et al. (2010)|Vietnam Modern
106 A [4] |HM462098 Berthouly-Salazar et al. (2010)|Vietnam (1) | Modern
106 A HM 462101 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
106 A HM 462151 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
106 A HM462174 Berthouly-Salazar et al. (2010) [Vietnam (1) | Modern
107 A [1] [HM462097 Berthouly-Salazar et al. (2010)|Vietham Modern
108 A [1] [HM462195 Berthouly-Salazar et al. (2010)|Vietham Modern
109 A [1] [HM462123 Berthouly-Salazar et al. (2010)|Vietnam Modern
110 A [3] |HM462124 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
110 A HM 462133 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
110 A HM 462183 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
111 A [1] [|HM462140 Berthouly-Salazar et al. (2010)|Vietham Modern
112 B [35] |HM462084 Berthouly-Salazar et al. (2010)|Vietnam (1) | Modern
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112 B HM 462086 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
112 B HM 462091 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
112 B HM 462092 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
112 B HM 462094 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
112 B HM 462096 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
112 B HM 462099 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
112 B HM 462104 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
112 B HM 462106 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
112 B HM462117 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
112 B HM 462125 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
112 B HM 462126 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
112 B HM 462127 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
112 B HM 462128 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
112 B HM 462129 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
112 B HM 462130 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
112 B HM 462132 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
112 B HM 462138 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
112 B HM462141 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
112 B HM 462145 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
112 B HM 462147 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
112 B HM 462148 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
112 B HM 462153 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
112 B HM 462155 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
112 B HM 462159 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
112 B HM 462160 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
112 B HM 462161 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
112 B HM 462167 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
112 B HM 462169 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
112 B HM 462170 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
112 B HM 462179 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
112 B HM 462184 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
112 B HM 462185 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
112 B HM 462186 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
112 B HM 462187 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
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113 B [1] [HM462209 Berthouly-Salazar et al. (2010)|Vietham Modern
114 B [2] |HM462212 Berthouly-Salazar et al. (2010)[Vietnam (1) | Modern
114 B HM 462217 Berthouly-Salazar et al. (2010) [Vietnam (1) | Modern
115 B [1] [HM462213 Berthouly-Salazar et al. (2010)|Vietham Modern
116 B [1] [HM462214 Berthouly-Salazar et al. (2010)|Vietnam Modern
117 B [1] [HM462215 Berthouly-Salazar et al. (2010)|Vietnam Modern
118 B [1] [HM462216 Berthouly-Salazar et al. (2010)|Vietnam Modern
119 B [2] |HM462136 Berthouly-Salazar et al. (2010)|Vietnam (1) | Modern
119 B HM 462118 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
120 B [1] [HM462143 Berthouly-Salazar et al. (2010)|Vietham Modern
121 B [1] [HM462157 Berthouly-Salazar et al. (2010)|Vietnam Modern
122 B [8] |HM462108 Berthouly-Salazar et al. (2010)|Vietnam (1) | Modern
122 B HM 462088 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
122 B HM462131 Berthouly-Salazar et al. (2010) [Vietnam (1) | Modern
122 B HM 462134 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
122 B HM 462137 Berthouly-Salazar et al. (2010) [Vietnam (1) | Modern
122 B HM 462139 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
122 B HM 462152 Berthouly-Salazar et al. (2010) [Vietnam (1) | Modern
122 B HM 462180 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
123 B [1] [HM462122 Berthouly-Salazar et al. (2010)|Vietnam Modern
124 B [1] [|HM462085 Berthouly-Salazar et al. (2010)|Vietham Modern
125 B [1] [HM462095 Berthouly-Salazar et al. (2010)|Vietham Modern
126 B [2] |HM462100 Berthouly-Salazar et al. (2010)|Vietnam (1) | Modern
126 B HM 462115 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
127 B [4] |HM462165 Berthouly-Salazar et al. (2010)|Vietnam (1) | Modern
127 B HM 462166 Berthouly-Salazar et al. (2010)|Vietnam (1) | Modern
127 B HM 462172 Berthouly-Salazar et al. (2010) [Vietnam (1) | Modern
127 B HM 462177 Berthouly-Salazar et al. (2010)|Vietnam (1) | Modern
128 B [1] [HM462168 Berthouly-Salazar et al. (2010)|Vietham Modern
129 B [1] [|HM462210 Berthouly-Salazar et al. (2010)|Vietham Modern
130 B [1] [HM462211 Berthouly-Salazar et al. (2010)|Vietnam Modern
131 C [5] [HM462113 Berthouly-Salazar et al. (2010)|Vietnam (1) | Modern
131 C HM 462116 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
131 C HM 462119 Berthouly-Salazar et al. (2010)|Vietnam (1) | Modern
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131 C HM 462149 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
131 C HM462171 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
132 D [1] |HM462103 Berthouly-Salazar et al. (2010)|Vietham Modern
133 F [4] |HM462083 Berthouly-Salazar et al. (2010)|Vietnam (1) | Modern
133 F HM462102 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
133 F HM462109 Berthouly-Salazar et al. (2010)|Vietnam (1) | Modern
133 F HM 462114 Berthouly-Salazar et al. (2010)|Vietnam (1) | Modern
133 F HM462120 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
133 F HM462121 Berthouly-Salazar et al. (2010) [Vietnam (1) | Modern
134 F [4] |HM462090 Berthouly-Salazar et al. (2010)|Vietham (1) | Modern
134 F HM 462110 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
134 F HM 462111 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
134 F HM 462150 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
134 F HM 462154 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
134 F HM 462182 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
135 F [1] |[HM462142 Berthouly-Salazar et al. (2010)|Vietham Modern
136 F [1] |HM462162 Berthouly-Salazar et al. (2010)|Vietham Modern
137 G [5] [HM462112 Berthouly-Salazar et al. (2010)|Vietnam (1) | Modern
137 G HM 462135 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
137 G HM462144 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
137 G HM462164 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
137 G HM 462181 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
138 G [1] |HM462188 Berthouly-Salazar et al. (2010)|Vietham Modern
139 G [1] |HM462189 Berthouly-Salazar et al. (2010)|Vietham Modern
140 G [1] |HM462190 Berthouly-Salazar et al. (2010)|Vietham Modern
141 G [2] |HM462191 Berthouly-Salazar et al. (2010)|Vietham (1) | Modern
141 G HM 462193 Berthouly-Salazar et al. (2010) |Vietnam (1) | Modern
142 G [1] |HM462192 Berthouly-Salazar et al. (2010)|Vietham Modern
143 G [1] |HM462175 Berthouly-Salazar et al. (2010)|Vietham Modern
144 I [1] |HM462206 Berthouly-Salazar et al. (2010)|Vietham Modern
145 I [1] |HM462207 Berthouly-Salazar et al. (2010)|Vietham Modern
146 I [1] |HM462208 Berthouly-Salazar et al. (2010)|Vietham Modern
Japan (1),
147 D [2] |AB268527 Okaet al. (2007) Indonesian | Modern
Fighting (1)
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Japan (5),

148 A05 [20] |AB009447 Liu et al. (2006) Unknown (2 Modern
148 A AB268518 Okaet al. (2007) Japan (3) Modern
148 A AB268519 Okaet al. (2007) Japan (11) | Modern
149 A06 [8] |AB007736 Liu et al. (2006) China (). Modern
Japan (2)
149 A AB294232 Okaet al. (2007) Japan (2) Modern
150 A35 [4] |AY465994 Liu et al. (2006) China(2) |Modern
150 A AB268520 Okaet al. (2007) Japan (4) Modern
151 Cco7 [27] |ABOQO7745 Liu et al. (2006) Japan (13) | Modern
151 C AB268535 Okaet al. (2007) Japan (13) | Modern
151 C AB268537 Okaet al. (2007) Japan (1) Modern
152 C [1] |AB268530 Oka et al. (2007) Japan Modern
153 D04 [3] [AB007741 Liu et al. (2006) Japan (1) Modern
153 D AB268529 Okaet al. (2007) Japan (2) Modern
154 C [1] |AB268538 Oka et al. (2007) Japan Modern
155 D [12] |AB268522 Okaet al. (2007) Japan (9) Modern
155 D FJ914360 |THAIO1 Dancause et al. (2011) Thailand (1) | Modern
155 D FJ914364 |{GUAMOO3 |Dancause et al. (2011) Guam (1) Modern
155 D AB268523 Okaet al. (2007) Japan (1) Modern
156 D [2] [AB268543 Okaet al. (2007) Japan (1) Modern
156 D AB268544 Okaet al. (2007) Japan (1) Modern
157 D [4] |AB268524 Okaet al. (2007) Japan (1) Modern
157 D FJ914321 [VANOS5 Dancause et al. (2011) Vanuatu (1) | Modern
157 D FJ914324 [VANOS Dancause et al. (2011) Vanuatu (1) | Modern
157 D FJ914339 |[VANZ23 Dancause et al. (2011) Vanuatu (1) | Modern
157 D FJ914345 [VAN29 Dancause et al. (2011) Vanuatu (1) | Modern
157 D FJ914353 |[VAN37 Dancause et al. (2011) Vanuatu (1) | Modern
Japan (2),
158 D [3] [AB268526 Okaet al. (2007) Indonesian | Modern
Bantam (1)
Japan (2),
159 D [4] |AB268528 Okaet al. (2007) Indonesian | Modern
Fighting (1)
159 D FJ914336 |VAN20 Dancause et al. (2011) Vanuatu (1) | Modern
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159 D FJ914344 |VANZ28 Dancause et al. (2011) Vanuatu (1) | Modern
159 D FJ914352 |VAN36 Dancause et al. (2011) Vanuatu (1) | Modern
160 EO07 [13] |AB007738 Liu et al. (2006) Japan (2) | Modern
160 E AB268512 Okaet al. (2007) Japan (11) | Modern
161 I [1] |AB268545 Oka et al. (2007) Japan Modern
162 E [2] |AM746050|C11 Muchadeyi et al. (2008) Zimbabwe | Modern
163 E [50] |AM746047|C8 Muchadeyi et al. (2008) Zimbabwe | Modern
164 [2] |AM746055/C16 Muchadeyi et al. (2008) Zimbabwe | Modern
165 D [2] |AM746044/C5 Muchadeyi et al. (2008) Zimbabwe | Modern
166 D [2] |AM746027|A4 Muchadeyi et al. (2008) Zimbabwe | Modern
167 D [4] |AM746025/A2 M uchadeyi et al. (2008) Zimbabwe | Modern
Zimbabwe
168 D [124] |AM746024|A1 M uchadeyi et al. (2008) (46), Malawi Modern
(16), Sudan
(62)
169 D [2] |AM746026/A3 Muchadeyi et al. (2008) Zimbabwe | Modern
170 D [10] |AM746028|A5 M uchadeyi et al. (2008) Zimbabwe | Modern
171 D [2] |AM746030/A7 Muchadeyi et al. (2008) Zimbabwe | Modern
172 E [2] |AM746043|C4 Muchadeyi et al. (2008) Zimbabwe | Modern
173 E [3] |AMB886306/C17 Muchadeyi et al. (2008) Zimbabwe | Modern
174 E [2] |AM746049|C10 Muchadeyi et al. (2008) Zimbabwe | Modern
175 E [2] |AMB886307|C18 Muchadeyi et al. (2008) Zimbabwe | Modern
176 E [4] |AM746045/C6 Muchadeyi et al. (2008) Zimbabwe | Modern
177 E [2] |AM746046/C7 Muchadeyi et al. (2008) Zimbabwe | Modern
Zimbabwe
178 E [53] |AM746042/C3 Muchadeyi et al. (2008) (39). Malaw Modern
(9), Sudan
(5)
179 E [28] |AM746040/C1 Muchadeyi et al. (2008) Zimbabwe | Modern
180 E [2] |AM746054/C15 Muchadeyi et al. (2008) Zimbabwe | Modern
181 E [14] |AM746051{C12 Muchadeyi et al. (2008) Zimbabwe | Modern
182 E [2] |AM746048/C9 Muchadeyi et al. (2008) Zimbabwe | Modern
Zimbabwe
183 E [19] |AM746041|C2 Muchadeyi et al. (2008) (7). Malaw Modern
(8), Sudan

(4)
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184 E [8] |AM746053C14 Muchadeyi et al. (2008) Zimbabwe | Modern
185 [2] |AM746052/C13 Muchadeyi et al. (2008) Zimbabwe | Modern
186 [2] |AM746029 A6 Muchadeyi et al. (2008) Zimbabwe | Modern
187 A [2] |AM746031/C19 M uchadeyi et al. (2008) Zimbabwe | Modern
188 A [2] |AM746032/C20 Muchadeyi et al. (2008) Zimbabwe | Modern
189 A [2] |AM746039B7 Muchadeyi et al. (2008) Zimbabwe | Modern
190 A [21] |AM746035/B3 Muchadeyi et al. (2008) Zimbabwe | Modern
191 A [2] |AM746034/B2 M uchadeyi et al. (2008) Zimbabwe | Modern
192 A [36] |AM746033B1 Muchadeyi et al. (2008) Zimbabwe | Modern
193 A [2] |AM746037|B5 Muchadeyi et al. (2008) Zimbabwe | Modern
194 B [42] |AM746036/B4 M uchadeyi et al. (2008) Zimbabwe | Modern
195 A [2] |AM746038B6 Muchadeyi et al. (2008) Zimbabwe | Modern
196 AO03 [2] |ABO07730 Liu et al. (2006) Japan Modern
197 A04 [1] |D82921 Liu et al. (2006) Japan Modern
198 AQ7 [1] |AF512201 Liu et al. (2006) China Modern
199 AO08 [3] |AF512322 Liu et al. (2006) China Modern
200 AQ9 [1] |AF512151 Liu et al. (2006) China Modern
201 A10 [2] |AF512128 Liu et al. (2006) China Modern
202 All [4] |AF512074 Liu et al. (2006) China Modern
203 Al12 [1] |AF512098 Liu et al. (2006) China Modern
204 Al13 [10] |AF512328 Liu et al. (2006) China Modern
205 Al4 [1] |AF512077 Liu et al. (2006) China Modern
206 A15 [9] |AF512149 Liu et al. (2006) China Modern
207 Al6 [1] |AF512232 Liu et al. (2006) China Modern
208 Al7 [9] |AF512103 Liu et al. (2006) China Modern
China (10),
209 A18 [11] |AF512283 Liu et al. (2006) Myanmar Modern
)
210 A19 [1] |AF512101 Liu et al. (2006) China Modern
211 A20 [2] |AY465981 Liu et al. (2006) China Modern
212 A21 [2] |AY392347 Liu et al. (2006) China Modern
213 A22 [1] |AY392248 Liu et al. (2006) China Modern
214 A232 [1] |AY392301 Liu et al. (2006) China Modern
215 A25 [1] |AB098666 Liu et al. (2006) China Modern
216 A26 [1] |ABQ98670 Liu et al. (2006) Japan Modern

260




217 A27 [1] |AY645000 Liu et al. (2006) Europe Modern
218 A29 [1] |AB114078 Liu et al. (2006) Japan Modern
219 A30 [1] |AB114081 Liu et al. (2006) Japan Modern
220 A32 [1] |AB114085 Liu et al. (2006) Japan Modern
221 A33 [1] |AY465977 Liu et al. (2006) China Modern
222 A34 [1] |AY588608 Liu et al. (2006) China Modern
223 A36 [1] |AY588626 Liu et al. (2006) China Modern
224 A37 [1] |AY588624 Liu et al. (2006) China Modern
225 B0O2 [1] |AB268517 Liu et al. (2006) China Modern
226 BO3 [1] |AF512309 Liu et al. (2006) China Modern
227 B04 [1] |AF512245 Liu et al. (2006) China Modern
228 B0O5 [4] |AF512250 Liu et al. (2006) China Modern
229 B0O6 [1] |AF512085 Liu et al. (2006) China Modern
230 BO7 [2] |AF512299 Liu et al. (2006) China Modern
231 BO8 [4] |AF128322 Liu et al. (2006) China Modern
232 B09 [1] |AF128335 Liu et al. (2006) China Modern
China (12),
233 B10 [13] |AF512154 Liu et al. (2006) Myanmar Modern
(4)
China (26),
234 B11 [27] |AF512254 Liu et al. (2006) Myanmar Modern
)
235 B12 [1] |AF128342 Liu et al. (2006) China Modern
236 B13 [13] |AF512190 Liu et al. (2006) China Modern
237 B14 [2] |AY392362 Liu et al. (2006) China Modern
238 B15 [1] |AY 392229 Liu et al. (2006) China Modern
239 B16 [1] |AB098665 Liu et al. (2006) China Modern
China (1),
240 B17 [2] |AY588635 Liu et al. (2006) Myanmar | Modern
)
241 B18 [1] |AY465985 Liu et al. (2006) China Modern
242 B19 [2] |AY466000 Liu et al. (2006) China Modern
243 B20 [1] |AY588616 Liu et al. (2006) China Modern
244 B21 [1] |AY588629 Liu et al. (2006) China Modern
245 B22 [1] |AY588633 Liu et al. (2006) China Modern
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246 C02 [71 |AF512215 Liu et al. (2006) China Modern
247 Co03 [4] |AF512255 Liu et al. (2006) China Modern
248 Co4 [1] |AF512302 Liu et al. (2006) China Modern
249 CO05 [3] |AF512264 Liu et al. (2006) China Modern
250 Co8 [1] |AF512329 Liu et al. (2006) China Modern
251 C09 [1] [AB098680 Liu et al. (2006) Japan Modern
252 C10 [1] |AB098699 Liu et al. (2006) Japan Modern
253 Cl1 [1] |ABQ98697 Liu et al. (2006) Japan Modern
254 C12 [1] |AB098644 Liu et al. (2006) Japan Modern
255 C13 [1] [AB098649 Liu et al. (2006) Japan Modern
256 Cl4 [1] |AB098637 Liu et al. (2006) Japan Modern
257 Ci15 [1] C15 Liu et al. (2006) Japan Modern
258 C17 [1] C17 Liu et al. (2006) Japan Modern
259 C18 [1] |AB114072 Liu et al. (2006) Japan Modern
260 C19 [1] [AB114075 Liu et al. (2006) Japan Modern
China (9),
261 D01 [14] |AY588636 Liu et al. (2006) Myanmar | Modern
(2), India (2)
261 D FJ914349 |[VANS3 Dancause et al. (2011) Vanuatu Modern
262 D03 [3] |AB268532 Liu et al. (2006) Thailand Modern
263 D05 [1] |AB268534 Liu et al. (2006) Unknown Modern
264 D07 [1] [AB268536 Liu et al. (2006) Indonesia | Modern
265 D08 [1] |AB268537 Liu et al. (2006) Indonesia Modern
266 D09 [1] |AB268538 Liu et al. (2006) Indonesia Modern
267 D10 [1] |AF128317 Liu et al. (2006) China Modern
268 D11 [1] |ABO009432 Liu et al. (2006) Thailand Modern
269 D12 [1] §4HKMTG Liu et al. (2006) Unknown Modern
China (1),
Indonesia
270 D13 [5] |D82916 Liu et al. (2006) (2)., o Modern
Philippines
(1), Japan
)
271 D14 [1] |D82919 Liu et al. (2006) Indonesia | Modern
272 D15 [3] |AF512152 Liu et al. (2006) China M odern
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273 D16 [1] |AY392185 Liu et al. (2006) China Modern
274 D17 [2] |AY392176 Liu et al. (2006) China Modern
275 D21 [8] |AB098646 Liu et al. (2006) Japan (7) Modern
275 D18 AB098639 Liu et al. (2006) Japan (1) Modern
276 D19 [1] D19 Liu et al. (2006) Japan Modern
277 D20 [1] D20 Liu et al. (2006) Japan Modern
278 D22 [1] |AY644971 Liu et al. (2006) India Modern
279 D25 [1] |AY704704 Liu et al. (2006) India Modern
280 D26 [4] |AY588637 Liu et al. (2006) China Modern
281 EO2 [1] |AF512301 Liu et al. (2006) China Modern
282 E05 [4] |AF512141 Liu et al. (2006) China(4) |Modern
China (10),
Indonesia
283 E06 [20] |AY642134 Liu et al. (2006) ) Malaysia Modern
(1), Japan
(2), Europe
(6)
284 E10 [1] |AY644973 Liu et al. (2006) India M odern
285 E13 [2] |AY644967 Liu et al. (2006) India Modern
286 E15 [1] |AY 704712 Liu et al. (2006) India Modern
287 E18 [4] |AY588631 Liu et al. (2006) China(2) |Modern
287 E EU847808 Kanginakudru et al. (2008) India Modern
287 E EU847810 Kanginakudru et al. (2008) India Modern
288 FO1 [30] |AF512285 Liu et al. (2006) China Modern
289 F02 [1] |AF512161 Liu et al. (2006) China Modern
290 FO3 [1] |AF512185 Liu et al. (2006) Myanmar | Modern
China (17),
291 FO4 [15] |AY392262 Liu et al. (2006) Myanmar Modern
)
292 FO5 [1] |AF512153 Liu et al. (2006) China Modern
293 FO6 [1] |AF512157 Liu et al. (2006) China Modern
294 FO7 [2] |AF512057 Liu et al. (2006) China Modern
295 F08 [1] leKMTS Liu et al. (2006) Unknown Modern
296 F09 [1] |ABO07721 Liu et al. (2006) Thailand (1). Modern
Unknown (3)
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297 F10 [71 |AY392312 Liu et al. (2006) China Modern
298 F11 [1] |AY392328 Liu et al. (2006) China Modern
299 F12 [2] |AY392305 Liu et al. (2006) China Modern
300 F13 [2] |AY392311 Liu et al. (2006) China Modern
301 F14 [2] |AY392309 Liu et al. (2006) China Modern
302 F15 [1] |[AY392354 Liu et al. (2006) China Modern
303 F16 [1] [AY392173 Liu et al. (2006) China Modern
304 F17 [1] |AY392314 Liu et al. (2006) China Modern
305 GO1 [32] |AY392293 Liu et al. (2006) China Modern
306 G02 [2] |AF512112 Liu et al. (2006) China Modern
307 GO03 [5] |AF512067 Liu et al. (2006) China Modern
308 G004 [2] |AF512292 Liu et al. (2006) China Modern
309 G06 [1] [AB009435 Liu et al. (2006) Vietnam Modern
310 GO07 [3] [AY392225 Liu et al. (2006) China Modern
311 G08 [2] |AY392348 Liu et al. (2006) China Modern
312 G10 [4] |AY392279 Liu et al. (2006) China Modern
313 Gl1 [1] |AY392241 Liu et al. (2006) China Modern
314 G12 [2] |AY392251 Liu et al. (2006) China Modern
315 G13 [1] [AY 392260 Liu et al. (2006) China Modern
316 G14 [2] |AY392216 Liu et al. (2006) China Modern
317 G15 [1] |AY 392239 Liu et al. (2006) China Modern
318 G16 [1] G16 Liu et al. (2006) China Modern
319 G17 [1] |AY392351 Liu et al. (2006) China Modern
320 G18 [1] |AY 392282 Liu et al. (2006) China Modern
321 G19 [3] [AY392303 Liu et al. (2006) China Modern
322 G20 [1] |AY392290 Liu et al. (2006) China Modern
323 G21 [1] |AY392237 Liu et al. (2006) China Modern
324 G22 [1] |AY392335 Liu et al. (2006) China Modern
325 G23 [1] |AY 465996 Liu et al. (2006) China Modern
326 G24 [1] |AY465997 Liu et al. (2006) China Modern
Indonesia
327 HO1 [1] [AB009439 Liu et al. (2006) 1), Modern
Unknown (1)
328 HO2 [2] |ABO007720 Liu et al. (2006) Unknown Modern
329 HO3 [1] [AB009440 Liu et al. (2006) Indonesia Modern
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D,
Unknown (1)

330 101 [1] |AB009434 Liu et al. (2006) Vietnam Modern
331 102 [1] |ABO07756 Liu et al. (2006) Unknown Modern
332 103 [1] |AB009449 Liu et al. (2006) Vietnam Modern
G.g ) .
333 . [1] |EU847745 Kanginakudru et al. (2008) India Modern
mur ghi
G.g ) .
334 . [1] |EU847747 Kanginakudru et al. (2008) India Modern
mur ghi
G.g ) .
334 . [1] |EU847795 Kanginakudru et al. (2008) India Modern
mur ghi
G.g. ) .
334 | [15] |EU84T7746 Kanginakudru et al. (2008) India Modern
mur ghi
G.o. ) .
334 ) EU847749 Kanginakudru et al. (2008) India Modern
murghi
G.o. ) .
334 ) EU847751 Kanginakudru et al. (2008) India Modern
murghi
G.o. ) .
334 ) EU847783 Kanginakudru et al. (2008) India Modern
murghi
G.g. ) .
334 ) EU847784 Kanginakudru et al. (2008) India Modern
murghi
G.g. . .
334 ) EU847785 Kanginakudru et al. (2008) India Modern
murghi
G.g. . .
334 ) EUB47786 Kanginakudru et al. (2008) India Modern
murghi
G.g. . .
334 ) EU847787 Kanginakudru et al. (2008) India Modern
murghi
G.g. . .
334 ) EU847788 Kanginakudru et al. (2008) India Modern
murghi
G.g. . .
334 ) EU847789 Kanginakudru et al. (2008) India Modern
murghi
G.g. . .
334 ) EU847790 Kanginakudru et al. (2008) India Modern
murghi
G.g. . .
334 . EU847797 Kanginakudru et al. (2008) India Modern
murghi
G.g. . .
334 . EU847798 Kanginakudru et al. (2008) India Modern
murghi
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G.g

334 ) EU847799 Kanginakudru et al. (2008) India Modern
murghi
G.o. ) .
334 ) EU847800 Kanginakudru et al. (2008) India Modern
murghi
G.o. ) .
335 . [1] [EU847748 Kanginakudru et al. (2008) |India Modern
mur ghi
G.g. ) .
336 . [1] [EU847750 Kanginakudru et al. (2008) |India Modern
mur ghi
G.g. ) .
337 . [1] [EU847752 Kanginakudru et al. (2008) |India Modern
mur ghi
G.g. ) .
338 . [1] [EU847771 Kanginakudru et al. (2008) |India Modern
mur ghi
G.g. )
339 . [1] [EU847T7T72 Kanginakudru et al. (2008) |India Modern
mur ghi
G.o. ) .
340 . [1] [EU8477T73 Kanginakudru et al. (2008) |India Modern
mur ghi
G.g. ) .
341 . [1] |EU84TT74 Kanginakudru et al. (2008) |India Modern
mur ghi
G.g. ) .
342 . [1] |EU847775 Kanginakudru et al. (2008) India Modern
mur ghi
G.g. ) .
343 . [1] [EUB47776 Kanginakudru et al. (2008) |India Modern
mur ghi
G.o. ) .
344 . [1] [(EUB4TTTT Kanginakudru et al. (2008) |India Modern
mur ghi
G.g. ) .
345 . [1] [EUB477T78 Kanginakudru et al. (2008) |India Modern
mur ghi
G.g. ) .
346 . [1] [EU8477T9 Kanginakudru et al. (2008) |India Modern
mur ghi
G.g. ) .
347 . [1] |EU847780 Kanginakudru et al. (2008) India Modern
mur ghi
G.o. ) .
348 . [1] [EUB47781 Kanginakudru et al. (2008) |India Modern
mur ghi
G.g . .
349 . [1] [EUB47782 Kanginakudru et al. (2008) |India Modern
mur ghi
G.o. ) .
350 . [1] [EU847791 Kanginakudru et al. (2008) |India Modern
mur ghi
351 G.g. [1] [EU847792 Kanginakudru et al. (2008) |India Modern
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mur ghi

G.o.
352 . [1] |EU847793 Kanginakudru et al. (2008) India Modern
mur ghi
G.g. ) .
353 . [1] |EU847794 Kanginakudru et al. (2008) India Modern
mur ghi
G.g ) .
354 . [1] |EU847796 Kanginakudru et al. (2008) India Modern
mur ghi
G.g ) .
355 . [1] |EU847802 Kanginakudru et al. (2008) India Modern
mur ghi
G.g. ) .
356 . [1] |EU847803 Kanginakudru et al. (2008) India Modern
mur ghi
G.g. ) .
357 . [1] |EU847804 Kanginakudru et al. (2008) India Modern
mur ghi
G.g. ) .
358 . [1] |EU847805 Kanginakudru et al. (2008) India Modern
mur ghi
G.g. ) .
359 . [1] |EU847806 Kanginakudru et al. (2008) India Modern
mur ghi
G.g. ) .
360 . [1] |EU847807 Kanginakudru et al. (2008) India Modern
mur ghi
G.g. ) .
361 . [1] |EU847809 Kanginakudru et al. (2008) India Modern
mur ghi
362 E [2] |EU847811 Kanginakudru et al. (2008) India Modern
362 E EU847812 Kanginakudru et al. (2008) India Modern
363 E [1] |EU847814 Kanginakudru et al. (2008) India Modern
364 D [1] |3895A NUANO2  |Thisstudy Niue Ancient
364 D [1] |3896A NUANO1 |Thisstudy Niue Ancient
365 D [36] |9030A MQMDO05 |Thisstudy Marquesas | Modern
365 D 9065A RNANO3 This study Rapa Nui Ancient
365 D 9073A RNAN11 This study Rapa Nui Ancient
365 D 9066A RNAN13 This study Rapa Nui Ancient
365 D FJ914319 |VANO3 Dancause et al. (2011) Vanuatu Modern
365 D FJ914320 |VANO4 Dancause et al. (2011) Vanuatu Modern
365 D FJ914322 |VANO6 Dancause et al. (2011) Vanuatu Modern
365 D FJ914329 |VAN13 Dancause et al. (2011) Vanuatu Modern
365 D FJ914334 |VAN18 Dancause et al. (2011) Vanuatu Modern
365 D FJ914338 |VAN22 Dancause et al. (2011) Vanuatu Modern
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365 D FJ914340 |VAN24 Dancause et al. (2011) Vanuatu Modern
365 D FJ914341 |VAN25 Dancause et al. (2011) Vanuatu Modern
365 D FJ914342 |VAN26 Dancause et al. (2011) Vanuatu Modern
365 D FJ914343 |VAN27 Dancause et al. (2011) Vanuatu Modern
365 D FJ914350 |VAN34 Dancause et al. (2011) Vanuatu Modern
365 D FJ914351 |VANS35 Dancause et al. (2011) Vanuatu Modern
365 D FJ914354 |VAN38 Dancause et al. (2011) Vanuatu Modern
365 D FJ914355 |VAN39 Dancause et al. (2011) Vanuatu Modern
365 D FJ914356 |VAN40 Dancause et al. (2011) Vanuatu Modern
365 D FJ914358 |VAN42 Dancause et al. (2011) Vanuatu Modern
365 D 8136B HWANO8  |This study Hawaii Ancient
365 D 8670A HWANO2  |This study Hawaii Ancient
365 D 8671A HWANO3  [Thisstudy Hawaii Ancient
365 D 8672A HWANO4  [Thisstudy Hawaii Ancient
365 D 8674A HWANO5  |This study Hawaii Ancient
365 D 8675A HWANO7  |Thisstudy Hawaii Ancient
365 D 9031A MQMDO04 |Thisstudy Marquesas | Modern
365 D 9034A MQMDO02 |Thisstudy Marquesas | Modern
365 D 9057A RNANO4 This study Rapa Nui Ancient
365 D 9067A RNANO2 This study Rapa Nui Ancient
365 D 9068A RNANO1 This study Rapa Nui Ancient
365 D 9070A RNANO8 This study Rapa Nui Ancient
365 D 9072A RNAN10 This study Rapa Nui Ancient
365 D 9074A RNAN12 This study Rapa Nui Ancient
365 D 9075A RNANO7 This study Rapa Nui Ancient
365 D 9076A RNANO6 This study Rapa Nui Ancient
366 D [1] |9069A RNANO5 This study Rapa Nui Ancient
367 D [1] |8668A HWANO1 |[Thisstudy Hawaii Ancient
368 [3] [9071A RNANO9 Rapa Nui Ancient
368 EF535242 |PAQANAQQO4 [Sorey et al. (2007) Rapa Nui Ancient
368 EF535243 |PAQANAQQG [Sorey et al. (2007) Rapa Nui Ancient
369 E [1] HWMD10 ([Thisstudy Hawaii Modern
370 E [1] HWMDO03 |[Thisstudy Hawaii Modern
371 E [1] HWMDO02 |[Thisstudy Hawaii Modern
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American

372 a AMSAOL Sorey et al. (2007) Ancient
Samoa
373 [2] |EF535244 |PAQANAOQ9 |Sorey et al. (2007) Rapa Nui Ancient
373 EF535245 |PAQANAO1Q |Sorey et al. (2007) Rapa Nui Ancient
374 [1] |EF535246 |PAQANAQOL1 |Sorey et al. (2007) Rapa Nui Ancient
375 [1] |EF535247 |PAQHANOO1 |Sorey et al. (2007) Rapa Nui Ancient
376 a ELARO1 Sorey et al. (2007) El Arenal Ancient
377 2 | HWKUO01 Sorey et al. (2007) Hawaii Ancient
377 B NUIEO1 Sorey et al. (2007) Niue Ancient
378 a TONGO1 Sorey et al. (2007) Tonga Ancient
379 a TONGO02 Sorey et al. (2007) Tonga Ancient
380 D [1] |FJ914362 |GUAMOO1 |Dancauseetal. (2011) Guam Modern
381 D [1] |FJ914363 |[GUAMO02 |Dancauseetal. (2011) Guam Modern
382 E [1] |FJ914317 [VANO1 Dancause et al. (2011) Vanuatu Modern
383 E [1] |FJ914318 VANO2 Dancause et al. (2011) Vanuatu Modern
384 D [9] |FJ914323 VANO7 Dancause et al. (2011) Vanuatu Modern
384 D FJ914325 |[VANQO9 Dancause et al. (2011) Vanuatu Modern
384 D FJ914326 |VAN10 Dancause et al. (2011) Vanuatu Modern
384 D FJ914327 |[VAN11 Dancause et al. (2011) Vanuatu Modern
384 D FJ914328 |VAN12 Dancause et al. (2011) Vanuatu Modern
384 D FJ914330 |VAN14 Dancause et al. (2011) Vanuatu Modern
384 D FJ914331 |[VAN15 Dancause et al. (2011) Vanuatu Modern
384 D FJ914332 |VAN16 Dancause et al. (2011) Vanuatu Modern
384 D FJ914359 [VANA43 Dancause et al. (2011) Vanuatu Modern
385 D [2] |FJ914333 VAN17 Dancause et al. (2011) Vanuatu Modern
385 D FJ914335 [VAN19 Dancause et al. (2011) Vanuatu Modern
386 D [1] |FJ914346 VAN30 Dancause et al. (2011) Vanuatu Modern
387 D [1] |FJ914347 VAN31 Dancause et al. (2011) Vanuatu Modern
388 D [1] |FJ914348 VAN32 Dancause et al. (2011) Vanuatu Modern
389 D [1] |FJ914357 [VAN41 Dancause et al. (2011) Vanuatu Modern
390 G.9 [1] |EU847758|INDB11 Kanginakudru et al. (2008) India Modern
mur ghi
301 .9 [2] |EU847764|INDB12 Kanginakudru et al. (2008) |India Modern
mur ghi
391 G.g. EU847767 INDB7 Kanginakudru et al. (2008) India Modern
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murghi
G.g. ) .
392 | [1 |EU847757|INDB14 Kanginakudru et al. (2008)  |India M odern
mur ghi
G.o. ) .
393 . [1] |[EUB47765|INDB16 Kanginakudru et al. (2008) |India Modern
mur ghi
G.g. ) .
394 | [1 |EU847759|INDB17 Kanginakudru et al. (2008)  |India M odern
mur ghi
G.g. ) .
395 | [1] |EU847761|INDB20 Kanginakudru et al. (2008)  |India M odern
mur ghi
G.g. ) .
39 | [1] |EU847756|INDB21 Kanginakudru et al. (2008)  [India M odern
mur ghi
G.o. ) .
397 ) [1] |EU847766|INDB4 Kanginakudru et al. (2008) India Modern
mur ghi
G.g. ) .
398 . [1] |EU847760(INDB8 Kanginakudru et al. (2008) |India Modern
mur ghi
G.g. ) .
399 . [1] |EU847769(INDRJ16 |Kanginakudru etal.(2008) |India Modern
mur ghi
G.g. ) .
399 ) [1] |EU847770|INDK5 Kanginakudru et al. (2008) India Modern
mur ghi
G.g. ) .
400 o [1] |EU847768|INDRJ15 |Kanginakudru etal. (2008) [India M odern
mur ghi
G.g. ) .
401 ) [1] |EU847763|INDRJ25 Kanginakudru et al. (2008) India Modern
mur ghi
G.g. ) .
402 . [2] |EUB47754|INDK6 Kanginakudru et al. (2008) |India Modern
mur ghi
G.o. ) .
402 _ EU847755 |INDB2 K anginakudru et al. (2008) India Modern
murghi
G.o. ] .
403 ) [1] |EU847762|INDRJ2 Kanginakudru et al. (2008) India Modern
mur ghi
G.o. ) .
404 hi [1] |EU847753|INDB6 Kanginakudru et al. (2008) India Modern
mur ghi

Bold — Representative sequence used in collapsed dataset.

Italic underlined — Storey et al. (2007) sequences used in phylogenetic trees to identify to

haplogroup level, but not used in Network.
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Chapter 6
Discussion and Conclusion

Overall summary of thisthesis

Thisthesisaimsto answer questions about the evolutionary and demographic history of
species using the various tools available to evolutionary biologists. One common theme is the
ability of ancient DNA (aDNA) to provideinsight into past (and potentially lost) genetic diversity
so that the evolutionary history of individual species can be reconstructed. This is especially
important in the case of the Australian species, as a paucity of aDNA studies hasresulted in the
description of evolutionary histories of many Australian speciesfrom alimited viewpoint: that of
the modern mitochondrial genome. The view from purely modern mitochondrial DNA data is
limited in temporal depth, as species have often had genetic signal potentially erased by the most
recent genetic bottleneck (Mourier et al. 2012). Adding aDNA to datasets of extant populations
still remains an important way to extend the view of past (and potentially lost) genetic diversity
past the last bottleneck. However, ancient DNA isjust one technique that can be combined with
other analysis and hypothesis-building methods to answer fundamental questions about
evolutionary history. Where the questions are about human migration, such archaeol ogical
techniques as cultural reconstructions of pottery styles, linguistics, and modern human genetics
can be added to aDNA studies of commensal species. If questions about taxonomy and speciation
are being addressed, the standard skills of a palaeontologist for morphology and morphometrics
are required in addition to aDNA to revise current species designations. And where species
responses to past climatic cycles are needed to investigate possible responses to future climate
change, then ecol ogical niche modelling (ENM) can provideinsightsthat aDNA cannot currently
access. All these methods have been utilised in this thesis to answer questions about a diverse
range of evolutionary and demographic histories.

Chapters 3 and 4 of my thesis provide examples of thefirst studies that combine ancient
DNA, museum samples, and modern specimens/sequences in the Australasian context to
investigate population genetic and evolutionary biology questions. Ethanol preserved museum
tissues have been used previoudly in studies of Australian species, e.g., the Numbat, Pademelons,
and the Australian Dragon (Fumagalli et al. 1999; Melville et al. 2007; Macqueen et al. 2009;
Macqueen et al. 2010), and more difficult museum specimen types, such as feathers, dried
toepads, and insect legs have been targeted (Eastwood and Hughes 2003; Rollins et al. 2009,;
Seabrook-Davison et al. 2009). However, few studies have used bone or teeth samples to
investigate population level issuesin Australia, and the two studiesthat do use skeletal material
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are from museum collections of less than 250 years old (Macqueen et al. 2011; Paplinska et al.
2011). The few truly aDNA studiesin Australia (i.e., using sub-fossil samples older than 250
years) have not been used to answer population level questions. Heupink et al. (2011) examined
purely taxonomic issues about the Emu, and used only farmed individuals to generate the
mainland Emu dataset for comparison to the King Island Emu, so no population level work on
wild populations was attempted. Similarly, the focus of work by Oskam et al. (2010) was on
optimisation of DNA extraction from eggshell in the Australian context, with only four ancient
Emu samplesanalysed. Therefore, chapter 3isthefirst population level study in Australiausing
ancient samples thousands of years old, and chapter 4 is one of the first studies using ancient
DNA techniques on freshly collected subfossil bone and teeth material.

In contrast, chapter 5 examines how genuine patterns of diversity can arise out of datasets
where conclusionswere previously drawn from erroneous ancient sequence data, and highlights
how careful use of contamination control s can separate authentic from flawed data. Although the
study in chapter 5 is not the first to use the genetic diversity of commensal animals to track
human movementsin the Pacific, the study isone of thefirst to use anti-contamination measures
to ensure modern contaminating DNA is not obscuring our ability to reconstruct the migration
routes of the Polynesians. This chapter also highlights the differences in temporal and spatial
scal es perpetuated by human-mediated dispersal across seabarriers compared to the Emu, which
naturally dispersed to the southern offshore islands of Australia. Much greater distances can be

traversed as a human-commensal dyad, and with fewer restrictions temporally and spatialy.

Chapter 2: Methodology of thisthesis

Even though the field of ancient DNA is progressing and new methods are being
developed (Anderson et al. 2004; Drummond et al. 2005; Drummond and Rambaut 2007), many
of the traditional analysistechniquesstill have apurpose, evenif it isonly to confirm the results
of other, newer methods. However, the traditional techniques will require alternate forms for
many formulas and statistics so that the additional information held in heterochronous datasets
can be utilised to the maximum. As ancient DNA researchers acquire more bioinformatics skills
or more statisticians/mathematicians apply their skillsto answer evolutionary questions, thisissue
of amismatch between heterochronous datasets and synchronous statistical testswill need to be
resolved, viz. Depaulis et al. (2009), as the creation and use of programs using heterochronous
datasets with population genetics statistics generated by synchronous tools are increasing
(Excoffier and Foll 2011).
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Chapter 3: the Emu (Dromaius spp.)

| ssues encounter ed

The main problems encountered in this study were methodological issues related to the
limitations of ancient DNA work inthe Australian context, especially from the sub-optimal DNA
preservation environments of King Island sand dunes in comparison to the cave deposits on
Kangaroo Island, but also for the eggshell samples. The successrate of 36% for eggshell samples
that span 12,500-16,500 ya in this study suggest it may not be possible to extend the ancient
geneticrecord of Australiamuch past about 20,000 yearsold (e.g., the oldest Australian eggshell
samplesfrom Oskam et al. (2010) were dated from ~19,000 ya BP), although the limiting factors
to the temporal depth that eggshell can span include the use of caves by Aborigines with Emu
eggshells (see below) and the deposition environment of cave depositsto preserve the eggshell.
The temporal span of Aboriginal occupation varies across different parts of the Australian
landscape, such that cave occupation sites in the southwest corner may be more limited
temporally compared to the east or north coasts, or vice versa (Flood 2004). All the Pleistocene
eggshell samplesfrom Oskam et al. (2010) and chapter 3 came from the same site, Tunnel Cave
in western Australia. The study in chapter 3 had addition samples from Devil’s Lair and WRS
cave, however neither cave deposit yielded any amplifiable DNA, while Oskam et al. (2010) did
obtain DNA from eggshell from WRS cave up to 700 years old. The successful DNA yield from
Plei stocene-age sampl es suggests the cave conditionsfrom Tunnel Cave offer the greatest chance
of adding increased temporal depth to aDNA studiesin Australia so far.

Samplesize

Although only five of the 14 eggshell samplesyielded DNA (a success rate of 36%) the
amount of sample availablewas substantially |essthan those of the bone samples. Moreover, the
agerange that the eggshell samples spanned: 12,500-16,500 yaBP, provided the genetic dataset
with considerable additional tempora information (including temporal information for two
unique haplotypes, H17 and H18). In comparison, theisland calibrations only span 8,800-14,000
ya (although dating the occurrence of two unique haplotypes, H4 and H5). Many of the island
sampleswere also considerably damaged (both physically and genetically), with only eight of the
21 King Island Emu samples (38%) and four of the six Tasmanian Emu samples (67%)
successfully amplifying and sequencing. Yet al 11 of the Kangaroo Island Emu samples
produced sequence data. These 28 ancient samples represent one quarter of the total dataset, yet
thelow level of genetic diversity spanning thelast 16.5 ky suggeststhat it may not be possibleto
improve resolution into the Emu’s evolutionary history by simply increasing the sample size
within the sametime-span. Increasing the temporal depth of the eggshell sampling may be one of
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the few ways in which greater resolution can be gained. Access to additional eggshell samples
from cave depositsin the south-west (e.g., Tunnel Cave), will give greater power to analysis of
the ancient western population, however exploration of cave deposits in the temperate east and
Tasmaniais also required to add to the sampling of the ancient eastern population. The level of
emu eggshell in cave depositsis directly related to the level of human habitation, as Aborigines
are known to have consumed emu eggs (Flood 2004; Richards et al. 2007). Therefore,
archaeologists who specialise in eastern and southern cave sites will be critical contacts for
further devel oping thisproject. Additionally, the large collection of emu eggshells dating back to
~140 kya from Lake Eyre, Port Augusta and the Murray-Darling held by Miller et al. (2005)
would be an important resource to expand this project even further back in time.

Sample preservation

| believethat therelatively low successrate of King Island Emu ancient DNA extractions,
PCRs and the problems associated with gaining the full sequence length reflectsthe poor state of
preservation in the Australian context. AsDNA starts degrading immediately upon death of the
individual, and several factorsinfluence DNA preservation (including high temperatures, pH and
degree of water movement through the surrounding matrix), the sandy deposition environment on
King Island may have caused higher DNA decay in those samples (see Figures 1 & 2 for
contrasting pictures of arelatively well preserved and poorly preserved King Island Emu femora
bones, respectively). In contrast, the limestone caves of Kangaroo Island appear to have
preserved DNA to agreater degree (Hope et al. 1977).

The DNA yield of the King Island Emu (38%) vs. Kangaroo Island Emu (100%) bone
samples a'so indicates that the more southerly latitude (and cooler temperatures) of King Island
does not appear to have overcome the damage done by the deposition environment. However, itis
also possiblethat theinferred age differences between the King Island (12,000 ya) and Kangaroo
Island Emus (8,800 ya) populations, actually does reflect the relative ages of the samples (i.e.,
King Island Emu bones are actually older than the Kangaroo Island Emu bones). Carbon dating
of the boneswould be required before this can be investigated. Storage of the ancient samples at
ambient temperatures in museums since excavation in the late 19" century may also have
exacerbated their poor DNA preservation. Given the age of the eggshell samplesand the amount
of sampleavailablefor extraction, the successrate of the eggshell samplesreinforces previously
published results (Oskam et al. 2010) indicating the calcite structure provides greater protection
for endogenous DNA from degradation.
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Figure 1. Example of King Isand Emu femur bone from superficial deposit from sand
blown site on King Island, in the Bass Strait between the Australian mainland and
Tasmania. Note although there is some damage to the bone ar chitecture, there wer e still
enough featuresfor all themor phological measur ementsto betaken. However, thiswasnot
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Figure 2. Example of King Island Emu femora bones from superficial deposit from sand
blown site on King Island, in the Bass Strait between the Australian mainland and
Tasmania. Most of these femora bones are too degraded for aDNA to be successfully
retrieved.

I ndependence of sampling

In order to ensure that no Emu individual was sampled more than once, only right (R)
boneswere sampled for DNA (R femorafor King Island Emusand R tibiafrom Kangaroo Island
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Emus), and where articulated skeletons were recovered these were noted. Ideally, the same
specimens would have been sampled for both DNA and morphometrics, so that direct
correlations could be drawn between DNA sequence and morphological variation. However,
specimens suited to morphological measurements were not always the best preserved for DNA
purposes (supported by the lack of DNA amplification from many of the King Island Emu
bones). The samples too damaged for measuring were roughly the same size and proportions as
those boneswith full morphological features suitable for measuring, therefore the assumption that
all small emu bones collected from King Island actually represented theKing Island Emuislikely
vaid.
Island formation as calibration dates

Thetechnique of using geological eventsto calibrate divergence events has been used in
other evolutionary biology studies, including the use of human entry into New Guinea and
Austraiato calibrate human mtDNA control region haplogroups (Endicott and Ho 2008); and the
age of volcanic island formations to date insect clades, birds and plant species in Hawalii
(Fleischer et al. 1998; Percy et al. 2008; Lerner et al. 2011), and birds in the Galapagosislands
(Johnson and Weckstein 2011). Fleischer et al. (1998) and Percy et al. (2008) used the Hawaiian
island formation dates to calibrate clades and estimate evolutionary rates via genetic distance
measurements. However, in general, island calibration dates have been used asprior distributions
on nodes of phylogenetic trees, for example (Endicott and Ho 2008) used the time to most recent
common ancestor of haplogroup P in New Guinea/Australia in BEAST calculations as a
lognormal distribution with minimum age of 40 kya, mean age of 45 kyaand 95% of distribution
between 40-55 kya. These calibrations are placed on nodes because the events being investigated
aredivergence events between clades, i.e., based on purely modern genetic datawheretwo clades
inhabit regions on either side of a barrier.

In contrast, | have used island separation ages astip calibration ages to date the presence
of haplotypesonislands. Therefore, the dates of isolation of island popul ationsfrom those on the
mainland are neither maximum, nor minimum agesfor the lineages, but actual point estimates of
the presence of the lineage on the landscape. It is necessary to assumethat the lineagesfound on
islands were al so present on the adjacent mainland just prior to therising seacompl etely isolated
the islands — excluding mutations that occurred in the island populations since separation from
the mainland.

Although the assumption of no mutations allowsthe date of separation of theisland from
the mainland to be used as an estimate of the date at which the particular lineageswere presentin

southern Australia (see Figure 3 panel A), this assumption may or may not be valid. The
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evolutionary rate estimated in chapter 3 of 10.6% substitutions-per-site-per-Million-years,
actually equatesto just under 0.52 substitutions over the 350 bp fragment of mtDNA CR over the
14,000 years since Tasmania separated from the Victorian mainland (Lambeck and Chappell
2001). Therefore, it is possible that mutations have occurred in the mtDNA CR of the island
Emus since separation from the mainland. Within the reticulation on the network in Figure 2
(chapter 3), spontaneous back-mutations may have occurred to result in amatching haplotypeto a
mainland sequence (see Figure 3 panel B, below), with the original island Emu having adifferent
haplotype. In thiscase theinvalid assumption of no mutation underestimatesthelevel of diversity
present on the island since separation from the mainland. Although the scenario outlined above
sounds unlikely, mutational hotspotsthat were highlighted in thereticulated ‘ central cube’ inthe
phylogenetic network in 2 of chapter 3 may in fact display this sort of behaviour (Bandelt et al.
2002), such that, island haplotypes may mutate backward and forth within the * central cube’ of
related haplotypes with little cost. However, the most parsimonious explanation is still that no
new mutations have occurred in the intervening time period (as per panel A of Figure 3, below).

One assumption not explicitly stated is that the island Emu populations have only been
isolated from mainland Emu popul ations since the most recent risein sealevel, and that theisland
Emu lineages have not been restricted for multiple climatic cycles to what were southern
peninsulas when sea levels were lower. Given the high level of migration and long distance
dispersal of the Emu, it is highly unlikely that no gene flow occurred between the Emu
populations on what were these southern peninsulas and those further north on what is now the
mainland, especially when the temperate conditions of the south eastern corner would have
provided arefugium from the aridity of central Australia during the Last Glacial Maximum (~
20,000 ya). For example, Tasmaniawasjoined to the mainland viaalandbridge from 43-14 kya
and gene flow was extremely likely across the plain that was later inundated to become Bass
Strait.

285



Ae ® B Modern — @

eg. Tasmania

—

/ Isolation date

of island from
the mainland
A->T

@® Mainland Emu sample
@ Island Emu sample

Figure 3. Diagram representing two possible scenarios by which the same mtDNA CR
haplotype is found in both modern mainland Emu populations and ancient island Emu
populations(e.g., Tasmanian Emu). A) Themost par simoniousexplanation isthat the same
haplotype was present on the (adjacent) mainland prior totherisein sealevel separating
(at least) two Emus with the same haplotype. Consequently, when the descendants of the
original Emus were sampled we obtain identical mtDNA CR sequences. B) Two similar
haplotypes (differing by only onenucleotide) wer e present on the (adj acent) mainland and
became separated when the sea level rose. However in the intervening period of time
between the isand separation and sampling the descendent Emus, the isand Emu
underwent a random mutation in the same nucleotide site at which the two Emus differ,
mutating this nucleotide back to match the descendent of the other original Emu.

Expansion testsin Arleguin

The expansion tests implemented in Arlequin use mismatch distributions and the
coalescent to 1) evaluate the evidence for spatial/demographic expansions; and 2) estimate the
timing of such expansions (in units of mutation). There are several issues when using such
expansion testswith heterochronous data, asthe testswere designed for synchronous data, and do
not deal with any potential evolution that may have occurred between sampling points. Previous
studies (Depaulis et al. (2009) have highlighted this issue, but have only been concerned with
instances where popul ation geneti ¢ statistics were cal culated from combined ancient and modern
datasets (i.e., as fully interbreeding populations). Depaulis et al. (2009) found that where the
temporal sampling across the tree is substantial compared to the time to most recent common
ancestor (tMRCA) (e.g., where ancient samples are approximately 1Ne generations) and where
the ancient and modern sample sizes are roughly equal in number, the heterochrony has a
substantial effect on conclusions about demographic events (specifically erroneous conclusions
about population structure or contraction). Even where the ancient sampling comprisesonly 0.1

Ne generations and with alower proportion of the total sample size, spurious results predicting
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population expansions and bottlenecks can occur (Depaulis et al. 2009). However this issue
should not impact the studiesin thisthesis overly, asthe datasets have been partitioned into time
bins to reduce the impact of the heterochrony on the population genetic statistics.

In chapter 3, the eastern samples were separated from the western samples and each was
pooled into time bins to remove the potentially confounding effects of geography. Within these
time bins the ancient Emu ‘populations’ still spanned a few thousand years (e.g., the ancient
western population spanned 4,000 years — from 12,500-16,500 ya — and the ancient eastern
population spanned 5,200 years — from 8,800-14,000 ya). However, as the Emu dataset had the
same haplotypes present in both ancient and modern populations, it was assumed that even over
these 4-5.2 thousand years not enough mutations had occurred (0.19 subs/350bp/5,200 years) for
there to be issues with the population genetic statistics being estimated.

To test whether the Emu dataset as a whole was measurably evolving, the Path-O-Gen
software (Rambaut 2009) was used to perform aPearson’ s correlation test (r) between thetip-to-
root distance and the sampling time of the data. The correlation was found to be very weak
(correlation coefficient of 0.27, see Figure 4 for an example of the strength of a coefficient of
0.27 compared to 0.9). However, when 10 tip date randomisations were done to assess the
significance of this correlation, all the 10 replicates had lower correlation values (p-vaue 0.0;
Figure 5, below). As none of the replicates had a more extreme correlation than the empirical
data, the Emu dataset appears to be measurably evolving, although at avery slow rate over the
16,500 yearsthat the dataset spans. Only 10 randomisations were done, as no software program
has yet been developed to automate the process of randomising the tip dates, generating a
Maximum Likelihood tree, and inputting this data into Path-O-Gen. Therefore, the limited
number of randomisations may be suggesting a significance of this correlation between tip-to-
root distance and sampling time that is not actually represented in the data. As Navascueset al.
(2010) suggeststhe Path-O-Gen test for * measurable evolution’ asaway of determining whether
heterochronous datasets can be pooled for further tests using isochronoustools, thislow level of
‘measurable evolution’ suggests the Emu dataset may not be violating the assumptions of
isochronous analysis techniques too severely.

The effect of the sampling times on the genetic diversity of the Emu was further tested
using AMOVA (implemented in Arlequin), to estimate the proportion of genetic variation
explained by the sampling times, as suggested by Navascues et al. (2010). Although not
originally intended to test temporal structure, AMOVA can also be applied to heterochronous
data to apportion the genetic variation stemming from geographical vs. temporal structure

(Navascues et al. 2010). To avoid limitationsin testing for heterochrony with atest designed to
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detect only geographical population structure, Navascues et al. (2010) note that both temporal
and spatial information should be included as a nested analysis. When sampling time is nested
inside geographic location for AMOV A in the Emu dataset (see Table 1, below), only 6% of the
genetic variation was explained by geography and 3% of the genetic variation was explained by
sampling times. The mgjority of the genetic variation (91%) was within population variation.
Therefore, the time bins used to separate the Emu dataset into ‘ populations', revealed that the
‘populations’ showed little evidence of heterochrony (see Table 1). Thereweresignificant levels
of substructure (Fs; = 0.091, p-value = 0.006) within * populations’, but no significant temporal
divergence of populations by drift (F.r = 0.061, p-value = 0.309), nor any geographic
differentiation of populations (Fs; = 0.034, p-value = 0.094).

Pearson’s correlation coefficient (r = 0.27) Pearson’s correlation coefficient (r = 0.90)

Figure4. Examplesof the strength of a Pear son’scorrelation coefficient r of 0.27 (weak) in
comparison to avalue of 0.9 (strong correlation). The correlation between the tip-to-r oot
distance and sampling time of 0.27 for the Emu dataset suggested weak evidence of a
measur ably evolving dataset.
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Table 1. Analysis of Molecular Variance (AMOVA) of the western vs. eastern Emu
populations, with further divisions of ancient vs. modern nested within the geographic
groupings.

Source of variation d.f. Sum of Variance  Percentage
squares components  of variation
Among groups (geographic) 1 41.871 0.60110 6.05
Among populations within 2 31.203 0.31375 3.16
groups (temporal)
Within populations 101 910.621 9.01605 90.79
Total 104 983.695 9.93090
Fixation values P-value
F< (among groups) 0.034 0.094
Fcr (@among popul ations 0.061 0.309
within groups)
Fsr (within populations) 0.091 0.006
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Figure5. Pearson’scorrelation coefficient r between thetip-to-r oot distance and sampling
time for the Emu dataset (red) and the 10 tip date randomisations (black). Although the
Emu dataset only showed weak correlation between the tip-to-root distance and the
sampling time (i.e., weak evidence as a measur ably evolving dataset), it was significantly
different from the 10 random datasets (p-value = 0.0, as only 10 randomisations were
perfor med).

289



The Arlequin expansion testsmust be treated carefully when transforming coal escent time
to absolutetime, in order to estimate the years since expansion. Thisissueisthe main restriction
to the usefulness of these tests. The correct usage of molecular rates and generation times is
essential to transforming tau to timein yearsaccurately (Schenekar and Weiss 2011), with errors
in this process stemming from both the estimation of the molecular rate and the generation times.
In the case of the Emu, the generation times were calculated from age at first and last breeding
obtained from the literature, which resulted from banding studies on wild birds (Davies 2002).
For chapters 3 and 4, the molecular rateswere translated from the BEAST analyses (which have
an associated 95% HPD error).

In chapter 3, the estimate of molecular rate does not appear too inaccurate, as even with
low diversity levels the Emu dataset passed the date randomisation test of Ho et al. (2011b),
ensuring that the primary calibration dates contain enough temporal signal for the molecular rate
to be estimated with some confidence. The margin of error for the Emu mutation rate (10.6% per
Million years, 95% HPD of 2.46-21.7% per Million years) also overlaps with that of the Moa
mutation rate from mtDNA CR data (8.7% per Million years, 95% HPD of 2.34%-20.4% per
Million years; Bunce et al. 2009). Bunce et al. (2009) caution against relying too heavily on this
rate asthetopology used to perform the cal cul ation wasincorrect (M oainter-speciesrel ationships
were not accurate). However, the mtDNA CR dataset in Bunce et al. (2009) is the more
appropriate of the ratite mutation rates published, as samples from the mtDNA CR dataset
covered a similar temporal period to the Emu dataset in chapter 3 (radiocarbon dated samples
spanned 1-19 kya). Furthermore, both the Bunce et al. (2009) rate and the Emu rate from chapter
3 were based on the much faster mutating hypervariable regions of the mtDNA CR and used tip
datesto calibratethetree, thereby avoiding theratescurveissue (Ho et al. 2007; Ho et al. 20114).
All other ratite mutation rate cal cul ations avail abl e use the slower evolving conserved domain of
the CR (0.49-0.54% per Million years) and protein coding genes (0.27% per Million years), and
were calibrated using geological dates (Cooper et al. 2001; Baker et al. 2005). The Baker et al.
(2005) and Cooper et al. (2001) studies used the problematic geol ogical date of the separation of
New Zealand from Gondwana (82 Mya) as a calibration for the divergence of Moa from other
ratite and tinamou taxa. However, as recent studies postulate multiple losses of flight in ratites
based on nuclear genes showing ratites are actually polyphyletic (Harshman et al. 2008; Phillips
et al. 2010), the use of this geological event to calibrate ratite phylogenetic trees has been
dropped recently asit does not rule out the dispersal of ratites by flying. Therefore, although the
tMRCA of the Moaand Emuis 70.6 Mya (46.6-92.5 Mya, 95% HPD) (Phillips et al. 2010), the
paralldl lifehistory traitsthat the M oaand Emu share, such asbeing large bodied, cursorial birds
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that cannot fly, suggests the overlap in mutation rate 95% HPD is not unexpected. Few other
ratite mutation rates have been published for comparison, with akiwi (Apteryx spp.) phylogeny
being reconstructed using modern sequence data with secondary calibration dates, but with no
rates reported (Burbidge et al. 2003). The mutation rate from neognathe birds is aso not
appropriate for comparison to the Emu due to the higher basal metabolic rate in neognathes
compared to the ratites (possibly dueto lack of the large pectoral muscle mass; Maloney 2008).
Therefore, the MoamtDNA CR mutation rate of Bunce et al. (2009) isthe most appropriate for
comparison to the Emu.

However, even taking the sources of error involved in generation times and evol utionary
rate into account, the timing of the range expansion in the Emu Eastern Ancient population (349
kya, with 210-434 kya 95% quartiles) was found to match that of the Eastern Modern popul ation
relatively well (348 kya, with 226-439 kya 95% quartiles; see chapter 3, Table 3 and Figure 6).
The similarity in expansion times suggests that the signal in the ancient Eastern population
reflectsthe same events asthe signal in the modern Eastern population, providing support that the
expansion event is accurate. The significance of the concordance of signals is a question that
cannot be evaluated without more specimens from each of Eastern Ancient populations. Asall
known King and Kangaroo Island Emu bone remains have been sampled from Australian
museums (either as part of the study in Chapter 3, or in Heupink et al. 2011) and the few
Tasmanian Emu remains held by the British Museum of Natural History in Tring have been
sampled in chapter 3, specimens would be needed from museums elsewhere in the world.

In conclusion, the substantial errors associated with cal cul ating the timing of expansions
means that this test should not be used to draw conclusions in isolation. The combination of
results from the Arlequin expansion tests with the BayeSSC analysis, the node ages from
BEAST, and the landscape genetics plot of association between genetic diversity and longitude
all suggest the same story of Emu range expansions out of the southwestern corner of Australia,
in response to multiple climate ameliorations after glacial periods.

Linking datesto climate events

In chapter 3, the evidence of spatial expansions out of a southwestern refugium roughly
coincides with interglacials, however the point estimate for the older expansion event actually
occurs during a cold/arid period prior to the start of the MIS 9 interglacial (the error margins
involved in calculating the expansion date is discussed above). However, there is a level of
uncertainty involved in reconstructing the marine i sotope stages (M1S) climatic cycles, whichis
done from Antarctic ice core isotope stratigraphy and planktonic foraminifera abundance data
(EPICA et al. 2004; Spooner et al. 2011). These sources of error inice core stratigraphy include
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assumptions about snow accumulation rate and movement of ice over time in the models
(Dreyfus et al. 2007), and in the lag between northern hemisphere insolation and Antarctic
cooling (Kawamuraet al. 2007), while the planktonic foraminifera abundance datais subject to
errorsin speciesidentification and assumptions about conservation of the ecol ogical niche of the
foraminiferaover time (Spooner et al. 2011). However, even given these minor uncertainties, the
combined Antarctic ice core and planktonic foraminifera data for the southern hemisphere
providesevidencethat both interglacial periodsin question (M1S9 and MIS5) werewarmer than
other interglacials, were associated with high rainfall and monsoon activity, and had more
extreme interglacial-glacial transitions than experienced during any of the last 5 glacial cycles
(EPICA et al. 2004; Spooner et al. 2011).

These climatic optimaappear to have provided suitable conditionsfor the Emu to colonise
previously uninhabitable landscapes. However, doubt exists as to how unsuitable the habitat of
the Nullarbor Plain wasto the Emu. Although most current Emu popul ations are concentrated in
the more temperate south-west and south-east regions, this high dispersing speciesis currently
found in dry desert regions, albeit only in very low numbersand usually following rainfall events
(Marchant and Higgins 1990).

Other demogr aphic events

Although the Bayesian Skyline Plots (BSP) shown in chapter 3 for the entire Emu dataset
showed interesting signs of ademographic expansion ~ 5 ya, the wide error margins (1-10 kya)
confounded potential hypotheses about events promoting the large demographic expansionin the
Emu. A horizontal line drawn across the BSP remained within the margins of the demographic
expansion, further supporting a constant population size. A Bayes Factor comparison for the
demographic expansion against aconstant popul ation size showed strong evidencein support of a
constant population size. Bayes Factors are a harmonic mean estimator of the marginal
likelihoods of different models. The reliability and repeatability of model classification from
Bayes Factors hasrecently been subject to debate, with aconstant popul ation size often the model
erroneously selected as a better fit to the data (Baele et al. 2012). Two new marginal likelihood
estimators, path sampling (PS) and stepping-stone sampling (SS) have been found to be
consistently more reliable, but are computationally intensive (Baele et al. 2012). The version of
BEAST released in the last few months (v1.7.1) does apparently allow the PS and SS marginal
likelihood estimators to be compared between models, but the datasets in this thesis have yet to
be repeated using the new release of BEAST.

If this demographic expansion does prove to be reliable, then it isinteresting to speculate

about possible causes. The timing of the demographic expansion roughly coincides with the
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introduction of the dingo (Canis familiaris) to Australia (c. 5 kya; Savolainen et al. 2004), and
dlightly predatesthe extinction of the Thylacine and Tasmanian Devil from themainland (3 kya;
Gale 2009). The dingoes arrival is unlikely to have played a direct role in the Emu expansion
however, as this predator has been found to regulate Emu population size quite significantly
(Pople et al. 2000; Gale 2009; Fillios et al. 2010). If the Thylacine was also a predator of the
Emu, itsextinction may have precipitated ademographic expansion in the Emu. However, studies
of Thylacine jaw dynamics suggest it likely hunted smaller prey as an ambush predator (Jones
and Stoddart 1998; Wroeet al. 2007; Figueirido and Janis 2011), although Thylacines may have
preyed on Emu chicks. Evidence demonstratesthat the two species hunted with different predator
styles, suggesting dietary niches may not have completely overlapped (Figueirido and Janis
2011).

The impetus behind the Emu demographic expansion may be a more complex scenario
involving atype of meso-predator release. An example of meso-predator release occurred when
an apex predator was substantially reduced in the Australian ecosystem after European
colonisation (e.g. the dingo), which allowed meso-predators (middle tier predators such as the
foxes and cats) to increase in abundance, and predate to a larger degree on small prey species
(including small mammals of a critical-weight range 1-5 kg) (Short and Smith 1994; Johnson et
al. 2007). However historically, as the Thylacine was declining and subsequently became
extinct, the dingo stepped into the role of apex predator (Figueirido and Janis 2011). Although
roughly similar in size, the two species have slightly different niches: the Thylacine consumed
terrestrial animals 1-5 kg in size, e.g. small mammals like dasyurids, bandicoots, bettongs,
possums etc (Jones and Stoddart 1998), in contrast to the dingo that today hunts large-medium
sized macropods (Brook and Kutt 2011). In the short term, the decline and extinction of the
Thylacine likely resulted in an increase in small mammal prey, which may have allowed small
early dingo popul ationsto shift dietary niche slightly and take advantage of the abundant prey. A
surge in dingo numbers over time may have subsequently suppressed small mammals to basal
levels, continuing until European colonisation when dingosfaced itsown apex predator. If these
small mammals (mostly insectivores) were being suppressed by dingo predation over thelast few
thousand years, insect numbers may have exploded allowing Emu population sizesto expand in
response. Thetop-down approach of the meso-predator releasetheory islikely not the only factor
involved in the Emu expansion though. Bottom-up theories about anthropogenic and natural
ecosystem changes may also have played arolein the Emu expansion, e.g. fire-stick farming and
increased monsoonal weather patterns.

293



The timing of the Emu expansion roughly coincided with sealevel rise (8.8-6.5 kya), the
creation of substantial mangrove swamps aong the coasts, and major rivers experienced
increased water levels (8 kya) (Smith et al. 2008; Bird et al. 2010). It was also a time of
temperature stability and homogeneous climatic conditions (warmer and wetter than modern)
with increased monsoonal activity in the western Simpson Desert at 7-5 kya, and the Flinders
Rangesat 8.8-5.3 kya(McCarthy et al. 1996; Shulmeister 1999; Quigley et al. 2010). By around
5 kyathe EI-Nino Southern Oscillation (ENSO) was reaching modern variability patterns with
major periods of below-average precipitation (at ~5.5 kya), and increased dust production
(~4.8kya), with Lake Mega-Frome drying out and again being dominated by playa conditions
(~5kya) (Shulmeister 1999; Marx et al. 2009; Cohen et al. 2011). It therefore appearsthat during
periodsof higher effective precipitation (prior to 5kya), the Emuisstarting to increasetoitslarge
late Holocene population size. However, it persists at this large population size into modern
times even during the major periods of below-averagerainfall (associated with the ENSO cycles).

A combination of top-down and bottom-up factors probably led to the late Holocene
increase in Emu population size.

Significance of the work

Themain significance of the Emu study istwo-fold: thiswork providesthe only study of
current genetic diversity for this species; and the inclusion of the ancient samples offers a
temporal aspect for detecting likely eventsresponsiblefor creating thislack of genetic diversity.
If purely modern Emu samples were used in this analysis, the last glacial maximum would be
considered the more likely period during which the Emu experienced a population bottleneck
responsible for the species current reduced genetic diversity. In addition to the island
calibrations, the ancient bone samples provide additional temporal calibrationsfor the coal escent
analysesto date the post-bottleneck expansion events. These ancient island samplesal so provided
another view of the taxonomic status for the island species. Without the ancient DNA from the
Kangaroo Island Emu, the morphological analysis of this island dwarf would stand as the
definitive evidence for the taxonomic classification of Dromaius baudinianus as a separate
Species.

The genetic potential within ancient eggshell is one of the few ways that past (and
potentially lost) genetic diversity can be used to investigate the response of Australian speciesto
past climatic cycles. Although only five Emu eggshell sasmplesyielded DNA, eggshell still offers
the greatest time depth for examining the past responses of Australian speciesto climatic cycles:
12,500-16,500 yaBPin chapter 3, but also 19,000 yaBPin Oskam et al. (2010). Thelack of both
genetic diversity and strong phylogeographic patterning in the Emu is symptomatic of many
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Australian species (Houlden et al. 1999; Zenger et al. 2003; Brown et al. 2006). Theresultsfrom
the Emu study (chapter 3) may also narrow the focus on areas and time periods where other
Australian species have experienced lossin diversity. For example, the phylogeographic barriers
and particular interglacials highlighted in chapter 3 as significantly influencing the Emu’s
evolutionary history may also have provided opportunities for other species to expand after
glacial-associated-bottlenecks. Further investigation of the evolutionary history of Australian
species through a genetic survey of the fossil record, would provide critical information on the
ability of the unique Australian biotato respond to past and future climatic change. However, no
other material than eggshell is likely to provide preserved DNA over long time-frames, and
inference methods (e.g., based on the coal escent) would need to be implemented to reconstruct
the evolutionary history of non-bird species. Furthermore, comparison of the evolutionary
histories amongst different Australian species can be made to obtain an overall picture of those
aspects of population dynamics that are shared and which differ between Australian taxa, like
which barriersto gene flow have impacted high vs. low dispersing taxa, and which regions have
provided refugiafor range restricted vs. widespread taxa.

Furthermore, thelow genetic diversity found within the Emu appearsto stem from genetic
bottlenecks caused by contraction back to a refugial zone in the southwestern corner of the
continent during arid glacial cycles, prior to range expansions out of this refugia during
interglacials (MIS 5 and MIS 9). One potential consequence of this low genetic diversity isa
potential susceptibility to disease, such as seen in Tasmanian Devils (Sarcophilus harrisii) with
facia tumour disease (Hawkins et al. 2006; Miller et al. 2011). In the case of the emu, the
apparent lack of genetic variation (especialy if the mitochondrial control region’s lack of
diversity is mirrored in immune response genes as seen in the Tasmanian Devil; Siddle et al.
2007) might suggest that despite being acommon and widespread species, the Emu is at risk of

similar strong environmental challenges, such as readily communicable disease.

Futuredirections

Although alack of genetic diversity wasfound in the mtDNA CR of the Emu, itislikely
that there is more diversity within the nuclear genome. The only study of microsatellitesin the
Emufound relatively highlevelsof diversity, however the degreeto which thisstemsfrom purely
post-expansion expansion or also reflects pre-bottleneck diversity isunknown (Hammond et al.
2002). With the development of NGS technology and advances in ancient library preparation
methods (Knapp et al. 2012; Meyer et al. 2012), further analysis of nuclear diversity from the
modern, museum and ancient samples obtained for this study will be able to build upon the
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mitochondrial work reported here. There is potential to use nuclear single-nucleotide
polymorphism (SNP) chips designed for modern domesticated species to hybridise aDNA
libraries, and examine ancient diversity at these SNP sitesto |ook further back beyond more than
the last bottleneck. Where this has been done previously with the BovineSNP50 BeadChip by
[llumina (designed for domestic cattle), species as distantly related as giraffes have been
successfully targeted (Decker et al. 2009). Although the giraffe and bovids diverged up to 29
Mya, the drop-off in genotype call rate by using the bovineSNP50 chip for the giraffe was only
about 35%. Luckily, the same USDA funding that financed the cattle SNP chip aso partialy
funded the production of a 60K chicken SNP chip by Illumina (IlluminaInc., San Diego, CA)
(Fulton 2012). The lllumina 60K chicken SNP chip could be used to generate Emu nuclear data
relatively easily and cheaply, athough with some anticipated loss of genotype calls due to the
more distant evolutionary relationship between chickensand Emus (diverged 73-98 Mya; Harlid
et al. 1997). By transferring thistechniqueto the 60K chicken SNP chip, even greater resolution
to the timings of the Emu post-bottleneck expansionsof the MIS5 and MIS9interglacialscould
be obtained.

The study in chapter 3 highlights how aDNA can be incorporated with contemporary
sampling of museum tissue collectionsto investigate taxonomic i ssues and the past responses of
speciesto climate change. Many other taxa can also be examined in thisway, athough few have
the DNA preservation potential of eggshell. Other specieswith the potential for genetic analysis
of eggshell preservedin the Australian archaeol ogical record include the Wedge-tailed Eagle and
the Malleefowl. However, in order to sample ancient eggshell from the Wedge-tailed Eagle or
Malleefowl! accurateidentification of the eggshell to specieslevel would berequired, whichisnot
asimpletask from cave deposits as the eggshell is often found as very small fragments, making
morphological identification difficult. A posteriori identification using DNA is another
possibility, however thisrequires processing alot more samples from non-target speciesthanis
necessarily. If studying eggshell from other Australian speciesisnot feasible, then boneremains
from large animals are the next most viable sample type for animals, e.g., kangaroos, wallabies,
echidnas or possums. Thelarge bones of these animalswould have ahigher chance of preserving
aDNA, and astheir modern ranges cover the more temperate east coast and Tasmania, cavesin
this region may have preserved enough bone remains for aDNA study. Furthermore, many of
these speciesare also lacking in modern genetic diversity, providing an opportunity for aDNA to
reveal the processes involved beyond the last bottleneck.

296



Chapter 4: the Ghost Bat (Macroderma gigas)

| ssues Encountered

Although one of the problems encountered in this study was amethodol ogical issuerelated to the
preservation of ancient DNA inthe Australian context, the lack of radiocarbon-dated samples has
also limited the accuracy of conclusionsdrawn about the timescal e of geneflow inthe Ghost Bat.
These and other issues encountered in this study are detailed below.

Sample Type

One of the initial aims of this study was to analyse scat remains of the Ghost Bat to
examine both the predator (Ghost Bat) population dynamics, but also the prey (rodent) species
identification. When pilot work to establish thefeasibility of successfully extracting either Ghost
Bat or prey DNA from dried scatsfailed to yield anything other than bacterial DNA, this part of
the study was abandoned.

Calibrations

In contrast to chapter 3, the Ghost Bat dataset was lacking radiocarbon-dated samples
completely as the external funding for this study covered fieldwork only. The ancient samples
consisted of subfossil bone/teeth remains from the surface of cave deposits and museum
specimens collected as surfacefindsin the 1900’ s, with the principal of superposition suggesting
these surface specimens were the last representatives of |ate Holocene populations. However,
without directly dated samples, either fossil calibration points or amolecular rate estimate were
required to establish atemporal aspect to the Ghost Bat evolutionary history.

Many other studiesstill usethe average 2%-per-million-yearsdivergenceratein animals
and birdsto calibrate molecul ar phylogenies (Eberhard and Bermingham 2005; Gill et al. 2005;
Bollmer et al. 2006) without thought to the fact that thisis arough estimate calculated over 30
years ago, and based on an average across many species (Brown et al. 1979). More recent
research has now established that the mammalian mutation rate varies across species (by asmuch
as20-fold for mtDNA third codon position) in accordance with many life history traits, including
body mass, age at sexual maturity, and longevity (Nabholz et al. 2008). These inter-specific
differences have substantial impacts on the fields of molecular phylogeny, molecular dating and
population genetics. In fact, many papers follow a circular yet convoluted argument for using
mutation rates from the literature or for comparing their own calculated evolutionary rate to
othersintheliterature across specieswith substantial variationinlife history traits. For example,
a study on bats by Petit et al. (1999) uses a rate from Lopez et al. (1997) on felids that uses
calculations from an earlier paper by Lopez et al. (1994), which in turn uses a divergence rate
calculated from an estimate of cytoplasmic mutation ratesby Hasegawaet al. (1985) compared to
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an estimate of nuclear pseudogene mutation ratesby Li et al. (1981). Petit et al. (1999) thengo on
to say that the rate calculated in their analysis is in general agreement with other CR rates in
humans, Mus musculus, Snow Goose, and Shrews, yet the recent paper by Nabholz et al. (2008)
find that Chiroptera(bat) speciesevolvetwice asslow as Rodentia (rodent) species. Now that we
are gaining an understanding about the error involved in assuming constant molecular rates across
species (i.e., ‘strict molecular clocks'), this entire chain of transferring rate estimates across
divergent species and between different genesis highly suspect.

Therefore, two different approachesto calibrating the Ghost Bat mtDNA CR dataset were
compared: 1) using the 225 Ghost Bat (Macroder ma gigas) sequences and 2 outgroup sequences
(Megaderma lyra), with a secondary calibration point of 16.5 Mya (+ 2.75 Mya) on the split
between the Macroder ma and Megaderma genera calculated from Teeling et al. (2005); and 2)
using an additional 228 sequences of Hipposideros and Rhinolophus sequences so that the
minimum divergence date of 37 Myafor the divergence between Hipposider os and Rhinolophus
genera, and a maximum divergence date of 55 Myafor theroot of the Rhinolophoideatree. The
first approach is detailed in chapter 4, but the second approach is described below.

BEAST vs. *BEAST : the Ghost Bat

Therecent development of the* BEAST (pronounced StarBeast) analysiswithin BEAST

allowstheinclusion of multipleloci across multipleindividuals per speciesto co-estimate many
gene trees within a shared species tree in combination with the demography of both extant and
ancestral species (Heled and Drummond 2010). However, thereisno reason why onelocusfor a
large number of individuals cannot be used in *BEAST to improve resolution, asan increasein
the number of samples increases the number of coalescence events being used to estimate
population sizefor each species. A trial of *BEAST on the Ghost Bat dataset included increasing
theresolution of the Yinpterochiropterasuborder by including Rhinolophus (Horseshoe bats) and
Hipposideros (Roundleaf bats) sequences, which allowed two primary calibration points to be
used to date the tree instead of the single secondary calibration point inthe BEAST analysis(see
Figure 6 for the *BEAST tree). Primary calibrations use fossi| dates directly, while secondary
calibrations are those derived from the nodes on atree that was calibrated using fossil calibration
points. Therefore, primary calibrations are considered better than secondary calibration pointsto
calibrate a phylogenetic tree, as secondary calibrations include any errors associated with the
primary calibration points plus those methodological errors associated with reconstructing the
tree and assumptions about the accuracy of the primary analysis. However, the* BEAST anaysis
yielded a much slower evolutionary rate (1.47% per Million years) than the BEAST analysis

(4.22% per Million years), which was more consi stent with studies of other bat species (4.6% per
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Millionyearsin Mystacina tuberculata) (L1oyd 2003). The slower rate was assumed to stem from
the two primary calibration points being much deeper within the tree (37 and 55 Mya) than the
secondary calibration point (16.5 Mya), in accordance with the time dependence of molecular
rates (Ho et al. 2007; Ho et al. 2011a). Although the secondary calibration date used in the
BEAST analysisisnot ideal it appearsto giveamorerealistic molecul ar rate of thefast evolving
mtDNA CR, and the divergence dates are therefore assumed to be more accurate too. Therefore,
the only way to ensurereliable calibration datesfor the Ghost Bat phylogenetic tree and estimate
the clade divergence dates accurately, isto radiocarbon date the NAR bone/teeth samples. At the
present time this is prohibitively expensive, but there is the possibility of future collaboration
with external funding bodies, such as mining companies and the Australian Institute of Nuclear

Science and Engineering (AINSE) research awards.
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Assumptions

Onekey assumption in chapter 4 isthat the ancient samples collected from the surface of
cave floors represents the most recent (historical) populations of Ghost Bat that inhabited the
cave. Thisassumption isbased to alarge degree on the speed at which cave surface material gets
turned over and buried, which in turn depends on the type of cave it is (open mouthed, pitfal,
etc.), how accessible the entrance is, and therefore the degree of animal/human presence in the
caves (see Figure 7 for example of inaccessible cave in the Flinders Ranges). All of the NAR
caves were readily accessible by animals and humans, yet had abundant Ghost Bat (and other)
subfossil material around the edges of the cave (i.e., slightly protected from damage by footfalls
of larger animals). Another indication that these were relatively recent remainsis the fact that
aDNA was successfully extracted from even the long thin wing bones (metacarpal or phalanges,
see Figure 8), in addition to the teeth that are generally a better source of aDNA (see Figure 9).

Figure7. Exampleof ahighly inaccessible cavein ChambersGor ge, Flinder sRanges, South
Australia where subfossil remains are visible on the cave floor surface with little
disturbance by animals (photo credit: Aaron Camens).
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Figure 8. Ghost Bat wing bone (metacarpal or phalange) from individual EO8 from the
NAR population that yielded DNA in 158bp and 217bp fragments. The ability to amplify
these sized DNA fragments (in particular the 217bp fragment) from such a thin bone
suggeststhe Ghost Bat boneand teeth remainsfound on the surface of the NAR caves most
likely represent the most recent (historical) populationsinhabiting the E24 and JO3 caves.

Figure 9. Ghost Bat RH partial mandible with teeth from individual J04 from the NAR
population that yielded DNA in 158bp and 217bp fragments.
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Sample size
Only three extinct populations were sampled in chapter 4: the NAR caves, the central

Australian population, and the Flinders Ranges population, with the last two popul ations having
only n=5 and n=3 samples, respectively. Although the extraction of ancient DNA was attempted
from more samples, the poor preservation condition of the mummified remainsfrom the Flinders
Ranges (33%) werelikely responsiblefor thelow successrate. The central Australian population
had a higher success rate (63%), largely because the samples were mummified cartilage from
insidethe nasal cavity of museum-prepared skulls, and weretherefore protected from the externa
environment prior to collection and the ambient museum environment after collection. The
subfossil remainsfrom the NAR populations had aslightly higher successrate (65%), suggesting
teeth and bone remains are the ideal sample type for small mammalsin the Australian context.
However, museums are less likely to allow destructive sampling of bone and teeth remains over
scraping nasal cartilage out of the inside of the rostrum where any damage cannot be seen.

At many of the caves where populations have become extinct, live Ghost Bats have been
seen within the last 200 years, highlighting the recent nature of the extinctions in these regions.
However, other extinct populations have been collected as subfossil material and are held in
various museums, such asthetype specimen from Mt Margaret (Dobson 1880) and other remains
from cavesin eastern NSW. Uncertainty does exist about whether Ghost Bat remains have been
collected from caves in the Rawlinson and Kathleen Ranges in centra WA; from Y anchep-
Wanneroo, south of Perth; and from south of the Flinders Rangesin South Australia(Molnar et
al. 1984), and possibly held in museum collections overseas. Some of theselocalitiesare critical
for resolving questions raised in chapter 4 about the timing of gene flow that links populations
within the central East and within the central West regions (discussed in chapter 4).
Expansion tests from Arlequin

With the Ghost Bat dataset, each extinct popul ation was assumed to represent the same
population (i.e., the most recent popul ation inhabiting the NAR caves, the CA caves, and the FR
caves). Therefore, similar to the Emu study, no evolution isassumed to have taken place between
the deaths of each of the individual Ghost Bats within the set of samples designated as a
‘population’. If these assumptions are not valid, and some of the sampled NAR individualswere
from 10,000 ya and others from only 100 ya, then there will potentialy be issues with the
accumulation of mutations in the intervening 9,900 years, leading to an overestimation of the
likelihood of expansions following a drastic bottleneck (Depaulis et al. 2009). However, given
the well-preserved nature of the DNA in these samples and the fact that mummified skin and
nasal cartilage yielded aDNA from central Australia, it is unlikely that the samples span a
sufficient temporal depth to cause substantial problems with the calculation of the population
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genetic statistics used in the Arlequin expansion tests (i.e., number of segregating sites, S).
Another point to note is that the tMRCA (origin date) calculated for each ancient population
using BEAST isaways prior to the predicted expansion events, further supporting the idea that
populations were experiencing demographic or range shifts around these times. Furthermore,
without money to fund carbon dating of these samples, thisissue cannot be resolved one way or
the other.

Further errors were also potentially introduced into the transformation of the coal escent
time since expansion to real time by the estimate used for Ghost Bat generation times. As no
ecological studies of Ghost Bat popul ations have been undertaken due to the sensitivity of the
species to disturbance, the age at first and last breeding had to be estimated from captive
populations (Jones 2008). As captive bats are not subject to the same selective pressures (e.g.,
predation, access to food, etc.) as wild populations, the ages at first and last breeding may be
Inaccurate representations of generation time in wild populations. However, a more accurate
estimate of generation time cannot be gained without significant disturbance to this vulnerable
Species.

Significance

Chapter 4: the Ghost Bat highlights the ability of ancient DNA to substantially increase
resolution of studiesinvestigating the evolutionary history of vulnerable species. Previouswork
on the popul ation genetics of extant M. gigas populationsfound higher genetic diversity at lower
|atitudes (Pine Creek/Claraval e vs. Rockhampton/Cape Hill sborough) and monophyly of regional
clades, however without the additional information from the extinct populations little would be
known about gene flow at the continental scale or the divergence times of clades. Previous
studies of modern populations of the Ghost Bat found a polytomy at the base of the phylogenetic
tree that resulted in a lack of resolution in the relationships between the major colonies
(Worthington Wilmer et al. 1994; Worthington Wilmer et al. 1999). With theinclusion of ancient
DNA from extinct populations, the relationship between these major colonies can now be
resolved. Furthermore, the placement of the extinct populationsin this phylogenetic tree provide
insight into potential geneflow events, whichin turn could be aligned with the ENM predictions
about the timing of climatically ‘suitable’ corridors across the landscape. If only modern DNA
samples were available for inferring patterns of gene flow, one would have to surmise that the
extinct populations would have been more closely related to the more geographically proximate
colony. However, by including the ancient samples a more accurate (and yet surprising)
representation of gene flow between extant and extinct populations has emerged.

With respect to the modelling of the Ghost Bat’s response to past and future climate

change, this work has the potential to influence management decisions made by both mining
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companies and government departments. However, thiswould be premature given the extent to
which the climatic model s used in the Ghost Bat study are based on many unverified assumptions
linking ambient climate to cave microclimates.

Futurework

In theshort-term

Additional sampling from these un-sampled extinct populations at Mount Margaret in
Queendland and in eastern NSW would be useful in resolving the question about gene flow
within the central Eastern region — between the Rockhampton/Cape Hillsborough colonies in
Queendand and those in central Australia/the Flinders Ranges (Figure 10). Similarly, sampling
from the Rawlinson and Kathleen Ranges in central WA, and from the Y anchep-Wanneroo
colonies south of Perth would be useful in resolving questions about gene flow in the central
Western region — between the NAR populations in WA and those in Camooweal, Queensland
(Figure 10). The inclusion of these populations in the ecological niche modelling (ENM) may
also add resolution to the hindcasting of suitable Ghost Bat habitatsinto the last interglacial and
forecasting to 2030 and 2080 to predict the Ghost Bat’s ability to respond to future climate
change.

In thelong-term

Like the Ghost Bat, there are other similarly vulnerable bat species that roost in caves
which may lend themselvesto ancient DNA study of past populations. The Orange | eaf-nosed bat
(Rhinonicteris aurantius) is one example of acave dwelling bat that islisted as vulnerable, and
where analysis of its evolutionary history and ecological niche may provide knowledge about
patterns of past gene flow and the effect that changing climates may have had on past, and will
have on future, distributions.

With more nuclear and multi-locus datasets being developed, and as Next Generation
Sequencing (NGS) technology is used more routinely, clarity back even further in time will be
available for many species. NGS has not yet been developed to its full potential though, with
many early studies using the power of NGS to generate data for other purposes, such as the
transcriptomic dataset for the Glanvillefritillary butterfly, Melitaea cinxia, sequenced using 454
pyrosequencing that will bethe basisfor further ecological studiesusing microarraysto examine
levelsof gene expression for key functional genes(Veraet al. 2008). However, the application of
NGS to microarray development has potential benefits to the Ghost Bat, as examination of
functional genes associated with thermoregul ation could allow investigati on of the assumption of
constancy in ecological niche that is fundamental to the ENM used in chapter 5.
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Figure 10. Past and present distributionsof the Ghost Bat (Macrodermagigas). Bluecircles
represent extant populations; those with an outer ring ar e those sampled by Worthington
Wilmer (Worthington Wilmer et al. 1994; Worthington Wilmer et al. 1999) and included in
thisstudy. Star srepresent extinct populations; circled red star sarethe extinct populations
sampled in thisstudy; yellow star sar e extinct populationsnot sampled in thisstudy, with a
central dot indicating the type locality (Mount Margar et).

Chapter 5: the Polynesian Chicken (Gallus gallus)

Although chapter 5 reconstructs more recent ‘patterns of genetic diversity, the
phylogeographic signal inthiscommensal allowstesting of hypotheses about Polynesian contact
with South America that would otherwise be obscured by the dispersal of modern European
chickens throughout the Pacific, and the risk of DNA contaminating lab reagents (Storey et al.
2007; Storey et al. 2010). Ancient chicken DNA is currently a key means to investigate this
process, due to the lack of resolution in other cultivated/commensal species in the Pacific
(Matisoo-Smith et al. 1998; Larson et al. 2007).
| ssues Encounter ed
Again the main problems encountered in this study were those typical of many ancient DNA
studies: methodological issues related to the preservation of ancient DNA (in this case in hot

tropical isand environments where bones were retrieved from exposed akaline sand
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dunes/middens); and low sample sizes due to poor DNA yield etc. These issues (and others) are
outlined below.

Sample size

Itiswell known within the ancient DNA field that sample sizeswill aways be lower in
aDNA studies than those in modern phylogeographic analyses. There will inevitably be a
reduction from the numbers of ancient samples analysed (n=37 ancient chicken samples
extracted) to thosethat are successfully amplified and sequenced (n=22). However, by increasing
both the sample size from each island and the number of islands sampled, a more representative
picture across the Pacific can be reconstructed. Increasing the sampling of chickensin Micronesia
is of particular importance. Even though few early commensal remains have been found in the
Micronesian archaeol ogical record, it isthe comparison of thesefew early sampleswith those of
later commensals that will provide evidence about whether Micronesia was part of the initial
migration route, and about | ater trade links between Micronesiaand other island groups (Addison
and Matisoo-Smith 2010).

Replication

The poor DNA preservation in ancient samples has an impact not only on obtaining
sequence data, but also with the ease of repeated PCR amplification, cloning, Sanger sequencing,
etc. In many instances, internal replication (repeated PCR/sequencing within the same lab) was
difficult —agood indication that external replication (repeated extraction, PCR, and sequencing
from the same sampl e in another ancient DNA lab) will aso require repeated efforts.

| ndependence of sampling

The issue of independence of sampling is normally assisted by the stratigraphic control
across archaeological sites, which ensures that the provenance of each sampleisknown and the
likelihood of multiple bones belonging to the same individual can be assessed. However, the
Hawaiian archaeological site at Makauwahi cave is unique. The regular deposition of
stratigraphic layers at Makauwahi cave was interrupted by a tsunami (seen as a layer of high-
energy sedimentation) that dated to approximately 1430-1665 A.D. Evidence from the
archaeological record showsthis high-energy water disturbed material remains belonging to Unit
V (at that time Unit V was the surface of the cave floor), and deposited a sedimentary layer as
Unit VI (Burney et al. 2001). Although &l of the chicken bones analysed in chapter 5 were
excavated from Unit V (which was disturbed by the tsunami), the archaeologists have
reconstructed a robust chronology of the site from radiocarbon dated samples (the site shows
internal consistency from 33 of the 34 radiocarbon dates; Burney et al. 2001). However, the
bioturbation within Unit V may result in uncertainty with regardsto independence of sampling of
the chicken bones. Asal seven of the ancient Hawaiian chicken bonesfall within the same 330
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bp mtDNA CR haplotype, theoretically thismay represent only oneindividual. However, most of
the focus of the study in chapter 5ison eastern Polynesiaand the link to South America, and on
theinitial introduction routesfrom western Polynesiaand Micronesia. Therefore, whether or not
the seven Hawaiian samples actually represent only oneindividual is not critical to the focus of
this study.

Significance

The study on Polynesian chickens in chapter 5 highlights how alack of well-preserved
DNA, in addition to contamination by modern commensal DNA, can completely alter the
conclusions drawn about research.

The chicken shares a long history of domestication with human cultures and is
deliberately bred for specific physical traits for cultural or commercial purposes: Chinese and
Japanese cultures have used the feathers of chickens, and their ability to sing or fight in cultural
practicessince at least 2.5 kya (Komiyama et al. 2004); and commercial breeders have selected
for increased growth ratesin broiler breeds (Rauw et al. 1998) and earlier maturity and larger egg
Sizein egg laying breeds, such asthe Whiteleghorn (Jensen and Andersson 2005). Thisselection
for phenotypic traits during domestication has potentially caused genetic bottlenecks in some
breeds (long-crowing chickens, Komiyamaet al. 2004) but introgression with wild junglefowl in
other instances has ensured higher levels of diversity (cock-fighting breeds, Silkies, and the
White Leghorn have introgressed with Green Junglefowl, Sawai et al. 2010). Dueto thishighly
domesticated history, little is known about the traditional breeds of pre-Colonia era native
cultures. The Polynesian chicken is one of the few examples where traditional genetic patterns
can still be observed in an otherwise highly domesticated species. If the D,, mitochondrial
hapl oty pe can be used to identify chickens on Pacificislandswith a so purely Polynesian nuclear
DNA, then this will be one of the few examples of pre-Colonia wild-type chickens, and can
potentially be used as a genetic reservoir of chicken diversity.

Furthermore, asthe Polynesian chicken embodiesthetraditional Polynesian sport of cock-
fighting, or faatitoraamoa in Tahitian (Halloran and Halloran 1969), a pure Polynesian chicken
could become a symbol of traditional Polynesian lifestyle to be preserved. Pre-historically,
Tahitians had songs and religious traditions (including Ruaifaatoa, the god of cockfighting)
connected to faatitoraamoa, which was performed for the amusement of the owners (Ellis1831).
If the D, sub-haplogroup that was identified from the Polynesian chicken in this thesis can be
used to locate the original Polynesian strain of chicken on some remote Pacific Island, like the
eastern Solomon Islands, which has not experienced major European settlement (Parker n.d.), this
iconic bird can potentially be used to reinvigorate interest in traditional, and in turn healthier,

Polynesian lifestyles. Encouraging the breeding and raising of chickenswill greatly improvethe
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health of Solomon Island society by increasing dietary protein levelsin the predominantly rural,
and substantially protein depleted and malnourished, islander populations (Glatz et al. 2009).
Thirty per cent of Solomon Islander infants are underweight due to poor nutrition and yet only
one chicken and afew eggs are eaten on average by Solomon Island families per month (Glatz et
al. 2009). If there-introduction of the Polynesian chicken to Solomon Island society canincrease
enthusiasm for more efficient husbandry efforts (e.g., providing food, water and secure housing
to free range chickens vs. requiring the chickens to scavenge to survive) and increase the flock
size of the average family, then dietary protein will increase as a by-product of the increased
socia status and financia gain of owning chickens and fighting roosters (Glatz et al. 2009).

Furthermore, by regaining this (potentially) lost genetic diversity of the Polynesian
chicken for introduction into the commercial breeding stock of chicken farmers worldwide, an
important food source will gain genetic diversity, thereby reducing susceptibility to diseasesand
significantly increasing itsability to survive future worl dwide pandemics, such asthe outbreak of
Avianinfluenzavirus (AlV) in 2003. Recent genomic work on commercial chicken breeds (e.g.,
Ross broilers, White Leghorns) has highlighted the loss of 70% of genetic diversity from
individual commercial breeding lines, of which up to 25% cannot be regained by crossing
commercial breedsasthe diversity waslost prior to the devel opment of the commercial chicken
industry (Muir et al. 2008a). The bottlenecks involved in the generation of commercial chicken
breedsinclude selecting for large body sizein broiler lines, and increased egg numbers and size
in layers. The development of more efficient broiler and laying breeds has allowed breedersto
address the sharp increase in demand over the last three decades (chicken meat production has
increased 436% since 1970, and with more than 55 million metric tons of chicken eggs now
produced annually; Muir et al. 2008b). However, the lack of genetic diversity in such a
significant commercial food source isacrucial biosecurity risk, similar to the corn blight in the
USA in 1970-1971 that stemmed from widespread use of aninbred Texas male-sterile cytoplasm,
and resulted in aloss of food energy many times greater than that lost in the famine-producing
potato-blight epidemic of the 1840s that swept across Europe (Ullstrop 1972). With the recent
outbreak of AIV in 2003, the issue of alack of rare alleles that might provide a resistance to
certain diseasesinimportant commercial species has again been raised, with Muir et al. (2008b)
emphasising that non-commercial and native poultry populations represent areservoir of genetic
diversity that potentially pose a possible way to prepare for future biosecurity challenges.
Future work

In theshort-term

Hypotheses about links between modern South American chickens, and modern European

(H,) or modern Pacific chickens (H,) can be tested using Simcoal and/or BayeSSC simulations
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(see Figure 11 below; Excoffier et al. 2000). Although the significance tests (Binomial test and
Fisher’'s exact test) used in chapter 5 argue for a European-South American link (1400-1500
A.D.), rather than aPacific-South American link (1200-1500 A.D.), thesetestsare limited to the
groupings input by the user. In effect the significance tests do not incorporate phylogenetic
information about how closely related the haplotypes are to each other. However, more robust
statistical conclusions can be drawn from Simcoal, as ssmulations of populations with specific
genetic characteristics (e.g., diversity levels) are used that take phylogenetic information into
account. Furthermore, asthere are at least 40 samples from each of the modern South American
(n=41), European (n=56), and Pacific (n=63) populations, thelevel of phylogenetic information
included in the popul ation genetics statistics used by SimCoal should berelatively detailed (i.e.,
small sample sizes should not confound any signal of shared ancestry).

South | South
Ho America H; America
(600ya BP)

Polynesia
(800ya BP)

(800ya BP)

Europe . | I'| Europe . ,
Micronesia Micronesia
(2kya b (1.5-2kya BP) (2kya b (1.5-2kya BP)
Western | Western

Pacific

East ISEA
(4-5kya BP) (?kya BP)

t ISEA
(4-5kya BP) (?kya BP)

(7-8kya BP) (7-8kya BP)

Figure 11. Hypotheses about genetic links between South American compared to either
European or Pacific chickens that can be tested in SmCoal or BayeSSC. The null
hypothesisisbased on the current theoriesof Storey et al. (2008b) that Polynesiansbr ought
chickensto pre-Columbian South America (yet takinginto account acertain level (% M) of
historical gene flow from Europe to both South America and the Pacific); the alternate
hypothesisisthat moder n South American chickenswereintroduced from Europe (with no
gene flow from the Pacific to South America, yet a certain level of historical gene flow
(% M) from Eur opean chickensinto the Pacific). Datesfor archaeological chicken remains
in each of thelocalitiesshown comefrom thefollowingreferences: China, MiddleEast, and
Europe (West and Zhou 1988); Western Pacific (Storey et al. 2008a; Storey et al. 2010);
Micronesia (Steadman and Intoh 1994); Polynesia (Storey et al. 2008b); South America
(Storey et al. 2008b). Notethat few chicken remainsareknown from ar chaeological sitesin
Island Southeast Asia (ISEA).

In thelong-term

The recent revolution in sequencing technology (Next Generation Sequencing) has the
ability to shed light on, and allowing finer-scal e resol ution of, questions about Polynesian history,

migration routes and potential South American contact. Genomic scal e research on commensals
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is already underway in labs around the world, for example the Australian Centre for Ancient
DNA received ARC funding to support aproject entitled * Reconstructing the human colonisation
of the Pacific using modern and ancient chicken DNA’; and J. M. Mwacharo at the University of
Nottingham is currently sequencing whole mitochondrial genomes (WMG) of chickens from
Indonesia, China, and Madagascar. It is hoped that the increased resolution provided by WMG
data sets will be sufficient to track the chicken-human dyad, however in essence the
mitochondrial genome acts as asingle locus. Therefore, even the jJump in sequence length from
350 bp of control region data to 16,775 bp in the entire chicken mitochondrial genome
(Degjardins and Morais 1990) may not be adequate to resolve anthropological questions about
migration routes in the Pacific. This is where the Illumina 60K chicken SNP chip, or other
genomics technology, will also be useful in reconstructing the domestication history of the
Polynesian chicken. At the genomic scale, not only could migration routes be tracked to afiner
scale, but trade routes between individual islands could possibly be detected. Furthermore, the
link between genotype and phenotype in the domestication process of the Polynesian chicken
could beinvestigated by targeting those geneslikely linked to traits sel ected for in the Polynesian
chicken, such asaggression for cock fighting (e.g., synaptosome, lipid metabolism and memory
formation genes), egg colour (e.g., biliverdin pigment gene on chromosome 1), and plumage
colouration (e.g., tyrosinase and melanocortin 1 receptor genes) (Bitgood 1985; Buitenhuiset al.
2009; Liu et al. 2010). The egg colouration genes in particular would be interesting to assessin
the Polynesian chicken for comparison to the Araucana chicken breeds that are native to Chile
and lay blue eggs. A shared history in geneslikethebiliverdin pigment gene may offer irrefutable
evidence that the ancestors of the Araucana chickens were brought to South America from
Polynesia. Another important locus to target with NGS would be the chicken equivalent of the
major histocompatibility complex (MHC), which is a 92-kb region of the B locus with many
genes similar to mammalian MHC (Kaufman et al. 1999). Assessing SNPs in the Polynesian
MHC genes may identify a potential reservoir of genetic diversity useful in addressing future

biosecurity challenges.

Futurework in general

If the field of ancient DNA is to expand and capitalise on the genomics era, then data
analysis and bioinformatics will need to become a bigger part of the skill set needed by aDNA
researchers. The extraction and amplification methods used in ancient DNA have already been
optimised substantially, so unless a new technological leap in DNA extraction methodology is
seen similar to that in sequencing technologies (i.e., NGS), the limitation now for aDNA studies
ison optimal use of the data generated with NGS and the analysis techniques available for use
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with the datasets. Future work on each of the organisms studied in this thesis will be able to
utilise the vast array of information about individuals, popul ations and species that nuclear |oci
from both extant and ancient samples will offer.

The study by Depauliset al. (2009) has highlighted many new possibilitiesfor increasing
the resolution of ancient genetic data, and in the future for taking advantage of the large amount
of money being spent to generate ancient genomic data. These genomic datasets are being
published in the public domain and yet they have had few population level analyses performed on
them, thereforethereisthe potential to mine thishuge database of information to answer specific
guestions related to population genetics, evolutionary biology, and phylogenetics at a deep
resolution. The gigabases of data being generated from NGS runswill stimulate an even greater
need to be able to incorporate heterochronous data into tests designed for synchronous data.

However, more work needs to be done to eliminate these heterochronous biases in
population genetics statistics. For example, oneway to eliminate this bias as apossible source of
error inthe expansion testsin Arlequinisto devel op aternate formulasto estimate the number of
segregating sites taking into account heterochrony, and derive an independent estimate of the
mutation rate (which needsto be cal culated from adifferent dataset otherwise acircular argument
arises). Together with the formulas of Depaulis et al. (2009) for x (diversity estimator of 0), a
new estimate of @ (mutational parameter of the population, 8 = 2Neu) needs to be derived that
takes into account the heterochrony of the dataset. Such equations, specific to heterochronous
data, could be implemented in existing packages like Arlequin, and used to re-assess the
expansion tests results obtained form ancient DNA data sets.

However, thisisjust one simple exampl e of the need for heterochronoustechniques, many
more will develop as NGS is explored. Therefore, it appears that the future of aDNA is in
bioinformatics.

Concluding remarks

Ancient DNA methods were used in this thesis to explore under-studied taxa in
Australasiaand provide novel information about the evolutionary history of the Emu, the Ghost
Bat, and the Polynesian chicken. In chapter 3, | have provided insight into the evolutionary
history of taxa (the Emu) lacking any previous knowledge of phylogeographic patterns, and have
provided clarity regarding specific and sub-specific divergences. In chapter 4, | have expanded
the view of avulnerable species (the Ghost Bat) previously on analysed with modern data and
have provided temporal evidence of the deep splits between populations. Lastly, in chapter 5, |
have examined a group (the Polynesian chicken) with a long history of commensalism with

humans, but that had doubt cast by previous studies about prehistoric links between popul ations.
313



The application of other analysis techniques to the aDNA data allowed similarities in species
responses to past climate events to be identified (interglacial expansions in both the Emu and
Ghost Bat), and the effects of differences in the mechanisms behind vicariance patterns to be
highlighted (natural dispersal between mainland and island vs. human-mediated island hopping).
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