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“IN]ot a single bird could be seen coming off the arid coast; not a single appearance
of smoke was noticed; all this indicated that this land, whose aspect was frightful,
was not inhabited.”

French explorer, Bruni D’Entrecasteaux (1792), making one of the earliest historical

references to the Nullarbor Plain (cited in Gillieson et al. 1996)
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Abstract

Studying the fossil record of the Pleistocene epoch (2.58 million years ago to 11,700 years ago) is key to
understanding how modern ecosystems developed. The dramatic climate fluctuations of the Pleistocene
have long been viewed as a major force that shaped the Australian avifauna, driving the evolution of
species and sub-species of birds, and creating the distinctive regional bird assemblages seen today.
Despite this, very little fossil evidence illuminates either the diversity or distribution of birds across the
continent for most of the Pleistocene, and the overall effects of the Pleistocene on the Australian avifauna

are difficult to assess.

The research presented here is the first study of a diverse Australian fossil landbird assemblage spanning
both the Early and Middle Pleistocene, time intervals that are particularly poorly represented in the
Australian fossil record. The fossils examined here come from the Thylacoleo Caves, beneath the Nullarbor
Plain, Western Australia — a location of particular interest for understanding the Pleistocene ecology of
southern Australia. Today, the Nullarbor is a vast, arid, treeless habitat covered by chenopod shrubs, and
is noted for its low bird diversity. It is considered a major arid-habitat barrier that separates and isolates
many animal taxa in the moister south-west and south-east of the continent. It has generally been inferred
that the Nullarbor Plain lost its tree canopy during the Pleistocene due to increasing aridity, but the timing

and processes of this transition are unclear.

Nearly 60 species of non-passerine bird were identified within the Thylacoleo Caves fossil assemblage,
more than any other Australian locality of similar age. Up to 14 extinct species were identified, roughly
one quarter of the total non-passerine fossil assemblage — more extinct Pleistocene species than have
previously been described from the rest of the continent. The Australian avifauna may have been affected
by higher rates of extinction during the Pleistocene than previously suspected. Four extinct species from
the Thylacoleo Caves are formally described herein. Two of these, ground-dwelling coucals in the genus
Centropus, are the world’s two largest-known cuckoo species. Two extinct megapodes, both larger than

their living relatives, are also described, along with fossil megapodes from other Australian localities.

The composition of the fossil avifauna is assessed, and is used to reconstruct the Pleistocene
palaeoecology of the Nullarbor Plain. The Early Pleistocene assemblage was found to contain high
woodland species diversity, and includes the majority of the extinct taxa. Presence of numerous wetland
taxa, including rails, charadriiforms, a duck and a stork, indicate periodic inundation, even if conditions
were generally relatively arid. By contrast, the Middle Pleistocene assemblage has low diversity, includes
few woodland taxa, and comprises mainly species that prefer open arid habitat similar to that of the
Nullarbor Plain today. Few extinct species are present, suggesting that a majority of extinctions may have

occurred between the Early and Middle Pleistocene in response to aridity-induced habitat loss.
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Chapter 1: General Introduction

Chapter 1: Introduction, aims and methods

1.1 Introduction

The overarching aim of the thesis is to use the fossil assemblage from the Thylacoleo Caves to investigate
the diversity and distribution of non-passerine birds on the Nullarbor Plain during the Early and Middle
Pleistocene. This chapter provides background information fundamental to the three data chapters that
follow. In it | review the literature on the: 1) palaeoecology of the Pleistocene epoch; 2) diversity and
distribution of the modern Australian avifauna; 3) Pleistocene fossil record of Australian birds; 4) modern
geography and ecology of the Nullarbor Plain; and 5) prior research on the Pleistocene fossil vertebrate
assemblage from the Thylacoleo Caves, including birds. Following on from the review is a statement of
the specific aims of the thesis, and the general methodological approach used in the collection, curation

and identification of the fossil specimens studied in subsequent chapters.

1.2 Background

1.2.1 Historical views on the Australian avifauna during the Pleistocene

It has long been proposed that the climatic perturbations of the Pleistocene played a major role in shaping
the diversity and biogeography of the modern Australian avifauna (Gentilli 1949; Keast 1961; Ford 1987),
but only since the second half of the 20" Century has the true complexity of the Pleistocene epoch, and
the complexity of its impact on faunas, been grasped. As recently as the mid-20" Century, most of the
Australian avifauna was considered to be the result of recent colonisation from Asia via Indonesia and
New Guinea (Mayr 1944). Moreover, Pleistocene arid phases were believed to have been so severe that
they drove all animal life to extinction in the western part of the continent, before being later recolonised

from eastern Australia and New Guinea (Gentilli 1949).

However, these ideas were rapidly replaced with an essentially modern view of the evolution,
biogeography and antiquity of the Australian avifauna (e.g. Keast 1961), wherein Pleistocene climatic
fluctuations were understood to have shaped the continent’s existing avifauna by creating aridity barriers
and refugia (Ford 1987; Schodde and Mason 1999; Toon et al. 2007; Byrne 2008). At the time that Keast
was writing in the early 1960s, though, neither the timescales involved nor the complexity of global
Pleistocene climatic changes were well understood. The evidence then available was that there were four
major Northern Hemisphere glacial cycles that had influenced the Australian climate. Today, more than
100 marine oxygen-isotope stages, representing around 50 global glacial-interglacial cycles, are

recognised as having occurred during the Pleistocene (Cohen and Gibbard 2011; Gibbard and Lewin 2016),
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making the interpretation of the evolutionary and biogeographical history of the Australian avifauna a

much more complex affair.

1.2.2 Modern understandings of the origins of the Australian avifauna

Within the last few decades, research has revealed that the Australian bird assemblage is much more
ancient than previously envisaged. Fossil and molecular evidence has shown that some of the world’s
most successful modern lineages of birds, including parrots (Joseph et al. 2011; Schweizer et al. 2011),
pigeons (Pereira et al. 2007; Worthy et al. 2009; Worthy 2012a;) and passerines (Moyle et al. 2016)
originated in the Australasian region. Fossils from the late Oligocene to early Miocene (28—11 million years
ago) show that even some extant genera have survived in Australia for more than 20 million years (Boles

1995, 2001, 2005; Worthy 2012b; Nguyen et al. 2014; Nguyen 2016).

Further, although there has been a degree of bi-directional interchange of fauna between Australia and
New Guinea over the last few million years (Joseph et al. 2001; Schodde 2006; Joseph and Omland 2009;
Marki et al. 2017), there is no evidence for the catastrophic loss of species from most of Australia during
the Pleistocene, followed by recolonisation from eastern Australia and New Guinea, that Gentilli (1949)
imagined: climatic events of the Pleistocene certainly did not play out on an avifaunal tabula rasa, but

rather in the context of a pre-Pleistocene avian assemblage with ancient roots.

1.2.3 Effects of the Pleistocene on Australian birds

For the last half-century or more, the dominant paradigm has been that the Pleistocene saw an overall
trend towards aridity in Australia: overprinted on this trend, arid-habitat barriers arose in more mesic
areas during cool, dry intervals of the Pleistocene, driving populations of birds to differentiate by
vicariance, thus helping create the patterns of diversity and distribution observed today (Keast 1961;
Schodde and Mason 1999; Schodde 2006; Byrne 2008). Schodde (2006) proposed that most extant
Australian birds evolved during the Pleistocene, with some having evolved somewhat earlier in the
Pliocene. However, a review by Byrne et al. (2008) concluded that for most Australian taxa examined,
including birds, species diversity was largely established by the Pleistocene, and the climatic fluctuations
of the Pleistocene were mostly a driver of range changes and intraspecific variation, rather than

speciation.

Recent genetic studies have provided evidence for both speciation and sub-specific differentiation during
the Pleistocene. For example, certain sub-species of the Variegated Fairy-wren Malurus lamberti are
inferred to have differentiated during the Middle and Late Pleistocene (McLean et al. 2012), while the
Chestnut Teal Anas castanea and Grey Teal A. gracilis seem to have differentiated during the Late

Pleistocene (Dhami et al. 2013). In some cases the boundaries between what constitutes species and sub-
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species are blurred (Murphy et al. 2011; Toon et al. 2012), making it difficult to generalise about the

overall effects of Pleistocene climatic fluctuations on bird diversity.

A further complication to understanding the overall impact of Pleistocene climate cycles on bird evolution
is that molecular data sometimes conflict with phenotypic evidence for what constitutes a species or
subspecies (Joseph et al. 2013). For example, genetic-morphological mismatches have been found in the
Australian Magpie Cracticus tibicen, Pied Butcherbird Cracticus nigrogularis and in the entire genus of

Platycercus parrots (rosellas) (Toon et al. 2007; Kearns et al. 2010; Shipham et al. 2015).

In recognition that the Pleistocene was highly complex and likely affected different taxa in different ways,
Dolman and Joseph (2012) used molecular data to test what effects the ‘Nullarbor Barrier’ had on 10 bird
taxa with allopatric distributions in south-western and south-eastern Australia. They found that different
taxa had idiosyncratic responses in terms of divergence dates, highlighting the difficulty of making
generalisations about the timing of complex vicariance ‘events’ (see Section 1.6.6). If we are moving
towards a coherent narrative of the effects of Pleistocene on the evolution of the Australian avifauna, the
current status appears to be an acknowledgement of complexity, rather than the attainment of clear

answers and neat generalisations that can be applied across all taxa.

1.2.4 A global view

Australia is not unique in lacking a detailed picture of how events of the Pleistocene affected its avifauna
overall. As summarised by Nadachowska-Brzyska et al. (2015), there has been a great deal of debate about
the overall effects of the Pleistocene on the diversity of birds globally. Some (e.g. Johnson and Cicero
2004; Weir and Schluter, 2004) have argued that there was a net increase in the number of bird taxa
during the Pleistocene due to high rates of vicariant speciation. Others (e.g. Zink et al. 2004) have argued
that there was either a lowered rate of speciation, or that high speciation rates were balanced out by
extinctions for no net gain. Which of these scenarios might apply to the Australian avifauna is currently
unclear. Did the climatic fluctuations of the Pleistocene result in a net increase in diversity through

vicariance, a net decrease in diversity through extinctions, or did these factors balance each other out?

This is too large a question to resolve in this thesis, but the fossil research presented in later chapters
provides a rare opportunity to directly survey the diversity of Australian landbirds during the Pleistocene
in a way that is spatially and temporally explicit, and that is independent of modern biogeographical
distributions, which may mask the events of the past (e.g. Warren et al. 2014). Some recent fossil bird
studies from other continents have revealed previously cryptic range changes and extinctions during the
Pleistocene, in both continental and island contexts, in northern Europe, the Americas and Asia (Meijer
and Due 2010; Steadman and Mead, 2010; Oswald and Steadman 2011; Meijer et al. 2013; Meijer 2014;
Holm and Svenning 2014; Meijer et al. 2015; Oswald and Steadman 2015; Steadman et al. 2015; Stewart
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and Jacobi 2015). | hope that the present study will provide a similar new perspective on the Pleistocene

history of the Australian avifauna.

1.3 Overview of the Pleistocene epoch

1.3.1 Glacial-interglacial cycles of the Pleistocene

1.3.1.1 Global climate and geography

Following the closing of the Isthmus of Panama during the Pliocene approximately 3 Ma (million years
ago), ocean circulation patterns adopted their modern configuration setting the foundation for the
modern global climate (Sarnthein et al. 2009). Soon after this, periodic fluctuations in the Earth’s orbit,
known as Milankovitch cycles, interacted with altered ocean circulation patterns, resulting in the repeated
glacial-interglacial cycles that characterise and define the Quaternary period, commencing 2.58 Myr ago

(Gibbard et al. 2010).

When polar ice sheets and glaciers grew during cold intervals, they locked up vast quantities of water. At
times, this caused global sea levels to fall more than 100 metres below present levels. Land masses that
are currently separated by sea became conjoined as continental shelves were exposed (Lambeck and
Chappell 2001): the Bering Strait dried out, Siberia was at times contiguous with North America via a land
bridge referred to as Beringia, and the Australian mainland joined with Tasmania and New Guinea to form
a single landmass (Yokoyama et al. 2001). Warmer phases of the Quaternary, in turn, melted the polar ice

sheets and glaciers, raising sea levels once more and cutting off these land-bridge connections.

1.3.1.2 Effects on the biota

Accompanying the profound changes in global climate and geography of the Pleistocene came inevitable
changes to regional biotas. As global temperatures, patterns of precipitation, ice cover and land-bridge
connections changed, flora and fauna were shuffled from region to region, and this provided conditions
for novel ecological assemblages — sometimes called ‘non-analogue’ or ‘no-analogue’ communities — to

form (Williams and Jackson 2007).

For example, taxa that we currently think of as quintessentially African, such as lions, hippopotamus and
hyaena, at times inhabited Europe, including Britain, where they comingled with what we now think of as
European and arctic species like red deer and reindeer (Polly and Eronen 2011). In the northern
hemisphere, the characteristic Pleistocene ‘mammoth steppe’ fauna — including mammoth, reindeer,
horse and bison — evolved and spread throughout the vast contiguous steppe habitat that spanned

Northern Europe, Siberia, Beringia and northern North America (Guthrie 2000).

The extinction of ‘ice-age’ megafauna such as mammoth, mastodon and woolly rhinoceros from high

latitudes in Eurasia and North America late in the Pleistocene is well known, but it is less widely known
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that over the last few tens of thousands of years of the Late Pleistocene (126,000-11,700 years ago), other
continents, including Australia, also lost a majority of their large-bodied animals that had thrived for most
of the Pleistocene. South America lost 52 genera of megafauna (Barnosky and Lindsey 2010), while
Australia lost 25 genera, including almost all of its large mammals (Prideaux 2007). Thus, modern
terrestrial mammalian faunas, of all continents except Africa, are depauperate relative to most of the

Quaternary (Barnosky et al. 2004).

The Pleistocene and Holocene (11,700 years ago to present) also saw the spread of Homo sapiens
throughout the globe (e.g. Groucutt et al. 2015; Stringer, 2016). The relative role of humans and climate
change in continent-wide extinctions of megafauna is contentious, and has long been debated (Johnson
2002; Barnosky et al. 2004; Miller et al. 2005; Guthrie 2006; Dawson 2006; Barnosky and Lindsey 2010;
Campos et al. 2010; Faith 2011; Field and Wroe 2012; Field et al. 2013; Murphy et al. 2012; Sandom et al.
2014; Jankowski et al. 2016; Johnson et al. 2016). The causes of Pleistocene extinctions will doubtless
continue to be debated, but their scale is undisputed, and vertebrates that are alive in the Holocene must
be understood as survivors of the extinction legacy that killed off so many species in the preceding

geological epoch.

1.3.2 Australia during the Pleistocene
As on other continents, the Pleistocene was a time of climatic and ecological upheaval in Australia. The
following section provides a brief overview of these changes as context for the fossil research presented

in later chapters.

1.3.2.1 Aridification

Arid landforms dominate the Australian landscape today: the arid zone, defined by having average annual
rainfall of 100-250 mm, covers around 70% of the continent (Byrne et al. 2008) (Figure 1.1). The late
Pliocene into the Pleistocene saw an overall trend towards very dry conditions. There was an expansion
of the arid landforms that dominate today, such as stony and sandy deserts in central Australia (Fujioka
et al. 2005, 2009; Fujioka and Chappell 2010). Inland mega-lakes in the Eyre and Frome basins in central
Australia, and the Murray-Darling basin in south-eastern Australia (McLaren and Wallace 2010; Webb
2010; Cohen et al. 2011; McLaren et al. 2012) were ultimately lost. This was the culmination of a longer-
term trend towards aridification of the continent that began around 15 Ma during the Miocene as the

continent drifted northwards (Byrne et al. 2008, 2011).
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Figure 1.1: Approximate boundaries of the Australian arid zone (modified from map downloaded
from CartoGIS Services, College of Asia & the Pacific, Australian National University, Canberra,
02/11/2017: http://asiapacific.anu.edu.au/mapsonline/base-maps/australia-0)

Unlike continents at higher latitudes, Australian aridity during the Pleistocene was not directly due to
glaciation, which was minimal in extent (Barrows et al. 2001). Rather, the climate of Australia was affected
indirectly by fluctuations in global temperature and atmospheric moisture, via changes in monsoon
activity and sea-surface temperature. Although it is often generalised that Australia was more arid during
glacial periods and moister during interglacial phases of the Pleistocene (Martin 2006), recent research
has revealed spatial heterogeneity in climatic conditions across the continent. For example, the last glacial
maximum ~26,000-18,000 years ago saw dry conditions prevail on the Swan Coastal Plain in south-
western Australia (Lipar et al. 2017) but moist conditions in the Flinders Ranges in the mid-north of South
Australia (Treble et al. 2017). The periodic filling of mega-lakes in central Australia occurred both during
cold glacial and warm interglacial phases, in response to intensification or weakening of monsoonal
conditions (Fu et al. 2017). Further, although there was an overall trend towards aridity during the Plio-
Pleistocene, there were significant moist intervals as well, as detected by, for example, speleothem

records (Goede et al. 1990; Ayliffe et al. 1998; Moriarty et al. 2000; Treble et al. 2017), lake sediment
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sequences (Fu et al. 2017; Kaal et al. 2014) and erosional features (Lipar and Ferk 2015). Many of the

complexities of the Pleistocene climate of Australian are only beginning to be dissected.

1.3.2.2 Vertebrate fauna

The fossil record has revealed that during most of the Pleistocene, Australia was home to a suite of now-
extinct vertebrates, many of them larger than any living relative. The vast majority of extinct taxa known
from this time are marsupials, including iconic megafaunal species such as the 2.5-tonne wombat-like
Diprotodon optatum, 230-kg short-faced kangaroo Procoptodon goliah, and the 100-kg carnivorous
marsupial ‘lion’ Thylacoleo carnifex (Wroe et al. 1999; Wroe et al. 2004; Helgen et al. 2006). Extinctions
among other vertebrate groups appear to have been more modest, but notable losses of non-marsupial
taxa include the giant echidna Zaglossus hacketti, weighing 20 kg (Helgen et al. 2012), the snake Wonambi
naracoortensis that reached five metres in length (Scanlon and Lee 2000), large crocodiles (Sobbe et al.
2013), and Varanus priscus, a giant monitor lizard (Wroe 2002). Only around ten to twelve species of bird
are known to have gone extinct, including the two-metre tall galloanseriform bird Genyornis newtoni,
weighing 275 kg (Murray and Vickers-Rich 2004). Extinct birds are reviewed in more detail below. Most

extant vertebrate taxa were alive during the Pleistocene, and lived alongside the suite of extinct taxa.

1.4 The modern Australian avifauna

1.4.1 Scope

As background to the study of fossil birds that follows in later chapters, the following sections comprise a
brief overview of the modern continental Australian avifauna. Birds from external territories such as
Norfolk Island and the Australian Antarctic Territory are excluded, as are species that are only known as
vagrants, and those that have been introduced to Australia since European colonisation. The emphasis is
on landbirds, in particular the non-passerine orders, which are the focus of later chapters. Overlap
between the avifaunas of New Guinea and Australia is acknowledged (see Schodde, 2006), but the

diversity of the New Guinean avifauna is outside the scope of this review.

1.4.2 Taxonomy

This overview is based on the current checklist of Australian birds (Christidis and Boles 2008), which
requires updating in light of taxonomic studies that have been published in the last decade, but is still a
useful tool in its current form for assessing overall patterns of diversity among Australian birds. Some of
the genera and species recognised by Christidis and Boles (2008) differ from those of Dickinson and
Remsen (2013) and Dickinson and Christidis (2014), which are used in later chapters. However, the higher-
level taxonomy of these authorities is similar, and the list of Christidis and Boles (2008) is convenient due

to its geographical scope being limited to Australia.



Chapter 1: General Introduction

1.4.3 Diversity

There are 21 orders, 87 families, 307 genera, and 678 species of bird currently resident in Australia
(Christidis and Boles, 2008). The number of species within the 21 represented orders is highly uneven,
ranging from over 300 species in the Passeriformes (perching birds/songbirds) to two species in the

Phaethontiformes (tropicbirds).

The Passeriformes account for nearly half of all species (317 species; 47%). The other 20 orders,
collectively referred to as non-passerines, account for the other half (361 species; 53%). Although the
passerines and non-passerines contain similar numbers of species, the non-passerines have considerably
higher combined diversity at higher taxonomic levels, with 51 families and 191 genera in the non-

passerines, and 36 families, 116 genera in the passerines.

Some of the most speciose non-passerine orders (Figure 1.2) include the Anseriformes (ducks, geese,
swans) (21 species), Columbiformes (pigeons and doves) (22 species), Ciconiiformes (e.g. pelicans, herons,
ibis) (21 species), Accipitriformes (eagles, kites) (18 species), Gruiformes (rails, cranes, crakes) (17 species),
and Psittaciformes (parrots and cockatoos) (52 species). The Charadriiformes (waders and shorebirds) are
also very diverse, and excluding the two largely marine families in this order — the Stercorariidae (skuas

and jaegers) and the Laridae (gulls and terns) — this order comprises some 61 species.

The most speciose family, the Meliphagidae (honeyeaters), comprises more than 70 species, and the
Acanthizidae (heathwrens, gerygones, thornbills) contains 40. At the opposite extreme, there are 15 bird
families both within the passerines and non-passerines that are represented by a single extant Australian
species. In the case of two of these, the Plains-wanderer Pedionomus torquatus in the Pedionomidae and
the Magpie-goose Anseranas semipalmata in the Anseranatidae, the lone species in each family has no

close extant relative anywhere in the world.

At the generic level, 166 genera have only one extant species resident in Australia. Of these, more than
70% (118 genera/species) are non-passerines and just under 30% are passerines (48 genera/species).

Thus, arguably, the non-passerine orders contain more taxa of unique conservation value.

Many of Australia’s nearly 700 bird species are further divided into sub-species. Excluding introduced taxa
and vagrants, but including monotypic species and sub-species, Australia is home to nearly 1,300 bird taxa
in total. Around 350 full species are endemic, but when sub-species are also included, more than 900 bird
taxa are endemic to Australia (BirdLife Australia 2017). Of these endemics, around a third are non-

passerines and around two-thirds are passerines.
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Figure 1.2: Species diversity within non-passerine orders of Australian birds (based on data in
Christidis & Boles 2008)

1.4.4 Distribution

The Australian mainland covers an area of ~7.5 million square kilometres and though dominated by the
arid zone (Figure 1.1), contains a diverse array of habitat types, from tropical rainforest, to savannah
grassland, to alpine regions, to desert, to temperate woodland. Within these diverse biomes are a number
of characteristic regional bird species assemblages, termed ‘avifaunulas’ (Schodde 2006). Remnant mesic
habitats are confined to the north, east, south-east, and south-west of the continent, comprising a coastal
and sub-coastal fringe, with major discontinuities in south-central Australia at the Nullarbor Plain, and

along the west coast.
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The modern biogeography of birds in Australia is structured mainly by moisture availability, which is
closely tied to vegetation type and biomass. One analysis found that evapotranspiration, which captures
both moisture and standing biomass, best explains modern patterns of bird diversity and distribution:
diversity is concentrated around the more densely vegetated, mesic continental margins, while the arid

zone contains approximately half the number of species (Figure 1.3) (Hawkins et al. 2005).
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Figure 1.3: Contemporary distribution of bird species diversity on the Australian mainland (adapted

from Hawkins et al. 2005). Numbers in the key represent the number of species found at each location.

Gradual drying of the continent since the second half of the Miocene (23-5.3 Myr ago) has concentrated
more basal lineages of birds in remnant mesic habitats, while the expansion of the central arid zone has
allowed the evolutionary radiation of younger, more derived lineages into the recently-formed arid biome
in the middle of the landmass (Figure 1.4) (Hawkins et al. 2005; Byrne et al. 2008, 2011). Pertinent to the
research presented later in this thesis, the south-central region of Australia, in which the Nullarbor Plain
and the Thylacoleo Caves are located, contains one of the most highly derived avian assemblages on the
continent at the level of family, as represented by orange-red colours in Figure 1.4. This indicates that the

Nullarbor region has experienced higher turnover of avian families than most of the continent.

An ‘arid’ versus ‘mesic’ framework is useful for a broad understanding of how habitat types and the bird
taxa they contain are distributed geographically, but within this are distinct regional assemblages.
Schodde (2006) describes five avifaunulas (regional avifaunas) distributed through the Australian
mainland, New Guinea, and Tasmania (Figure 1.5). Although they share species in common, each is
characterised by certain endemic taxa or distinctive assemblages of species. The largest avifaunula is the
Eyrean (Figure 1.5), which covers most of the central portion of the mainland, largely corresponding with
the arid zone (Figure 1.1). The other avifaunulas — the Tumbunan, Irian, Torresian and Bassian/Mallee —
are far smaller, and are more or less restricted to the higher-rainfall areas. The following sections briefly

summarise the character of the five avifaunulas as defined and described by Schodde (2006).
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Figure 1.4: Contemporary distribution of basal and derived bird families on the Australian
mainland (adapted from Hawkins et al. 2005). Relatively more basal families are represented in blue
shades, and relatively more derived families in red shades. Numbers in the key represent mean root

distance from the base of the bird phylogeny used in the original analysis.

Mallee (Bassian)

- Tumbunan

Figure 1.5: The modern avifaunulas of Australia (adapted from Schodde 2006)

The Tumbunan avifaunula comprises subtropical and temperate rainforests of Gondwanan origin on the
east coast, Tasmania, and montane Papua New Guinea. The Australian area contains an assemblage of
just over 50 species, with a high proportion of monospecific genera and ancient lineages, reflecting a

history of repeated culling and contraction.
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The Irian avifaunula, in northern Australia and Papuasia, contains mesophyll rainforest habitat. Its
Australian extent comprises only very small isolated pockets of habitat in the Kimberley, Arnhem Land,
and eastern Cape York Peninsula. It is the most diverse Australasian avifaunula with over 400 species, but
most of these are in Papuasia. The Australian pockets contain 95 species, with low endemism. More non-
passerines than passerines are present, with high diversity among pigeons, parrots, kingfishers, raptors,
rails, megapodes, swifts and tree-swifts. Passerine diversity is mainly within the honeyeaters, monarchs,

fantails, cuckoo-shrikes, and trillers.

The Torresian avifaunula comprises monsoonal woodlands with an overstorey of eucalypts and
paperbark, spanning the whole of northern Australia as far south as the inland deserts, with outlying
pockets in the Pilbara and upper Murray-Darling Basin, as well as New Guinea. Its vegetation is relatively
uniform, with an understorey dominated by tall annual grasses, or Triodia/Plechtrachne hummock
grassland on rocky outcrops. Around 90 species of bird inhabit this avifaunula. Passerines are the most
diverse group, highest diversity being within the honeyeaters, estrildine finches, butcherbirds and
woodswallows. Among non-passerines, most diversity is within the parrots and phabine pigeons. The
Torresian avifaunula contains the most diverse guild of granivores in Australia, including the estrildine
finches, four platycercine parrots, monospecific Aprosmictus (Red-winged Parrot), a number of species of
cockatoo, and three species of button-quail. Endemism is high, much of it at the genus level, indicating
antiquity of its lineages. Endemic taxa include the Magpie-goose Anseranas semipalmata, two raptors,
the ground-pigeons, grass parrots in the genus Psephotellus, several honeyeaters, a mudnester, a

bowerbird, and two grass-finches.

The Bassian avifaunula comprises scleromorphic temperate forests and woodlands in south-west
Western Australia, south-eastern Australia and Tasmania, with pockets of habitat stretching north
through the Great Dividing Range as far as tablelands in north-eastern Queensland. It includes a sub-zone
of Mallee habitat in southern Australia, which is dominated by low, multi-stemmed Eucalyptus trees and
sand-plain heath. The assemblage comprises 145 core species, and is rich in nectarivores, ground- and
foliage-feeding insectivores, and granivores. Bassian habitats are interrupted by the arid zone along the
south-central coast in the region of the Nullarbor Plain. In the south-west corner of Western Australia,
the Bassian assemblage holds 65 core species, with high levels of endemism (15 species; 22 sub-species).
In South Australia, including the Mount Lofty and Flinders Ranges, the Bassian zone is relatively rich in
species (78), and whilst low in endemic species, it hosts 40 endemic sub-species. Tasmania and the Bass
Strait islands hold 12 endemic species and 45 endemic sub-species. The south-eastern mainland holds 95
Bassian species with only 10 endemics, but does contain old relictual taxa. Queensland has 48 core Bassian

bird species, none of which is endemic, but has 20 endemic sub-species. The Mallee regions intermingle
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with the Eyrean avifaunula, with 65% of birds in the mallee being of Bassian origin, and 14 being endemic

or nearly so.

The Eyrean avifaunula covers most of the arid interior. Habitat includes mulga (Acacia woodland), spinifex
dune deserts and dry stony ranges. Though vast in area, the Eyrean is low in species relative to its size. It
has 82 core species, many with Bassian affinities, although some have their origins in the Torresian zone,
and many of its species are widespread throughout Australia. Most Australian bird families have
representatives in the Eyrean zone. Greatest diversity is seen in the parrots, honeyeaters, acanthizid
warblers, and malurid wrens. Its endemics are mostly old, monospecific genera, with 70% of these being

represented by a single species.

1.4.5 Conservation status

Thus far, humans appear to have had much less of an adverse impact on the diversity of Australian birds
than they have had on mammals during the Quaternary. However, very little is known about what impacts
50,000-plus years of Aboriginal inhabitation had on the continent’s birds prior to European arrival. In part
this is because the baseline diversity and distribution of Australian birds prior to the arrival of humans in
the Late Pleistocene is poorly understood based on the fossil record, making any impacts difficult to
detect. At least two extinct species of bird are suspected to have overlapped temporally with humans
during the late Pleistocene, and there is circumstantial evidence that humans may have contributed to
their decline. Bones of the giant galloanseriform Genyornis newtoni have been found in a deposit with
stone tools at Cuddie Springs in New South Wales (Fillios et al. 2010), but the contemporaneity of the
bones and tools at the site has been questioned (Griin et al. 2010). Thus, there is only tenuous evidence
that humans may have contributed to the decline of this species, and the chronology of its extinction is
unknown. Archaeological evidence shows that people consumed the eggs of a large but unidentified
species of large megapode prior to its apparent extinction around 47,000 years ago (Grellet-Tinner et al.
2017; Grellet-Tinner et al. 2016; Miller et al. 1999, 2016, 2017) (see Chapter 3 for a discussion of the

identity of the species involved).

Around ten other species of bird are known to have gone extinct during the Pleistocene (see Section
1.5.3), but their remains are generally scarce, lack good temporal constraint, and have not been found in
archaeological contexts, so there is no evidence for temporal overlap with humans. Future archaeological
discoveries may reveal Pleistocene bird extinctions that were caused by humans, but there is currently no
evidence, even circumstantial, for a major human-mediated extinction of birds in Australia during the
Pleistocene or Holocene. It must be borne in mind that approximately 2.53 million years of the Pleistocene

had elapsed before humans entered the continent 50,000-plus years ago.
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So far, the number of avian extinctions since European colonisation of the continent has been low. Of the
species listed by Christidis and Boles (2008), only one, the Paradise Parrot Psephotellus (=Psephotus)
pulcherrimus, is thought to have gone extinct since European colonisation of the continent began in
earnest in the late 18" Century, with no verified sightings of the species since 1927 (Garnett et al. 2011).
Insular dwarf emus were extirpated from Kangaroo Island, Tasmania and King Island, but they were likely
conspecific with the extant mainland Emu D. novaehollandiae (Heupink et al. 2011; Thomson et al. 2018).
By contrast, around 30 species of Australian land mammal — more than 10% of the pre-European fauna -
has been extirpated since the 18™ Century (Woinarski et al. 2015). Many more bird taxa are now under
threat (Garnett et al. 2011), but to date they have proven more resilient in the face of habitat clearance
and introduced predators than have mammals. This pattern echoes the Pleistocene fossil record, which
shows high losses of genera and species occurred among mammals, but with little evidence for similar

losses among birds.

1.5 Pleistocene fossil record of Australian birds

1.5.1 Quality of the fossil record

The modern Australian avifauna is well defined in terms of diversity and distribution, but we currently lack
a thorough understanding of the timeframe over which the Holocene avifaunulas took on their current
structure and composition. The fossil record for most living Australian birds is poor to non-existent, and
even though most were presumably extant during the Pleistocene, due to the limitations of the fossil

record we do not know where most species lived and when, and with what other taxa they co-existed.

Many sites throughout Australia have yielded Pleistocene bird fossils, but most lack diversity. Baird et al.
(1991) listed 90 localities and 188 individual sites from which Pleistocene and/or Holocene bird fossils
were known: 17 in New South Wales, 11 in Queensland, 28 in South Australia, 11 in Tasmania, 12 in
Victoria, and 11 in Western Australia. Mean diversity from these sites is just 3.9 species, with many
reported to contain one or two species of bird, often Genyornis newtoni or Dromaius novaehollandiae.
This may be due to a preservation bias against smaller species, or bones of these very large species may

simply have been the most obvious, recognisable and identifiable by non-specialists.

Eighteen Quaternary-aged fossil deposits (Figure 1.6) have yielded a more substantial avian component
of ten or more species (Table 1.1). All but one of these sites are caves in southern Australia, and most are
in the mesic zone. Bird fossils, including those of extinct species, have been collected from various arid-
zone sites, particularly in the Lake Eyre Basin, but these localities typically have low taxonomic diversity
and represent mainly aquatic taxa (Baird et al. 1991). Diverse fossil avifaunal assemblages, and

assemblages representing landbirds other than dromornithids or emus, are essentially lacking for the
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north of the continent and for almost the entire arid zone, severely limiting knowledge about the diversity

and distribution of landbirds across the continent during the Pleistocene.

Seton Rock Shelter o .

Victoria Fossil Cave & Blanche Ca loggs Cave

Green Waterhole Cay .

Amphitheatre Cave, Curran’s Creek Cav
& McEachern’s Cave

Figure 1.6: Pleistocene and Holocene localities that have yielded 10 or more bird taxa

1.5.2 Extant taxa

On the whole, the most diverse fossil avifaunas (Table 1.1) have yielded species assemblages fairly

congruent with modern species distributions, but have also provided evidence of range changes for some

extant taxa. Significant examples include: a major south-westerly range extension for two genera,

Centropus (coucals) and Orthonyx (logrunners) (Baird 1985); a southern extension for Atrichornis

rufescens (Rufous Scrub-bird) (Baird 1993); a major south-west range extension for Pezoporus occidentalis

(Night Parrot) (Baird 1986), and an extension for the Ground Parrot Pezoporus wallicus onto Kangaroo

Island off the South Australian coast (Hope et al. 1977). Evidence from various sites in southern and

eastern Australia show that the extant flightless Tasmanian Swamphen Tribonyx mortierii, which is now

restricted to Tasmania, was widespread on the Australian mainland during the Pleistocene (Baird 1984).
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Table 1.1: Diverse Quaternary fossil avifaunas of Australia (listed from west to east). Early and

Middle Pleistocene deposits are in bold type. See map in Figure 1.6 for locations.

Site Locale Age No.taxa Reference

Devil’s Lair Witchcliffe, south- Late Pleistocene 26 Baird (1991)
west Western
Australia

Skull Cave Augusta district, Holocene 10 Baird (1991)
south-west Western
Australia

Thylacoleo Caves Nullarbor Plain, Early, Middle and ~18 Prideaux et al. (2007)
Western Australia possibly Late

Pleistocene

Madura Cave Nullarbor region, Late Pleistocene/ 15 Baird et al. (1991);
Western Australia Holocene Baird (1986)

Koonalda Cave Nullarbor region, Late Pleistocene 29 Baird, 1986; Baird et al.,
South Australia 1991)

Weekes Cave Nullarbor region, Unknown 10 Baird (1990); van Tets
South Australia (1974)

Mairs Cave Flinders Ranges, South  Pleistocene 12 Baird (1991)
Australia

Seton Rock Shelter Kangaroo Island, South  Late Pleistocene/ 33 Hope et al. (1977)
Australia Holocene

Victoria Fossil Cave Naracoorte, South Middle/Late 17 Ayliffe and Veer (1988);
Australia Pleistocene Moriarty et al., (2000);

van Tets and Smith
(1974)

Blanche Cave Naracoorte, South Late Pleistocene 19 Laslett (2006), unpub.
Australia

Green Waterhole Cave  Tantanoola, south- Possibly Late 16 Baird (1985); Baird
east South Australia Pleistocene (1991)

Amphitheatre Cave Glenelg River district, Holocene 21 Baird (1992)
south-western Victoria

Curran’s Creek Cave Glenelg River district, Unknown, possibly 16 Baird (1986); Baird et
south-western Victoria Late Pleistocene al. (1991)

and Holocene

McEachern’s Cave Glenelg River district, Late Pleistocene/ 11 Baird et al. (1991)
south-western Victoria Holocene

Pyramids Cave Buchan district, Late Pleistocene 19 Baird (1993); Baird et
eastern Victoria al. (1991)

Clogg’s Cave Buchan district, Late Pleistocene/ 55 Baird (1986); Baird et
eastern Victoria Holocene al. (1991)

Mabel Cave Buchan district, Unknown, possibly 46 Baird (1986); Baird et
eastern Victoria early Holocene al. (1991)

Mt Etna Rockhampton, Middle to Late ~23 T. Worthy, pers. comm.
Queensland Pleistocene 11 April 2013; Hocknull

et al. (2007)
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It is noteworthy that two of the species for which range changes have been identified are of conservation
concern today: Atrichornis rufescens and Pezoporus occidentalis are both classed as Endangered (Garnett
et al. 2011). Furthermore, Pezoporus wallicus, which went extinct in South Australia in the 20" Century,
was not recorded on Kangaroo Island in historic times. Such examples show the potential value of using
the fossil record to indicate the historic ranges of extant bird taxa, including those that are of conservation
concern. This information could be used to identify patterns of decline in response to ecological change,
and could be used in conservation programs including translocations, as has been suggested for

mammalian taxa in similar contexts (McDowell and Medlin 2010).

1.5.3 Extinct species

Over the last 150 years, the Australian fossil record has revealed only around ten to twelve species of
extinct bird from the Pleistocene, with the exact number difficult to determine due to taxonomic
uncertainty about several of the described species. Those known or suspected to have gone extinct are:
the giant galloanseriform Genyornis newtoni; either one or two species of megapode in the genus
Progura, which were larger than any living relative (De Vis 1888; van Tets 1974; Boles 2008; but see
Chapter 3); possibly dwarf emus (see above); a flamingo Phoenicopterus ruber from central Australia,
which is still extant in the Americas, Africa and Europe (Rich et al. 1987); a palaelodid Palaelodus wilsoni
from central Australia (Baird and Vickers-Rich 1998); a giant flightless coucal, Centropus colossus, which
was larger than any living relative, and is known from one site in south-eastern Australia (Baird 1985); a
pilotbird Pycnoptilus fordi, which is the smallest extinct Pleistocene species described to date (Baird 1993);
a pelican Pelecanus proavus, from the Darling Downs in south-eastern Queensland (Rich and van Tets,
1981), which may be conspecific with extant P. conspicillatus (Boles 2006); and two species of logrunner,
Orthyonyx hypsilophus and O. wakefieldi, from two different localities in south-eastern Australia (Baird
1985; Baird 1993). A further species, a giant eagle from Green Waterhole Cave, was noted by Baird (1985)
but has not yet been formally described. A number of other extinct species of bird from the Pliocene and
Pleistocene were described by Charles De Vis in the late 19" and early 20" Centuries, but most have since
been synonymised with extant species or are taxonomically suspect (e.g. Olson, 1975, 1977; van Tets and

Vickers-Rich, 1980, 1990; Boles, 2006, 2010).

With the exception of the extinct pilotbird Pycnoptilus fordi and one of the logrunners (0. wakefieldi), all
the extinct Pleistocene bird taxa that have been described, plus the undescribed eagle, are relatively large
taxa, and several (G. newtoni, Progura spp., C. colossus, O. hypsilophus and P. fordi) are larger than their
closest living relatives. Boles (2006) commented that the large size of extinct Australian bird taxa may
have been overemphasised due to preservation bias in favour of large bones, compounded by

palaeontologists’ preferences for studying large species. It could well be the case that small extinct species
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have been overlooked to date. Aquatic and weak-flighted ground-dwelling birds are over-represented
among the extinct taxa, possibly due to preservation biases towards aquatic taxa and ground-dwelling
taxa (Baird 1991; Boles 2006). However, aquatic and ground-dwelling taxa may have been particularly
adversely affected by palaeoecological upheavals during the Pleistocene: aquatic taxa by the drying of
inland lakes; and ground-dwelling taxa by the disappearance of dense canopy and associated understorey

vegetation as mesic vegetation contracted.

Time may tell whether the observed patterns of extinction are truly representative of the bird taxa that
were lost from Australia during the Pleistocene. On present evidence, notably few birds appear to have
gone extinct during this time, in stark contrast to the catastrophic loss of mammalian taxa during the
Pleistocene that has been revealed by the fossil record. However, sites preserving well-studied, diverse
Pleistocene avifaunas are few, and are concentrated in the southern mesic margins of the continent (see
Figure 1.6). A non-aquatic avian fossil record for the arid interior, and for the north of the continent, is

almost entirely lacking.

Individual extinct species are discussed in more detail below, but in terms of the significance of the fossil
deposits from which they have been described, it is important to note that some of the high-diversity sites
have produced multiple new species of bird: Pyramids Cave in eastern Victoria produced two (Baird et al.
1991; Baird 1993) and Green Waterhole Cave in south-eastern South Australia produced three (Baird
1985; Baird et al. 1991). Presence of multiple extinct species at these sites may indicate that greater than
average avifaunal turnover occurred within these localities, but it is also possible — and perhaps more
likely — that Pleistocene avian extinctions occurred elsewhere but have not been detected via the fossil
record. In support of this notion, it was only by chance that the two species from Pyramids Cave were
discovered, as all bird postcranial fossils from this site were originally earmarked for destructive

radiocarbon dating, and only survived because of the untimely death of their collector (Baird 1993).

One cannot help but wonder what other significant bird fossils may have been destroyed, overlooked, or
discarded over the course of decades due to their perceived lack of taxonomic value. Historically, birds
have received much less attention than mammals in studies of key Australian vertebrate fossil
assemblages. Virtually nothing has been published on fossil birds from the Wellington Caves in New South
Wales, in contrast to the marsupials (Dawson 1985), and those from caves in the Naracoorte region have

only received relatively cursory investigation to date (van Tets and Smith 1974).

This is unfortunate, both in terms of understanding the development of the modern avifauna, and in terms
of reconstructing the Pleistocene ecology of Australia more generally. Bird fossils in particular have been
noted for their potential for reconstructing Australian Quaternary palaeoenvironments, because a high

percentage of their skeletal remains can be identified to genus or species level, and their habitat
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preferences and tolerances are generally well understood (Baird 1989). Further study of sites with long
sediment sequences, such as Cathedral Cave, Wellington, may yet reveal diverse avifaunal assemblages,

as may further analysis of relatively neglected fossil avifaunas such as those from Naracoorte.

1.5.4 Temporal representation

A major deficiency in the Pleistocene fossil record of Australian birds is the paucity of deposits from the
Early and Middle Pleistocene, which together account for 95% of the duration of the epoch. In part this is
probably due to the historical impossibility of direct-dating fossil deposits older than the 50,000-year limit
of radiocarbon dating, and the related tendency to label any fossil deposit containing extinct megafaunal
marsupials as ‘Late Pleistocene’ in the absence of dates (Prideaux 2007). Regardless of cause, a lack of
fossils from these sub-epochs severely hampers the reconstruction of the recent continental history of
the Australian avifauna. Most Quaternary sites that have yielded diverse fossil avifauna are known, or are

estimated, to date either to the Late Pleistocene or the Holocene (Table 1.1).

Only three diverse Pleistocene fossil avifaunas are known to pre-date the Late Pleistocene: Victoria Fossil
Cave, near Naracoorte in south-eastern South Australia; Mt Etna in central-eastern Queensland; and the
Thylacoleo Caves on the Nullarbor Plain (see Table 1.1 and Figure 1.6). One further site, Rackham’s Roost,
at the Riversleigh locality in northern Queensland, may include the Early Pleistocene, but only eight bird

taxa have so far been documented from this site (Nguyen et al. 2016).

The fossil-bearing deposit in the main chamber of Victoria Fossil Cave, Naracoorte, was discovered in 1969
(Reed and Bourne 2000). Various chambers of the cave were later dated to the Middle and Late
Pleistocene, with the oldest-known parts of the deposit dated in the later part of the Middle Pleistocene,
at >213 kyr (Ayliffe and Veer 1988; Moriarty et al. 2000). The systematic palaeontology of the avifauna
from this cave comprises a brief three-page account of 17 taxa based on 55 specimens (van Tets and Smith
1974). The time-averaged Pleistocene species assemblage was interpreted as representing “savannah
woodland, substantial areas of heath, wet and dry grassland and mudflats”. Aside from the systematic
palaeontology of the assemblage by van Tets and Smith (1974), which has largely been replicated as-is in
later publications (e.g. Moriarty et al. 2000; Reed and Bourne 2000) the only other substantial account
that has been published arising from the Victoria Fossil Cave bird assemblage was the description of a
new extinct species of giant megapode, Progura naracoortensis, based on fossils from Victoria Fossil Cave
and other caves in the Naracoorte area and in eastern Australia (van Tets 1974), and later revision of the

taxonomy of this species by Christidis and Boles (2008) (see Chapter 3).

The Mt Etna deposits have yielded over 20 species of bird from more than 300 specimens (T. Worthy,
pers. comm. 11 April 2013). However, the systematic palaeontology of the avifauna has not been

published to date, and birds were not incorporated into the interpretation of the Middle Pleistocene
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palaeoecology of the locality by Hocknull et al. (2007). A brief summary in Hocknull (2009) lists only four

taxa, those being Coturnix, Turnix, Strigiformes and Passeriformes.

The avifaunal component of the Thylacoleo Caves assemblage, which is the subject of the research
presented later in this thesis, has not been extensively studied to date (see Prideaux et al. 2007).
Composition of the fauna as at 2007 is described below (see Sections 1.7.5 and 1.7.6), but in summary, a
minimum of 18 bird taxa were identified, and the Middle Pleistocene assemblage was interpreted as
representing an arid- to semi-arid open woodland/shrubland habitat. The assemblage was time-averaged,
and has not yet been subject to a temporal analysis. The present research will address the systematics of
the birds in the deposit, and will include a temporal analysis of the Leaena’s Breath Cave assemblage. In
terms of the temporal significance of the deposit, the Thylacoleo Caves fauna, specifically the assemblage
from Leaena’s Breath Cave, is the first — and so far only — cave deposit in Australia to preserve a fossil
avifauna that spans both the Early and Middle Pleistocene. Following further excavation of the caves, the
locality thus provides an unprecedented opportunity to investigate the diversity and distribution of

landbirds in southern Australia during this severely under-represented window of time.

1.5.5 Previous studies of fossil birds in the Nullarbor region
Twelve Quaternary fossil deposits from the Nullarbor region have previously been documented, primarily
by Robert F. Baird in his PhD thesis (Baird 1986) and associated publications. Diversity of fossil birds in

these deposits ranged from one to 29 taxa (Table 1.2).

The combined fossil bird record for Baird’s Pleistocene and Holocene sites, includes representatives of 13
orders, 225 families (214 non-passerine families; 211 passerine families), 235 genera, and 239 species.
This is similar to the number of bird taxa recorded locally in modern surveys (Burbidge et al. 1987). Almost
all the identified taxa are present in the region today, with a few exceptions. A species of spoonbill
Platalea sp., a partial skeleton of which was found in Weekes Cave, was originally interpreted by van Tets
(1974) as indicating that moister conditions prevailed in the Nullarbor region in the past, but (Baird 1990)

considered it more likely to be an individual that was attracted to flooded claypans after heavy rainfall.

Other fossil bird taxa with no modern record from the Nullarbor region were: Regent Parrot Polytelis
anthopeplus from the Late Pleistocene deposit in Koonalda Cave, South Australia, a species that today
inhabits woodlands in south-western and south-eastern Australia; Night Parrot Pezoporus occidentalis,
probable remains of which were found in the Late Pleistocene deposit in Madura Cave, Western Australia,
an endangered arid-zone species not previously recorded in south-central Australia; and Thick-billed
Grasswren Amytornis textilis from Koonalda and Madura Caves, which at the time that Baird (1986) was
writing was not known to inhabit the Nullarbor, but was observed during surveys shortly thereafter

(Burbidge et al. 1987).
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Notably, no extinct species were recorded from any Late Pleistocene or Holocene site, despite the fact
that some of the deposits contained remains of now-extinct marsupial fauna, including Sarcophilus harrisii
(Tasmanian Devil), Thylacinus cynocephalus (Thylacine) and Thylacoleo carnifex (Marsupial Lion)
(Lundelius and Turnbull 1978). Insofar as the fossil deposits are representative of the regional avifauna,
the presence mainly of taxa that are resident today, and the absence of extinct species, seems to indicate
that the avifauna of the Nullarbor region has been relatively stable during the Late Pleistocene and

Holocene.

1.6 Geological and biological setting of this study

1.6.1 Defining the Nullarbor Plain

The Nullarbor Plain is an arid limestone plain with its southern edge abutting the south-central coast of
Australia, straddling the Western Australian/South Australian border. In the literature and in common
parlance the name ‘Nullarbor’ is often applied to the entire onshore portion of the limestone Eucla Basin
(Figure 1.7), and the current national conservation framework refers to the entire area as the Nullarbor

Bioregion (Commonwealth of Australia 2012).

In the stricter sense, the Nullarbor Plain refers only to the central portion of the Eucla Basin (Figure 1.8),
and is characterised by absence of trees and the dominance of low, chenopod shrubland. The other
Nullarbor physiographic regions differ in soil and topography (Lowry and Jennings 1974), and are
somewhat better vegetated. In this thesis, the term Nullarbor Plain (both words capitalised) is used to
refer only to the central, treeless plain (Figure 1.8). The term Nullarbor region is used to refer to the
onshore portion of the Eucla Basin more generally, and the term Nullarbor bioregion refers to the area

defined in the national conservation framework (Commonwealth of Australia, 2012).

1.6.2 Geology of the Nullarbor region

The onshore portion of the Eucla Basin, a vast limestone plateau covering an area of approximately
240,000 km?, is the largest areal karst landscape in the world (Miller et al. 2012). Most of the plateau
consists of a layer of Miocene limestone approximately 20 to 35 metres thick, which was deposited on
top of earlier Miocene, Oligocene and Eocene sediments (Doerr et al. 2011; Burnett et al. 2013). Tectonic
uplift and falling sea-levels during the middle Miocene exposed the platform approximately 14-15 Myr

ago, and it has remained exposed ever since (O’Connell et al. 2011; Miller et al. 2012).

Despite its long exposure to weathering processes, the Nullarbor region is regarded as a poorly-developed

karst landscape because of its limited array of surface and subterranean features (Webb & James 2006).
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Table 1.2: Taxonomic representation of birds in the fossil record of the Nullarbor region (from data in Baird et al. 1991; updated with current

nomenclature)

NP
ol 8| g £/ = 8 3 2 2| o| 3
. . S| ®&| 2| 5| o| 5| | 2| ¢| ol 2| B
Order Family Genus and species Common name 2 Ss| 8| = S| 9 S 2 g g 5| 2
S| 8| 3| 5| 5| 5| € | 5| 2| 3
< | o | & =
¢l |5+
Galliformes Phasianidae Coturnix sp. Quail, indeterminate species X
Anseriformes Anatidae Indet. Duck, indeterminate species X
S bill, indeterminat
Ciconiiformes Threskiornithidae  Platalea sp. poo_n ', indeterminate X
species
Eagle/hawk, inditerminat
Accipitriformes Accipitridae Accipitridae a8 e'/ awk, indrterminate X
species
Accipiter fasciatus Brown Goshawk X
Accipiter sp. cf. fasciatus Goshawk, cf. Brown Goshawk
Accipiter cirrocephalus Collared Sparrowhawk X
Circus sp. Harrier, indeterminate species X
Falconiformes Falconidae Indet. Falcon, indeterminate species X
Falco berigora Brown Falcon
Falco cenchroides Nankeen Kestrel X X
Columbiformes Columbidae Phaps elegans Brush Bronzewing
Geopelia, cf. striata Peaceful Dove X
Ocyphaps lophotes Crested Pigeon X | X
. . . Eurostopodus argus L
Caprimulgiformes Eurostopodidae (=Caprimulgus guttatus) Spotted Nightjar X
Apodiformes Aegothelidae Aegotheles cristatus Australian Owlet-nightjar X X
Charadriiformes Charadriidae Charadriidae indet. Plover/dgtterel/lapwlng, X
indeterminate species
Scolopacidae Calidris sp. Sand'plper/stlnt, indeterminate
species
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Turnicidae Turnix sp. Buttc-)nquall, indeterminate X
species
Button-quail, cf. Little Button-
Turnix sp., cf. velox Y . qual ! ! X
quail
Turnix varia Painted Button-quail
Psittaciformes Indet. Indet. !Darrot/co-ckatoo, . X
indeterminate species
Psittacidae Polytelis anthopeplus Regent Parrot
Melopsittacus undulatus Budgerigar
Northiella haematogaster
Blue Bonnet
(=Psephotus haematogaster)
Neoohema so. of. splendida Neophema parrot, cf. Scarlet-
p p-cl-sp chested Parrot
p . .
ezoporgs occ1dent.a//5 ' Night Parrot
(=Geopsittacus occidentalis)
Indet. Parrot, indeterminate species
Cuculiformes Cuculidae Chrysococcyx sp. Cuckoo, indeterminate species
Chalcites basalis Horsfield's Bronze-cuckoo X
. . . Barn owl, indeterminate
Strigiformes Tytonidae Tyto "alba" . Wit ! X
species
Tyto novaehollandiae Masked Owl X
Passeriformes Maluridae Amytornis textilis Thick-billed Grasswren
. Grasswren, indeterminate
Amytornis sp. . X
species
Acanthizidae Acanthiza chrysorrhoa Yellow-rumped Thornbill
Acanthizidae indet. Thornbill or Heathwren species
Meliphagidae cf. Lichenostomus virescens Honeyeater, cf. Singing
Honeyeater
Honeyeater, indeterminate
Indet. .
species
Pomatostomidae =~ Pomatostomus superciliosus White-browed Babbler
Psophodidae Psophodes sp. (=Sphenostoma Wedgeblll, indeterminate
sp.) species
Cinclosoma cf. alisteri (Nullarbor) Quail-thrush
Pachycephalidae cf. Oreoica gutteralis Crested Bellbird X
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Colluricincla sp. cf. harmonica Grey Shrike-thrush X
Artamidae Artamus cinereus Black-faced Woodswallow X
Artamus sp. Woo-dswallow, indeterminate X X X
species
Megaluridae Cincloramphus cruralis Brown Songlark X
cf. Cincloramphus 'Songlark/'grassblrd,' X
indeterminate species
Hirundinidae Indet. _Swallow/_martln, . X
indeterminate species
Estrildidae Taenopygia guttata (=Poephila Zebra Finch X
guttata)
Motacillidae Anthus novaeseelandiae Australasian Pipit X
Indet. Indet. Unknown song-bird X X X | X X
Total no. species 16 | 29 | 10 8 1 (5|1
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Figure 1.7: Boundaries of the onshore portion of the Eucla Basin (outlined in white) (satellite image
downloaded from Google Maps https://www.google.com.au/maps 08/11/2017)
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Figure 1.8: Physiographic regions of the Eucla Basin, showing the location of the Nullarbor Plain
(modified from Lowry and Jennings, 1974)

25


https://www.google.com.au/maps

Chapter 1: General Introduction

The plateau is very flat, with a surface relief of less than 10 m (Gillieson et al. 1994). The region as a whole
is remarkably evenly weathered, implying that for most of its history it has been relatively dry with a

modest vegetation cover and virtual no tectonic activity (Lowry and Jennings 1974).

The landscape has few prominent surface features, and consists mainly of a low, undulating plain, where
rocky ridges alternate with shallow, clay-filled depressions or ‘dongas’ (Miller et al. 2012). Much of the
limestone surface is hard-capped with calcrete (Lowry and Jennings 1974) overlain by shallow red
calcareous soils that average <1 m in depth. The rocky ridges typically have a shallow (<40 cm) gravelly
loam soil covering; the sloping transition zone between ridges and depressions have well-drained clay-
loams to sandy loam soils with a gravel lag on the surface; and the claypans have deeper (50-100 cm) clay
loams and light clays (Gillieson et al. 1996). The elongate, clay-lined depressions may be of considerable
extent, ranging from a few to several hundred hectares (Gillieson et al. 1996). The entire Nullarbor region

lacks significant modern watercourses and has no bodies of permanent water (Lowry and Jennings, 1974).

Belowground, the Nullarbor region has thousands of caves (Gillieson et al. 1996), some as much as 30 km
in length and others up to 150 m deep (Webb and James 2006), but the number of large caves is low
relative to the area of the plain, and most caves are relatively small (Burnett et al. 2013). Most of the large
caves lie close to the coast, with some deep enough to sit below the water table, and so contain
underground lakes and extensive flooded passages (Webb and James, 2006). There is virtually no active
speleothem formation in Nullarbor caves today due to low available moisture and limited soil organic
content. To date, no calcite speleothems from caves in the region have been dated to younger than about
400 kyr (Middle Pleistocene) (Goede et al. 1990; Prideaux et al. 2007; Sniderman et al. 2016). Pertinent
to the present study, a speleothem from Leaena’s Breath Cave, from which most of the fossils examined
in this study were excavated, was found to have formed around 4 Myr ago during the early Pliocene

(Woodhead et al. 2006).

Though large caves are few, the Nullarbor is pocked with smaller features termed blow-holes, of which
tens of thousands are estimated to exist (Doerr et al. 2011). These vertical shafts of a few tens of
centimetres up to two metres across have strong reversing draughts in response to changes in barometric
pressure. An investigation of more than 600 blowholes found that their location is uncorrelated with
surface topography, and that they formed by subterranean domes (cupolas) inside caves and passages
breaking through to the surface, rather than having formed by surface dissolution from water run-off on

the land surface (Doerr et al. 2011).

One of the most remarkable characteristics of the region today is its lack of surface water. Following heavy
storms, water briefly ponds in surface depressions, and short streams flow into dolines but there are no

permanent water bodies (James et al. 2012). Mean rainfall grades inland from approximately 200-300
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mm a year near to the coast, to around 100—-200 mm a year further inland (Bureau of Meteorology data,

accessed 13/10/2017 http://www.bom.gov.au/jsp/ncc/climate averages/rainfall/). Despite the

prevailing semi-arid to arid conditions, the lack of surface water and watercourses is not strictly due to a
lack of precipitation, since heavy rainfall may occur. Rather, it is explained by high evaporation rates, a

low water-table, and porosity of the limestone, which causes the limited precipitation to seep rapidly into

the rock (James et al. 2012).

Although active watercourses are lacking, the northern Nullarbor has several notable palaeochannels that
formerly drained southwards, some of which originated in the Great Victoria Desert (Figure 1.9). The
largest palaeochannel, known as ‘The Dip’, is around 130 km long (Lowry and Jennings, 1974). It comprises
a series of discontinuous depressions that are up to ~1.5 km wide, and ~11 km long, and lie as much as 6—
9 m below the level of the plain (Dunkley 1967). When active, the extinct watercourses terminated inland
by draining into the rock, and did not flow as far south as the coast (Lowry and Jennings, 1974). Age of the
palaeochannels is unknown, but they may have been active during the Pliocene given other evidence
pointing to wetter conditions in the Nullarbor region at that time, including speleothem growth (Blyth et
al. 2010; Woodhead et al. 2006), pollen from mesic plants (Sniderman et al. 2016), and the development
of erosional features known as pocked valleys near the south-central margin of the plain (Woodhead et

al. 2006; Lipar and Ferk 2015; Sniderman et al. 2016).

Hy;
Ug palaca chann®

NULLARBOR PLAIN

Figure 1.9: Palaeochannels of the Nullarbor region (shown in blue) (adapted from (Lowry and Jennings,
1974)
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1.6.3 Vegetation of the Nullarbor region

The Nullarbor Plain is famed for its lack of trees, and with the exception of narrow bands of woodland
south of the plain, the entire Nullarbor bioregion is classified as desert and xeric shrubland (Environmental
Resources Information Network 2013). Although the ‘treeless plain’ lacks a tree overstorey, peripheral
woodland habitat abuts the plain, mainly in the north and south-west. Vegetation types in the region are
strongly delineated into bands that essentially run east/west in parallel with the coast (Gillieson et al.
1996). Salt-tolerant chenopods, mostly saltbush (Atriplex spp.) and bluebush (Maireana spp.), dominate

the region. A summary of vegetation types in the Nullarbor region, as described by Beard et al. (2013),

and mapped in Figure 1.10, is as follows.

4 PLAIN -
REAT AUSTRALIAN BGyy

G

Bl Iree-and-shrub steppe
Il Saltbush/bluebush

Bl Mallee
Il Saltbush and/or bluebush with low woodland
Il Woodland

Figure 1.10: Major vegetation types of the Nullarbor region and surrounds (adapted from Beard et
al., 2013)

The northernmost band of vegetation, on the Carlisle Plain, is a thickly wooded steppe comprising a
bluebush shrub layer with a tree overstorey (10-30% projective foliage cover), mainly of mulga (Acacia
aneura) with occasional black oak (Casuarina pauper) and sugarwood (Myoporum platycarpum), and with
herbs and grasses in the understorey. Immediately to the south and west of this band, the Nyanga Plain
supports a saltbush and/or bluebush association with a thin overstorey of scattered low trees (<10%

projective foliage cover), mainly western myall (Acacia papyrocarpa), with occasional Myoporum
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platycarpum, mallee (Eucalyptus oleosa), weeping pittosporum (Pittosporum angustifolium), Acacia
aneura, and Casuarina pauper. The Nullarbor Plain itself, covering 7.3 million hectares and dominating
the region, supports an association of dwarf saltbush/bluebush with virtually no emergent trees or tall
shrubs, with a grass and herb understorey. To the south-west and south-east of the ‘treeless plain’ a
narrow band of mallee vegetation dominated by Eucalyptus species lies along the coast, and is interrupted
for approximately 250 km by saltbush/bluebush where the treeless plain abuts the coast (Environmental

Resources Information Network 2013).

1.6.4 Human impacts on the flora and fauna of the Nullarbor

Prior to and at the time of European colonisation of the Australian continent from the 18" Century
onwards, the primary inhabitants of the Nullarbor region were the Mirning Aboriginal people.
Archaeological studies indicate that human occupation of the Nullarbor region dates back more than
20,000 years (Martin 1973), and perhaps double that length of time (Roberts et al. 1996; Turney et al.
2001). This is consistent with archaeological evidence from elsewhere in Australia that the ancestors of
today’s Aboriginal people spread throughout the arid zone during the Late Pleistocene (Turney et al. 2001;
Smith et al. 2008; Williams et al. 2013; Hamm et al. 2016). We lack evidence for what impacts the arrival
of people in the Nullarbor landscape during the Late Pleistocene had on the local ecology, because we do

not know what the regional ecology was like immediately prior to occupation.

Anthropological records compiled by Tindale (1974) state that prior to their dispossession, the Mirning
people usually lived close to the coast: one group, the Jirkala-(=Eucla) Mirning, lived mainly on the coastal
Roe Plain (Figure 1.8) near Eucla, while the Wonunda-Mirning lived mainly on the more elevated Hampton
Scarp. A memoir by a Mirning woman, who recounted visits to the region during her childhood in the
1930s and '40s, emphasised a coastal lifestyle, but also mentioned gathering of bush foods in the northern
and southern inland regions (Burgoyne 2000), although she did not specify whether or not this referred
to the ‘treeless plain’. Tindale (1974) reported that the Mirning would move further inland following heavy
rains, but only as far as the southern edge of the treeless plain. However, stone tools of unknown age can
be found today lying on the ground in the heart of the plain near the Thylacoleo Caves [pers. obs.], which
is much further inland than would be indicated by Tindale’s account. This may imply greater use of the
inland region in the Late Pleistocene or earlier in the Holocene, or perhaps the Mirning occupied more of

the plain in the modern era than was known to Tindale.

Horton’s (1996) map of the historical distribution of Indigenous languages of Australia shows the entire
Nullarbor region as Mirning land, apart from a narrow band of unoccupied land in the northern Nullarbor
Plain. This may suggest that the Mirning inhabited all but the furthest northern parts of the Plain into the

late Holocene. The language map shows the far northern Nullarbor Plain as the only region of Australia
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that was not occupied by Aboriginal people at the time of European contact, which is testament to the

harshness of the local environment at least during the late Holocene.

Presumably Aboriginal people managed the Nullarbor region by mosaic burning, as they did elsewhere in
Australia. Prideaux et al. (2007) speculated that increased frequency of wildfires could have led to the
final loss of fire-sensitive woodland vegetation from the Nullarbor Plain and conversion of the local
vegetation to the fire-resistant chenopod shrub-steppe present today, the implication being that
Aboriginal burning practices from the Late Pleistocene onwards, rather than increased aridity, led to major
floral turnover in the region. However, it remains to be established whether the timing of the loss of trees

from the Nullarbor Plain coincided with human occupation in the Late Pleistocene and Holocene.

European impacts on the vegetation and wildlife of the Nullarbor region are less equivocal. The vegetation
has been heavily grazed by sheep and feral rabbits, and by kangaroos whose numbers have increased due
to greater availability of drinking water associated with sheep grazing. This increased grazing pressure has
led to a reduction in vegetation cover and increased soil erosion (Gillieson et al. 1996). Impacts on faunal
diversity have also been severe, with the Nullarbor region having the highest attrition rate among
mammalian species of any Australian bioregion since European colonisation (McKenzie et al. 2007). The
severe loss of small mammals from the region has been suggested as the cause of the decline of the
Masked Owl Tyto novaehollandiae, which was abundant in the region up to the early 20" Century (White
1919; Richards 1971).

1.6.5 Modern bird diversity of the Nullarbor region

The Nullarbor Plain is characterised by relatively low species diversity, and early European accounts made
particular mention of the apparent lack of bird life in the region (Gillieson et al. 1996). S.A. White described
four birding expeditions to the region, travelling west from Port Augusta, in the certainty that the
Nullarbor “must hold many ornithological surprises” (White 1919). However, he noted just 42 species of
bird from the eastern Nullarbor Plain and surrounding sand-hill country, and referred to his account as a
record of his disappointments. A little over a decade later, McGilp (1932), travelling slightly further west,

noted only 38 species.

Cumulative observations of the subsequent century have revealed a somewhat richer regional bird fauna,
encompassing the mallee and woodlands that surround the treeless plain, but as with the entire
Australian arid zone, many of the birds inhabiting the region are highly mobile and occur irregularly or
nomadically (Brooker et al. 1979), especially in response to rainfall events (Ryan et al. 2012). Diversity is
highest near the coast, with 242 species having been recorded in the vicinity of the Eyre Bird Observatory
at the western end of the Roe Plain (Figure 1.8). Of these, 89 are waterbirds, shorebirds or seabirds, and

the remaining 153 being landbirds (BirdLife Australia, unpublished species list). However, the diversity of
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landbirds from this well-vegetated, relatively moist coastal location is not representative of diversity

further inland.

In a systematic survey, Burbidge et al. (1987) identified three distinct assemblages of birds in the Nullarbor
region: those inhabiting the myall, mulga, casuarina and eucalypt woodlands of the western, northern
and eastern periphery of the plain; those of the southern mallee woodland fringe on coastal dunes and
sandplains; and birds of the treeless plain. Species richness was lowest on the treeless plain (mean 6.6 +
2.8 species per quadrat), while woodlands with an Acacia or Eucalyptus overstorey supported greatest
diversity (mean 17.7 + 4.8 species per quadrat). Only 18 species were found to be common on the
Nullarbor Plain itself (Burbidge et al. 1987), of which six were non-passerines and 12 passerines (Table

1.3). This provides a modern baseline against which to measure the diversity of birds the Nullarbor Plain

during the Pleistocene, as assessed later in this thesis.

Table 1.3: Common birds of the Nullarbor Plain (from data in Burbidge et al., 1987)

Family

Species

Common name

Non-passerines

Accipitridae

Falconidae

Otididae
Charadriidae

Turnicidae

Passerines
Maluridae

Acanthizidae

Meliphagidae

Psophodidae
Artamidae

Megaluridae
Hirundinidae

Motacillidae

Aquila audax
Falco berigora
Falco cenchroides
Ardeotis australis
Peltohyas australis

Turnix velox

Malurus leucopterus
Pyrrholaemus brunneus
Acanthiza iredalei
Calamanthus sp.
Aphelocephala leucopsis
Lichenostomus virescens
Epthianura aurifrons
Cinclosoma cinnamomeum
Artamus cinereus
Cinclorhamphus cruralis
Hirundo neoxena

Anthus novaeseelandiae

Wedge-tailed Eagle
Brown Falcon
Nankeen Kestrel
Australian Bustard
Inland Dotterel

Little Button-quail

White-winged Fairy-wren
Redthroat

Slender-billed Thornbill
Fieldwren

Southern Whiteface
Singing Honeyeater
Orange Chat

Nullarbor Quail-thrush
Black-faced Woodswallow
Brown Songlark
Welcome Swallow

Australasian (Richard’s) Pipit
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As the avifaunal analysis in Chapter 4 focuses on non-passerine taxa, the distribution of non-passerines in
the region is summarised here. Burbidge et al. (1987) noted that the non-passerine species ubiquitous to
all habitat types (woodland, plain, and mallee) were: Nankeen Kestrel Falco cenchroides; Brown Falcon
Falco berigora; Little Buttonquail Turnix velox; and Horsfield’s Bronze-cuckoo Chrysococcyx basalis. Non-
passerines characteristic of the peripheral woodlands were: Spotted Harrier Circus assimilis; Red-backed
Kingfisher Todiramphus pyrrhopygius; Galah Eolophus roseicapilla; Banded Lapwing Vanellus tricolor;
Budgerigar Melopsittacus undulatus; and Naretha Blue-bonnet parrot Northiella haematogaster. Species
found in both the peripheral woodlands and/or coastal woodland/mallee were: Mulga Parrot Psephotellus
(=Psephotus) varius; Australian Ringneck parrot Barnardius zonarius; Owlet Nightjar Aegotheles cristatus;
Tawny Frogmouth Podargus strigoides; Emu Dromaius novaehollandiae; and Pallid Cuckoo Cacomantis
pallidus. Non-passerine species found only in woodlands were the Malleefow! Leipoa ocellata and the

Boobook owl Ninox novaeseelandiae.

Most species of bird in the Nullarbor region are from the Eyrean assemblage, with 47 of the more than 80
autochthonous Eyrean species having been recorded there (Burbidge et al. 1987). Some typically Bassian
(mallee) species are also present, including Southern Scrub-robin Drymodes brunneopygia, Western
Yellow Robin Eopsaltria griseogularis, Golden Whistler Pachycephala pectoralis, Blue-breasted Fairy-wren
Malurus pulcherrimus, White-browed Scrubwren Sericornis frontalis, Red Wattlebird Anthochaera
carunculata, Purple-gaped Honeyeater Lichenostomus cratitius, New Holland Honeyeater Phylidonyris
novaehollandiae, but only within the coastal mallee fringe, and not on the treeless plain (Burbidge et al.
1987). As with the Eyrean avifaunula as a whole, the birdlife of the Nullarbor region comprises mainly
species that are widespread throughout the arid zone (Burbidge et al. 1987). Passerines dominate the

fauna (Burbidge et al. 1987; Ryan et al. 2012).

The region contains two endemic taxa, both recently elevated from sub-species to species: the Nullarbor
Quail-thrush Cinclosoma alisteri (see Toon et al. 2012); and the Naretha Parrot Northiella narethae (see
Dolman and Joseph 2015). An additional characteristic taxon, the geographically isolated population of
Masked Owl Tyto novaehollandiae was also once a notable part of the avifauna, though is possibly now

extinct (Debus 1993).

1.6.6 The Nullarbor Plain as a biogeographical barrier

The Nullarbor Plain has long been regarded as one of Australia’s major biogeographical barriers (Figure
1.11), due to its aridity, lack of trees, and its 700-km long interruption of the mesic habitats of south-
eastern and south-western Australia. The paradigm of the ‘Nullarbor Barrier’ arose because, as with other
putative biogeographical barriers on the Australian mainland, many taxa were observed to have disjunct

populations on either side of plain (Schodde and Mason, 1999), and many endemic vertebrate taxa are
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isolated to the south-west and south-east of the continent (Cracraft, 1991). Around one in five species of
Australian bird has a geographical range that is completely or partially divided by the Nullarbor Plain, with
nearly 70% of waterbirds so affected (McCracken et al. 2002).

Figure 1.11: Putative biogeographical barriers of Australia (compiled from various sources)

Until relatively recently it was considered unlikely that much interchange occurred between the mesic
biotas of south-western and south-eastern Australia after the early Pliocene (Cracraft 1986). However, it
has since became widely accepted that the Nullarbor Plain did not grow intensely arid and lose its tree
canopy until some three or four million years later, during the Early Pleistocene (Miller et al. 2012; Webb
and James 2006). Recent genetic, fossil vertebrate and pollen studies have produced somewhat
discordant evidence for the timescales on which the Nullarbor Plain may have acted as a biogeographical
barrier to gene flow in various plant and animal taxa in southern Australia, and some taxa appear to have

been completely unaffected by the putative ‘barrier’.

In the case of plants, a multi-taxon molecular study by Crisp and Cook (2007) found that divergence dates
for sister taxa in the temperate south-west and south-east of Australia, while including both older and
younger dates, clustered at around 13—14 Ma. This was an arid interval of the Miocene that immediately

followed the most recent marine incursion into the Eucla Basin between around 16-14 Ma. The authors
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deduced that after the sea retreated from the Eucla Basin and the limestone platform was uplifted, the
Plain functioned as an edaphic barrier for some plants that prefer acid siliceous soils, including species of
Banksia, Scaevola (fan flowers), Allocasuarina (sheoaks), Xanthorrhoea (grass-trees), Wurmbea (star-
lilies), and various genera of pea, due to the unsuitability of its alkaline substrate for plants that are found

to the east and west of the Nullarbor region (Crisp and Cook, 2007).

At first this appears to be a satisfactory explanation for the modern biogeography of certain plants in
southern Australia. For example the genus Banksia is completely absent from the Nullarbor Plain today,
but populations occur in the mesic areas to its west and east (Figure 1.12). However, a recent study of
fossil pollen preserved in speleothems from various Nullarbor caves found that abundant eastern
Australian-type Banksia pollen was present on the Nullarbor Plain between approximately 5 Ma and 3.5
Ma (early to mid-Pliocene) (Sniderman et al. 2016), which is at odds with Crisp and Cook's (2007)
hypothesis that the Nullarbor Plain was an edaphic barrier for such plants from the middle Miocene
onwards. Although individual divergence dates such as those cited by Crisp and Cook (2007) may be
correct, the pollen evidence of Sniderman et al. (2016) serves as a reminder that genetic divergence
between spatially separated sister taxa does not necessarily imply that close relatives have been absent
from the intervening geographical area since those sister taxa diverged. Caution should therefore be
exercised in using divergence dates between living populations to reconstruct regional palaeoecology. In
particular, genetic divergence dates between extant plant taxa in south-western and south-eastern
Australia may not accurately re-create the historical taxonomic diversity or structure of the vegetation of

the Nullarbor Plain, and may lead to incorrect assumptions about timing and the extent to which the Plain

has been a barrier to certain fauna.

Figure 1.12: Modern distribution of Banksia species in Australia (yellow). Note the mesic distribution
of the genus in south-west and eastern Australia, and their complete absence from the Nullarbor region
(data downloaded from GBIF https://www.gbif.org/species/8399031, 24/11/2017)

34


https://www.gbif.org/species/8399031

Chapter 1: General Introduction

The recent fossil pollen study by Sniderman et al. (2016) detected two major floral transitions on the
Nullarbor Plain after c. 5.5 Myr ago, although substantial temporal gaps in the speleothem pollen record
mean that the number of transitions may be an underestimate. Nevertheless, the study provided the
clearest evidence yet for the character of the flora of the Nullarbor Plain over the last 5.5 million years.
At the Miocene/Pliocene boundary approximately 5.5-5.0 Myr ago, the pollen signature indicates sparse
woodlands or shrublands under semi-arid conditions (approx. 400 mm mean annual rainfall). At around 5
Myr ago, a major floral turnover is evident, with more mesic conditions (mean annual rainfall approx.
1,200 mm) supporting eucalypts, other myrtaceous taxa, and Banksia, amongst others. In the middle
Pliocene at around 3.5 Myr ago, eucalypts and other myrtaceous taxa and Banksia were still present, along
with Ericaceae (heaths), Casuarinaceae (sheoaks or relatives), Poaceae (grasses), Geniostoma, and other
taxa. No pollen was preserved from Early Pleistocene speleothems, therefore the absence of trees during

this interval, as suggested by Miller et al. (2012), could neither be verified nor disproved.

The Pleistocene pollen record was restricted to a single speleothem approximately 400 kyr old, from one
of the Thylacoleo Caves, and indicates that by this interval (Middle Pleistocene) a second major floral
turnover had occurred. At this time, the pollen signature is dominated by Chenopodiaceae
(saltbush/bluebush; >80%), with minor components of Poaceae (grasses), Myoporaceae (emu-
bush/boobiala), Asteraceae (daisies), non-eucalypt Myrtaceae, and Cupressaceae (cypress-pines). The
authors interpreted the Middle Pleistocene pollen assemblage as representing a semi-arid chenopod
shrubland similar to that of the Nullarbor Plain today, with annual rainfall of approximately 350 mm. This
interpretation seems somewhat at odds with the apparently contemporaneous vertebrate fossil record
from the Thylacoleo Caves, which showed that arboreal taxa were present in the Middle Pleistocene
(Prideaux et al. 2007). This paradox is discussed further below (see Section 1.7). It is also hard to explain
how the local environment could simultaneously be dry enough to support chenopod shrub-steppe

habitat, but also wet enough to cause the speleothem growth that preserved the fossil chenopod pollen.

Faunal studies have produced an increasingly complex picture of the role that the Nullarbor Plain has
played as a vicariance barrier during the Plio-Pleistocene. As reviewed by Neaves et al. (2012), and
summarised in Table 1.4, recent phylogeographic studies of diverse taxa have revealed that the Nullarbor
Plain has been a major vicariance barrier for some but by no means all taxa in southern Australia, and that
in some cases, genetic structure appears to have been influenced more by other barriers such as the

Eyrean barrier (Figure 1.11).
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Table 1.4: Population histories & barriers affecting southern Australian species during the Plio-

Pleistocene (modified from Neaves et al., 2012)

Taxon

Population history

Original reference

Birds

Australian Magpie Gymnorhina tibicen

Australian Ring-neck Parrot Barnardius
zonarius

Black-faced Woodswallow Artamus
cinereus

Southern emu-wrens (Genus Stipiturus)

Horsfield’s Bronze Cuckoo Chalcites
basalis

Ground Parrot Pezoporus wallicus

Musk Duck Bizura lobata

Pied Butcherbird Cracticus nigrogularis

Singing Honeyeater Lichenostomus
virescens

Spiny-cheeked Honeyeater
Acanthagenys rufogularis

Splendid Fairy-wren Malurus splendens

Woodswallows Artamus spp.

Insects

Morabine Grasshopper Vandiemenella
viatica

Mammals

Brush-tailed Phascogale Phascogale
tapoatafa

Divergence between eastern &
western Australia across the
Nullarbor arid barrier

Divergence across the Eyrean arid
barrier

Expansion, no evidence for
presence of barriers

Divergence between eastern and
western Australia across Nullarbor
arid barrier

Expansion, no evidence for
presence of barriers

Divergence between eastern and
western Australia across Nullarbor
arid barrier

Divergence between eastern and
western Australia across arid
Nullarbor barrier

Expansion, no evidence for the
presence of barriers (species-
specific refugia)

Expansion, no evidence for
presence of barriers

Expansion, no evidence for
presence of barriers

Expansion and divergence
associated with the Nullarbor &
Eyrean arid barriers

Divergence across the Eyrean arid
barrier

Divergences within South Australia
associated Lake Bungunnia (Murray
Basin); no evidence of divergence
across the Nullarbor

Divergence between eastern and
western Australia across Nullarbor
arid barrier

(Toon et al., 2007)

(Joseph and Wilke,
2006)

Joseph and Wilke
(2006)

(Donnellan et al.,
2009)

(Joseph et al., 2002)

(Murphy et al.,
2011))

(Guay et al., 2010)

(Kearns et al. 2010)

(Joseph and Wilke,
2006)

(Joseph and Wilke,
2006)

(Kearns et al., 2009)

(Joseph and Wilke
2006)

(Kawakami et al.,
2009)

(Spencer et al.,
2001)
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Fat-tailed Dunnart Sminthopsis
crassicaudata

Heath Mouse Pseudomys shortridgei

Red Kangaroo Macropus rufus

Western Pygmy Possum Cercartetus
concinnus

Reptiles
Bynoe’s Prickly Gecko Heteronotia
binoei

Sand Skink Egernia multiscutata

Skinks (Bassiana spp.)

Tiger Snake Notechis scutatus

Plants

Blue Gum Eucalyptus globus ssp.
bicostata

Dry sclerophyll shrub Correa spp.
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Divergence across Murray basin but
no evidence of divergence across
the Nullarbor arid barrier

Divergence between eastern and
western Australia across Nullarbor
arid barrier

Expansion, no evidence of arid
barriers

Expansion, no evidence for
presence of barriers

Westward expansion of northern
lineages with a major fragmentation
in the southern lineages

Divergence between Nullarbor and
western arid zone clades

Divergence between South
Australian species (Flinders Ranges
region) and between Western and
South Australian clades within B.
trillneata

Divergence between eastern and
western Australia across Nullarbor
arid barrier

Divergence across Flinders Ranges
area/Lake Bungunnia (Murray
Basin)

Divergence across Flinders Ranges
area/Lake Bungunnia (Murray
Basin)

(Cooper et al., 2000)

(Salinas et al., 2009)

(Clegg et al. 2002)

(Pestell et al., 2008)

(Strasburg and
Kearney, 2005)

Strasburg et al.
(2007)

(Chapple et al.,
2004)

(Keogh et al., 2005)

(Freeman et al.,
2001)

(Othman et al.,
2010)

Increasing evidence for varied responses among taxa to presumed climatic changes in the Nullarbor region

during the Plio-Pleistocene led Dolman and Joseph (2012) to sample ten species of bird that have

populations completely or partially isolated in south-western and south-eastern Australia, on either side

of the Nullarbor Plain. Through modelling likely divergence dates of the south-western and south-eastern

populations of each species using Bayesian methods, they detected three probable clusters of co-

divergence. The youngest cluster fell between 171,085-24,607 yr ago (Middle to Late Pleistocene), the

middle cluster between 663,837-67,172 yr ago (Middle to Late Pleistocene), and the oldest between

2,006,355—429,105 yr ago (Early to Middle Pleistocene). As there is overlap between the dates of the

clusters there is uncertainty about exactly which taxa diverged in each interval, but two of the mesic taxa,

Petroica boodang and Melithreptus lunatus were confidently assigned to the oldest divergence ‘event’,
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while the semi-arid taxa tended towards younger divergence dates. This is consistent with the idea that

increased aridity in the Early Pleistocene had greatest effect on mesic taxa.

Although results of the Dolman and Joseph (2012) study show the promise of analysing species
assemblages rather than just individual taxa, one obvious problem with the findings is the very wide time
intervals represented by the co-divergence ‘events’. In reality, it is difficult to regard an interval of 1.5
million years’ duration, as in the oldest divergence bracket, as an event, when this timespan encompassed

approximately 20 global glacial cycles (Cohen and Gibbard 2011).

A further conundrum that complicates the interpretation of how the Nullarbor Plain functioned as an arid-
habitat barrier during the Pleistocene is the apparent decoupling of aridity from the loss of trees during
the Middle Pleistocene, as determined from the Thylacoleo Caves vertebrate fossil fauna (Prideaux et al.
2007). The finding that arboreal marsupials were present in a low-rainfall regime until a few hundred-
thousand years ago put a dent in the long-held theory that increased Pleistocene aridity led directly to
the loss of trees from the Plain, and this in turn created a barrier to faunal interchange in southern
Australia. The timing and processes by which the Nullarbor Plain lost its trees therefore warrants a
thorough re-examination, and may be key to understanding the recent biogeographical history of

southern Australia.

1.7 The Thylacoleo Caves - significance, description, and fauna

1.7.1 Significance of the age and location of the caves

The fossils examined for this research project come from the Thylacoleo Caves, beneath the Nullarbor
Plain, Western Australia. So far, this is the only known locality in south-central Australia preserving a fossil
fauna spanning the Early and Middle Pleistocene (Prideaux et al. 2007). Previously-studied fossil deposits
in the region are younger (Late Pleistocene to Holocene), and come from the moister, more thickly
vegetated band of habitat to the south of the plain. The Thylacoleo Caves, which sit further north in the
heart of the ‘treeless plain’, provide the first direct insight into the Early and Middle Pleistocene vertebrate
fauna of the region, and the first fossil record of the zone that today is characterised by aridity and a lack

of trees.

Given that increased aridity and the associated loss of trees from the Nullarbor Plain during the
Pleistocene has long been hypothesised as a key process that shaped the diversity and distribution of the
southern Australian fauna (see Nullarbor as a barrier), the Thylacoleo Caves fossil deposits offer an
unprecedented opportunity to directly assess the diversity of vertebrates in the region during this crucial
window of time. The following sections briefly outline existing knowledge, about the Thylacoleo Caves,

the Pleistocene vertebrate fauna they contain, and the palaeoecology of the locality as interpreted from
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the vertebrate fossil assemblage. Gaps in our understanding of the fossil fauna and its palaeoecology are

identified, leading on to the development of the aims and objectives of this study.

1.7.2 Location

Exact locations of the caves has not been publicised due to the risk of fossil looting, but coordinates of the
caves are lodged with the Department of Earth and Planetary Sciences, Western Australian Museum,
Perth, and are available to bona fide researchers. Approximate location of the caves is indicated in Figure

1.13. There are no made roads leading to the caves, and they are only accessible via four-wheel drive

vehicles in dry conditions.
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Figure 1.13: Location of the Thylacleo Caves, Nullarbor Plain, Western Australia (marked by black

X), showing the Eucla Basin (grey stippled area in lower map), and mean annual rainfall isohyets (mm)
(adapted from Prideaux et al. 2007)
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1.7.3 The caves

Three limestone caves comprise the Thylacoleo Caves fossil locality: Leaena’s Breath Cave (hereafter LBC),
Flightstar Cave (FSC) and Last Tree Cave (LTC). All contain a similar Pleistocene vertebrate fossil fauna, and
were named after the extinct marsupial predator Thylacoleo carnifex, complete skeletons of which were
found lying on the cave floors (Figure 1.14). The descriptions below are based on information published

in Prideaux et al. (2007; Supp. Info.) and on personal observations during the 2013 and 2014 field seasons.

Maps showing the layout of the caves are included in Chapter 4.

Figure 1.14: A skeleton (WAM 02.7.1) of extinct Thylacoleo carnifex (marsupial lion) in Flightstar
Cave, 2002. This is the most complete skeleton of the species ever found (photograph courtesy of Clay

Bryce, Western Australian Museum)

The locality is roughly 100 km inland from the coast of the Great Australian Bight, on the Western
Australian side of the Nullarbor Plain, in the arid, treeless zone. The caves are not immediately adjacent
to one another, but are distributed within an approximately 20-km radius. Local vegetation is dominated
by saltbush/bluebush, with grasses, herbs and occasional isolated, stunted trees. LBC and FSC are
accessed by abseiling approximately 10 m down their vertical solution pipes (Figure 1.15), while LTC is

accessed on foot via a collapse entrance.
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The solution pipes of LBC and FSC are accessed via a single small (<1 m diameter) entrance at the surface
of the plane, and both were hard-capped by calcrete until their recent re-opening. The solution pipes
descend through a thick layer of rock before opening into the ceiling of the cavern below. Beneath the
solution pipes in both these caves is an area of rockfall comprising a pile of large limestone boulders (e.g.

Figure 1.16). Some fossils recovered from these caves were found on or between these boulders.

Figure 1.15: Entrance to Leaena's Breath Cave, 2014 (photograph courtesy of the Flinders University
Palaeontology lab)

Figure 1.16: Looking back towards the rockfall area beneath the solution pipe entrance to Leaena's
Breath Cave, 2009. Ernie Lundelius for scale (photograph courtesy of the Flinders University
Palaeontology lab)
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At the foot of the rockpiles in LBC and FSC, the main chambers open out into a relatively flat sediment
floor beneath a ceiling bearing stalactites (Figure 1.17). Some fossil specimens used in this study lay on

top of the sediment floors, but most were excavated from pits dug down into the silty clay infill sediments

of LBC (e.g. Figure 1.17).

Figure 1.17: Sediment floor of Leaena's Breath Cave, 2009, showing the early stages of excavation

of Pit A (photograph courtesy of the Flinders University Palaeontology lab)

The structure of LTC differs from the other two caves, in that its entrance is large and sufficiently shallow-
angled to walk into, and leads into an entrance chamber with a low ceiling. Beyond the entrance chamber,
the cave branches off in two main directions. The main chamber lies directly ahead of the entrance. The
ceiling opens into a domed chamber above a steep area of rockfall comprising limestone boulders and at
the foot of the rockpile the cavern branches off into smaller side-chambers. Fossils have been collected
from the rockpile and from the lower chambers, but unlike LBC and FSC, the main chamber of LTC lacks
an expansive sediment floor, with the area of rockfall extending nearly to the far wall of the cavern. To
the left of the main entrance of the cave, a convoluted area of rockfall with a low ceiling winds down deep
in the cave. Guide ropes are needed to assist climbing down the boulders to reach “The Ossuary”, a small
but bone-dense chamber with a low, overhanging ceiling, and a floor of powdery limestone breakdown

material (Figure 1.18).
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Figure 1.18: "The Ossuary", Last Tree Cave, 2002 (photograph courtesy of the Flinders University
Palaeontology lab)

Like other caves and blowholes on the Nullarbor Plain, all three caves ‘breathe’. That is, they are subject
to strong reversing draughts, with air moving rapidly in or out of the cave entrance depending on
atmospheric pressure. The speed of the draughts can be up to around 100 km/hour, which is strong
enough to make entering and leaving the caves challenging. The strength of a reverse draught is illustrated
by the photograph in Figure 1.19, in which an inflated air mattress is lifted two metres clear of the

entrance of LBC when the cave is breathing out.

Figure 1.19: James Moore demonstrating the speed of a Leaena's Breath Cave reversing draught,

2013 (photograph courtesy of the Flinders University Palaeontology lab)

1.7.4 Age of the sediments and fossil deposits
Several dating techniques were used to build a chronology for the Thylacoleo Caves fossil deposits. Fossils
could not be direct-dated via radiocarbon because of their age being >50 kyr, leaving indirect dating of

associated sediments as the only way of determining the age of the fossils. Four techniques were applied:
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Uranium/Lead (U/Pb) dating of speleothems (Woodhead et al. 2006); Uranium/Thorium (U/Th) dating of
speleothems; Optically Stimulated Luminescence (OSL) dating of quartz grains within cave fill sediments;

and magnetostratigraphy of cave fill sediments (Prideaux et al. 2007).

In combination, these techniques have constrained the age of material excavated from pits. However, it
should be noted that the age of material recovered from the rockpiles and cave floors is time-averaged,
as this comprises a mixture of extinct Pleistocene taxa and material that accumulated recently since the
cave entrances re-opened, as evidenced by the presence of mummified animal remains (e.g. Figure 1.20).
In addition, minimal dating has been attempted for FSC and LTC to date, with greater emphasis having
been placed on LBC because most excavation effort has focused on this cave. Details of dating methods

and results are contained in the Supplementary Information to Prideaux et al. (2007), and results are

summarised briefly below.

Figure 1.20: Mummified remains of a Western Quoll, Dasyurus geoffroii, from Flightstar Cave
(photograph courtesy of Carey Burke, Flinders University Palaeontology lab)

For FSC and LTC, only OSL dating has been attempted, providing ages for the youngest, near-surface
sediments. This provides a minimum age for the accumulation of sediments and buried fossils. For FSC,
OSL dating returned ages of approximately 230 kyr (Middle Pleistocene), so material excavated from this
cave is probably this age or older, although surface material may be younger. For LTC, OSL dating produced
a minimum age of approximately 101 kyr (Late Pleistocene), so excavated material is probably Late

Pleistocene or older, although surface material may be younger.

Dating of LBC was more extensive. An in situ calcite speleothem was dated via U/Pb to 4.1-3.8 Myr
(Pliocene), meaning that the cave itself must have formed before the mid-Pliocene. Dating of surface
sediments and fossils have returned various ages. OSL dating of near-surface sediments produced a

minimum age of ~195 kyr (Middle Pleistocene). Three coralline calcite speleothems from the cave floor
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dated via U/Th, the last of which was deposited on top of a fossil bone and therefore gives a minimum
date for the age of the fossil, returned dates of 407 + 17, 394 + 15, and 392 + 25 kyr respectively (Middle
Pleistocene). The combined results of OSL and U/Th dating thus constrain the age of the youngest
sediments and some surface fossils to between ~200-400 kyr (Middle Pleistocene), although modern

material, including mummies, are also found on the floor of the cave.

Measurements of palaeomagnetism in the cave fill sediment of LBC detected a reversal of the Earth’s
magnetic field at approximately 50-70 cm below the level of the sediment floor. This polar reversal was
presumed to be the most recent reversal, thus marking the end of the Matuyama Reversed Chron and the
beginning of the Brunhes Normal Chron at ~780 kyr, which defines the boundary of the Early and Middle
Pleistocene worldwide (Pillans 2003). Sediments deeper than this are thus older than 780 kyr (Early
Pleistocene), although their maximum age is unknown, while those approx. 50 cm or shallower are

younger than 780 kyr (Middle Pleistocene).

Three sedimentary units were identified within the pit excavations in LBC. The upper unit (Unit 1) spans a
depth of 0-35 cm below the surface, Unit 2 spans 35-55 cm, and Unit 3 from 55 cm downwards. Based
on the combined evidence of the various dating techniques, Unit 1 sediments and the fossils they contain
are therefore of Middle Pleistocene age, Unit 2 Middle to Early Pleistocene, and Unit 3 Early Pleistocene.
The sediments lack obvious sub-strata, and it is currently unclear whether the units accumulated gradually

and continuously, or with hiatuses and rapid accumulation phases.

1.7.5 Taxonomic diversity of the vertebrate fauna: non-avian taxa

The Thylacoleo Caves vertebrate faunal assemblage is of mixed fortune, including taxa that went extinct
during the Pleistocene, others that survived into the Holocene but went extinct since European
colonisation, some that are extinct on the Australian mainland but are extant in Tasmania, and some that
survive on the mainland today. Extinct Pleistocene taxa are listed in Table 1.5. Extant and recently-extinct
taxa are listed in Table 1.6. In the initial analysis of the fossil fauna, Prideaux et al. (2007) recorded a
minimum of 69 vertebrate species, including mammals, reptiles and birds. Three species of frog were also
later identified (Tyler and Prideaux 2016), bringing the total to 72. The diversity of non-avian vertebrates
from the deposit is summarised below. The diversity of birds is discussed separately in the next section

due to their centrality to the research presented in this thesis.

Body mass of the mammalian species found in the deposits ranges from 10 g to 250 kg (Prideaux et al.
2007, Supp. Info). Kangaroos are particularly diverse, numbering 23 species, eight of which were new to
science, with two of these, both tree-kangaroos, having been described so far (Prideaux and Warburton
2008, 2009). Nearly one third of marsupials identified from the deposit went extinct during the

Pleistocene, of which most were browsers or mixed feeders (Table 1.5). Within the herbivore assemblage,
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including extinct and extant species, nearly 40% were browsers, nearly 30% grazers, nearly 20% mixed

feeders, and the remainder were fungivores or arboreal feeders. The deposit contains marsupials that are

extant but no longer found in the Nullarbor region, including Brushtail Possum Trichosurus vulpecula,

Western Barred Bandicoot Perameles bougainville, Tammar Wallaby Macropus eugenii, and the recently-

extinct Pig-footed Bandicoot Chaeropus ecaudatus and Crescent Nail-tail Wallaby Onychogalea lunata.

Table 1.5: Extinct non-avian vertebrate taxa from the Thylacoleo Caves (from information in

Prideaux et al. 2007, Supp. Info.; Tyler and Prideaux 2016; and Prideaux and Warburton, 2008, 2009); *

= new species

Species name

Common name/descriptor

Dietary guild/habitat

AMPHIBIA

Litoria lundeliusi

MAMMALIA
Phascolonus gigas
Thylacoleo carnifex
Thylacinus cynocephalus
Baringa sp. 1

Baringa sp. 2

Baringa sp. 3

Bohra nullarbora

Bohra illuminata
Congruus kitcheneri
Congruus sp. 1
Congruus sp. 2
Macropus ferragus
Macropus sp. 1.
Metasthenurus newtonae

Procoptodon goliah

Procoptodon browneorum

Procoptodon williamsi
Protemnodon brehus
Protemnodon roechus
Sthenurus andersoni

Sthenurus tindalei

Extinct tree-frog*

Giant wombat
Marsupial lion
Thylacine
Macropodid*
Macropodid*
Macropodid*
Tree-kangaroo*
Tree-kangaroo*
Extinct wallaby
Extinct wallaby*
Extinct wallaby*
Extinct kangaroo
Extinct kangaroo*
Short-faced kangaroo
Short-faced kangaroo
Short-faced kangaroo
Short-faced kangaroo
Short-faced kangaroo
Short-faced kangaroo
Short-faced kangaroo

Short-faced kangaroo

Arboreal/terrestrial/semi-

aquatic

Grazer
Carnivore
Carnivore

Mixed feeder
Mixed feeder
Mixed feeder
Arboreal folivore
Arboreal folivore
Browser
Browser
Browser

Grazer

Grazer

Browser
Browser
Browser
Browser
Browser
Browser
Browser

Mixed feeder
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Table 1.6: Extant and recently extinct non-avian vertebrate taxa from the Thylacoleo Caves fossil

fauna (from information in Prideaux et al. 2007, Supp. Info. and Tyler and Prideaux, 2016)

Taxon name

Common name/descriptor

AMPHIBIA
Pseudophryne sp. indet.

Neobatrachus sudelli

REPTILIA

Elapidae indet.

Diplodactylus sp. cf. granariensis
Gehyra sp. indet.

Underwoodisaurus (=Nephrurus) milii
Ctenotus sp. cf. orientalis

Egernia sp. cf. kingii

Egernia sp. cf. multiscutata

Tiliqua rugosa

MAMMALIA

Thylacinus cynocephalus
Antechinomys laniger
Dasycercus sp. cf. blythi
Dasyurus geoffroii
Sarcophilus harrisii
Chaeropus ecaudatus
Perameles bougainville
Macrotis lagotis
Lasiorhinus sp. cf. latifrons
Trichosurus vulpecula
Bettongia lesueur
Bettongia pusilla
Macropus eugenii
Macropus rufus
Onychogalea lunata
Leporillus conditor
Notomys sp. cf. mitchellii
Pseudomys australis
Pseudomys sp. cf. bolami
Pseudomys desertor

Nyctophilus geoffroii

Myobatrachid ground-frog (indeterminate species)

Sudell’s Frog/Painted Burrow Frog

Elapid snake (indeterminate species)
Western/Giant/Wheat-belt Stone Gecko
Web-tailed gecko/Dtella (indeterminate species)
Barking/Thick-tailed Gecko

Eastern Ctenotus Skink

King’s Skink

Southern Sand/Heath/Bull Skink

Shingleback Skink

Tasmanian Tiger

Kultarr

Brush-tailed Mulgara

Western Quoll

Tasmanian Deuvil

Pig-footed Bandicoot

Western Barred Bandicoot
Bilby

Southern Hairy-nosed Wombat
Brushtail Possum
Boodie/Burrowing Bettong
Nullarbor Dwarf Bettong
Tammar Wallaby

Red Kangaroo

Crescent Nail-tail Wallaby
Wopilkara/Greater Stick-nest Rat
Mitchell’s Hopping Mouse
Palyoora/Plains Mouse
Bolam’s Mouse

Desert Mouse

Lesser Long-eared Bat
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Predatory marsupials found include: Thylacine Thylacinus cynocephalus and Tasmanian Devil Sarcophilus
harrisii, both of which have been extinct on the Australian mainland for several thousand years; the extinct
Pleistocene marsupial ‘lion” Thylacoleo carnifex; and smaller extant predators such as Western Quoll

Dasyurus geoffroii, and a mulgara Dasycercus sp.

Rodents include: Greater Stick-nest Rat Leporillus conditor; a Hopping Mouse Notomys sp.; and three
species of Pseudomys mice. Abundant rodent remains from the more recent pit excavations of LBC await

identification and analysis.

Nine reptile species were identified for the original publication on the site, but as with the rodents,
material from later excavations awaits identification. Species identified so far are: an Elapid snake; and

eight lizard species, including an agamid (dragon) species, three geckos, and four skinks.

Frog taxa include a new extinct species of Litoria tree-frog, an unidentified species of Pseudophryne, and

an extant burrowing species, Sudell’s Frog Neobatrachus sudelli (Tyler and Prideaux, 2016).

1.7.6 Taxonomic diversity of birds

Bird fossils recovered from the earliest expeditions to the Thylacoleo Caves were the basis of the species
list published by Prideaux et al. (2007). Some bones were from associated skeletons, and others were
disassociated, isolated skeletal elements. Most were recovered from the surface of LBC and LTC, with a
small number excavated from a test pit dug in the infill sediment of LBC. Bird fossils from the original
excavations were identified by Dr Walter Boles, who found 18 bird taxa from eight orders and ten families
(Table 1.7), 13 of which were non-passerine taxa, and five of which were passerines. The number of
specimens and the locations from which they were recovered (floor or test pit) were not listed by Prideaux
et al. (2007), so the bird taxon list as reported was based on a time-averaged assemblage. It could have

included specimens from the Early, Middle and Late Pleistocene (see Age of the fossil deposits above).

In contrast to the remarkable marsupial assemblage from the locality, with its diversity of known and new
extinct Pleistocene taxa, only one extinct species of bird, the ‘giant malleefowl’ Progura gallinacea, was
recorded, and no new taxa were noted. Progura gallinacea had only previously been recorded from
Pleistocene fossil deposits in the eastern half of Australia, thus the locality recorded a significant westerly

extension of its known range.

Extant taxa somewhat outside of their known late Holocene range include: the Black-tailed Native-hen
Tribonyx ventralis, a species of rail that is common through much of Australia but is only found at the
southern margins of the Nullarbor region today and is absent from the treeless plain; the Australian
Ringneck Barnardius zonarius, a parrot common through much of Australia, and which is found in habitats

peripheral to the treeless plain; the Torresian Crow Corvus orru, which has a core range in the northern
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two-thirds of Australia but occurs as far south as the Great Victoria Desert, north of the Nullarbor; and
the Little Raven Corvus mellori, a species of south-eastern Australia whose modern range extends to the
Eyre Peninsula immediately to the east of the Nullarbor region, but which does not occur on the Plain.
There is thus evidence of modest range extensions in a few species, although all of these occur in the
Eyrean avifaunula today (see Section 1.4.4). All bird taxa identified from Thylacoleo Caves were regarded
by Prideaux et al. (2007) as habitat generalists, and minimal palaeoenvironmental interpretation was
therefore attempted based on the cave’s avifauna. However, the presence of several species of hollow-

nesting parrot was considered indicative of a woodland environment.

Table 1.7: List of bird taxa from the preliminary analysis of the Thylacoleo Caves vertebrate fauna

Order Family Genus/species Common name
Casuariiformes  Casuariidae Dromaius novaehollandiae Emu
Galliformes Megapodiidae Progura (as Leipoa) gallinacea Extinct ‘giant malleefowl’
Accipitriformes  Accipitridae Accipitridae indet. Indeterminate bird of prey (small)
Accipitridae indet. Indeterminate bird of prey
(medium)
Falconiformes Falconidae Falco cenchroides Nankeen Kestrel
Falco sp. indet. Indeterminate kestrel/falcon
Gruiformes Rallidae Tribonyx (as Gallinula) ventralis ~ Black-tailed Native-hen
Strigiformes Tytonidae Tyto sp. cf. T. alba Barn Owl
Tyto sp. indet. 1 Indeterminate tytonid owl 1
Tyto sp. indet. 2 Indeterminate tytonid owl 2
Psittaciformes Psittacidae Barnardius zonarius Australian Ringneck parrot
cf. Melopsittacus undulatus Budgerigar
Psittacidae indet. Indeterminate parrot (medium)
Passeriformes Corvidae Corvus mellori Little Raven
Corvus orru Torresian Crow
Indet. Passeriformes indet. (>3 spp.) Indeterminate passerine species

1.7.7 Palaeoecology

Due to the lack of pollen preserved in sediments from the Thylacoleo Caves, interpretation of the Middle
Pleistocene flora of the region was based on the vertebrate fauna (Prideaux et al. 2007). The species
assemblage was interpreted as indicating a mosaic of scleromorphic shrubland and open woodland.
Presence of trees was inferred from arboreal taxa such as possums, tree-kangaroos and parrots, as well
as small fungivores that would have foraged in woodland. The marsupial fauna includes a mixture of

grazing (grass-eating) and browsing (leaf- and stem-eating) species with a large range of body sizes and
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morphology, indicating that the regional vegetation was diverse. The locality contains a higher proportion
of grazing species than Pleistocene sites in mesic south-western and south-eastern Australia, with a
composition more similar to Pleistocene faunas of inland Australia. This is considered indicative of a dry,

relatively open habitat (Prideaux et al. 2007).

Compared to today, it is considered likely that during the Middle Pleistocene the Nullarbor Plain was home
to a higher proportion of plants with palatable leaves and fleshy fruits, such as are found today in the
peripheral woodlands but not on the plain itself. Examples included mistletoes (Loranthaceae), Acacia
species (Leguminaceae), Eremophila and Myoporum (Myoporaceae), Pittosporum (Pittosporaceae),
qguandong and sandalwoods (Santalaceae), and Australian rosewoods (Sapindaceae) (Prideaux et al.

2007).

The climatic envelope of the Thylacoleo Caves fauna was investigated via two methods. One used the
upper and lower rainfall bounds of extinct taxa found in the deposit, based on modern mean annual
rainfall at all known localities where each taxon occurred. The overlap in lowest and highest rainfall values
was used to estimate the climatic tolerance of the faunal assemblage, with values found to overlap at 260

mm average annual rainfall.

The second method measured stable carbon and oxygen isotope ratios in the dental enamel of
herbivorous marsupials, which records average isotopic values of plants consumed by the animals during
their lives. Plant isotopic values is controlled by local climatic conditions (rainfall and evaporation), so the
isotopic values of mammal teeth indirectly measures moisture balance in the region an animal inhabited
(Hedges et al. 2005). Stable carbon isotope values of the fossils, expressed as §*C %o, ranged from —13.3
to =7.2%o. This is intermediate between values of modern kangaroos and wombats in the Hampton
Tableland at the southern margin of the Nullarbor, which receives 240-270 mm average annual rainfall,
and the more arid northern Nullarbor Plain, which receives ~180 mm. Stable oxygen isotope values (620
%o) of the fossils ranged from —0.1 to 7.6%o., overlapping the mid-range of values from the moister
Hampton Tableland (4.4 to 4.2%o.) and the mid- to upper range values from the more arid northern

Nullarbor Plain (2.0 to 8.4%o).

Overall, combined isotopic evidence and rainfall estimates based on the faunal assemblage indicates that
during the Middle Pleistocene, the Nullarbor Plain was a little moister than today, but not dramatically
so, with an estimated mean annual rainfall of 230-260 mm (Prideaux et al. 2007). A paradox has thus
emerged about the palaeoecological history of the region. It has usually been suggested that the Nullarbor
Plain lost its trees during the Pleistocene in response to climatic change, specifically increased aridity, yet
the Thylacoleo Caves vertebrate assemblage, with its arboreal taxa such as tree-kangaroos and hollow-

nesting parrots, indicates that trees were present on the Nullarbor Plain under an arid- to semi-arid
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climatic regime during the Middle Pleistocene. Therefore, it seems unlikely that there was a
straightforward relationship between low annual rainfall and deforestation of the Nullarbor during the

Pleistocene, and alternative explanations for vegetation turnover must be sought.

As suggested by Prideaux et al. (2007), burning of the vegetation by humans during the Late Pleistocene
may have led to the final loss of trees from the Nullarbor Plain and the transition to the modern, fire-
resistant chenopod shrubland that characterises the region. However, a chronology for the final loss of
trees from the Nullarbor Plain has not yet been established. Arguably, if humans altered the vegetation
of the Nullarbor within the last 50,000 years, thereby creating a biogeographical barrier to the dispersal
of tree-dependent animal taxa between south-western and south-eastern Australia during the Late
Pleistocene, this should be evident from phylogeographic studies. Divergence dates a little younger than
this have been indicated for some bird taxa on either side of the Nullarbor region (e.g. 36 kyr for
populations of Australian Magpie Cracticus tibicen by Toon et al. 2007; and a similar date for Musk Duck
Bizura lobata by Guay et al. 2010). Magpies are woodland-dependent and so could potentially have been
affected by a loss of trees due to burning at this time. However, Musk Ducks are water-dependent rather
than tree-dependent, and aridity would be a better explanation for limited east-west gene flow in this

taxon.

1.8 The way forward: knowledge gaps and potential of the Thylacoleo Caves
vertebrate fauna

1.8.1 Avifauna

The preliminary analysis of the Thylacoleo Caves vertebrate fauna and the associated palaeoecological
reconstruction by Prideaux et al. (2007) focused primarily on mammals. Other vertebrate remains,
including avian fossils, have been less well studied. Birds were included as a minor component, providing
a baseline species list of 18 taxa for the locality, but this was based primarily on fossils that were recovered
from surface deposits and were likely time-averaged. As with the vertebrate fauna as a whole, an analysis
to assess the diversity of birds through time was therefore not possible, and the assemblage was

attributed to the Middle Pleistocene.

However, a test pit dug in LBC indicated that the sediment sequence spanned the Early and Middle
Pleistocene (Prideaux et al. 2007), revealing the potential for further excavations and analysis. Subsequent
fieldwork seasons, in 2009, 2011, 2013 and 2014, led to the recovery of hundreds of additional fossil bird
bones from the Thylacoleo Caves, particularly from LBC, with pit excavations extending back through the
Middle and Early Pleistocene sediments. The newly collected fossil bird material therefore has potential

for investigating the diversity and distribution of birds in south-central Australia during a half-a-million
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year or more interval of the Pleistocene. This is the first such record for the region and for Australia. It
represents the best opportunity to date to directly investigate the diversity and distribution of birds in
southern Australia during an interval that is thought to have been key in establishing the Australian

avifauna prior to the arrival of humans in the landscape.

Considerable research effort in recent years has been dedicated to attempting to untangle the
biogeographical history of birds in southern Australia. Genetic studies in particular have increasingly
highlighted idiosyncratic, taxon-specific responses to ecological change in the region. This was
foreshadowed by Cracraft (1986), who acknowledged that different bird clades may not have responded
with the same patterns to ecological changes in southern Australia during the Plio-Pleistocene, and that
there was a need to search for a biogeographical model that could explain variable patterns between
different clades. Now, more than thirty years later, it seems as if we may finally be able to begin assessing
in earnest how, when and why various taxa did or did not become separated at the Nullarbor Plain during
the Pleistocene, by combining molecular perspectives with new palaeontological evidence. This may lead
to the development of a new paradigm for understanding the biogeographical history of birds, and other

taxa, in southern Australia.

1.8.2 Palaeoecological reconstruction of the Nullarbor Plain

We currently lack a clear picture of how the regional flora and fauna changed — if indeed it did change —
from the Early Pleistocene into the Middle Pleistocene. The Thylacoleo Caves fossil deposit spans this
crucial time interval, referred to as the mid-Pleistocene transition, or mid-Pleistocene revolution, when
changes in the Earth’s orbit led to 41-kyr glacial-interglacial cycles being replaced with 100-kyr cycles
(Ford et al. 2016). Geological evidence shows that the transition led to climatic changes, notably
heightened aridity, in southern Australia (Pillans and Bourman 2001), but its impact on the Nullarbor
ecosystem has not been established. The pit excavations of LBC offer a unique opportunity to investigate
whether a signature of this transition is recorded in the vertebrate fauna. The research presented in later
chapters exploits the utility of birds for palaeoecological reconstruction, given their often very specific
and well-established habitat requirements in terms of roosting, nesting, feeding and drinking (see Baird
1989). Ultimately, the data on birds will be combined with data on other vertebrate orders. This will allow
a richer interpretation of the Pleistocene ecology of the Nullarbor Plain, and an assessment of whether
different vertebrate groups had concordant or discordant responses to ecological change in the region

during the mid-Pleistocene transition.
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1.9 Aim and objectives of the thesis

The overarching aim of the thesis is to use the fossil assemblage from the Thylacoleo Caves to investigate
the diversity and distribution of non-passerine birds on the Nullarbor Plain during the Early and Middle

Pleistocene. This aim is addressed via the following objectives:

1) Determine the diversity of non-passerine birds in the Thylacoleo Caves fossil deposit during the
Early and Middle Pleistocene using a systematic palaeontological approach

2) Conduct a time-series analysis of the non-passerine fossil assemblage from LBC, to determine
whether the Thylacoleo Caves records changes in the composition of the avifauna during the Early
and Middle Pleistocene

3) Use the non-passerine fossil assemblage from LBC to reconstruct the palaeoecology of the
Nullarbor Plain during the Early and Middle Pleistocene, and determine if this supports the
ecological interpretation of Prideaux et al. (2007) that the local Pleistocene habitat was a mosaic
of a woodland/shrubland in an arid- to semi-arid climatic regime

4) Determine whether the Thylacoleo Caves fossil fauna records range changes for extant species of
bird since the Pleistocene, with particular reference to the role of the Nullarbor Plain as a
biogeographical barrier to the dispersal of birds in southern Australia

5) Identify and describe new extinct species of non-passerine bird from the Thylacoleo Caves, if
applicable

6) Discuss the relevance of the findings for advancing knowledge about the diversity, distribution

and evolutionary history of the Australian avifauna.

1.10 Methods

Specific methodologies for individual components of the research project are given in Chapters 2, 3 and
4. The following sections outline the general methodological approach taken in the research project as a

whole.

1.10.1 Fieldwork

Fossil material used in this study was collected during various fieldwork seasons at the Thylacoleo Caves
between 2002 and 2014. The material is the result of successive excavations by teams of professional
palaeontologists, students, volunteers, and caving experts. Early fieldwork seasons were led by John Long,
then of the Western Australian Museum, Perth, and Gavin Prideaux, of Flinders University, Adelaide. Later
seasons were headed by Gavin Prideaux. My own involvement in fieldwork at the locality comprised two
field trips of three weeks each, the first in April/May 2013, during which excavations of Pits A and B in LBC

were expanded, the second in April/May 2014, focusing mainly on LTC and FSC.
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1.10.2 Excavation and processing of fossils and sediments

Surface specimens were collected from the rockfall areas and cave floors by hand. Details of the pit
excavations in LBC are provided in Chapter 4. In the pit excavations, larger fossil specimens were treated
in situ with a plastic hardener (a polyvinyl, Mowital®) dissolved in ethanol, to allow their intact removal
once dry. Smaller bones were not treated individually in the field, and were removed along with the bulk

sediment, which was collected in sacks and removed from the cave for processing aboveground.

Aboveground sediment processing techniques were optimised for the field conditions, and were dictated
by the remoteness of the location many hours’ drive from the nearest habitation, and the limited
availability of water during three-week long field seasons. The main constraint was the need to minimise
the amount of bulk material to be transported 1,000 km by road back to the laboratory from the field.
Due to the scarcity of water, all of which had to be transported to the site by vehicle, sediment was first
dry-sieved to remove as much loose material as possible. Wet-sieving only would have been ideal so as to
minimise potential abrasion of fossil specimens from dry-sieving, but the need to conserve water meant
that this was not feasible. After dry-sieving, the remaining fossiliferous sediment was transferred to wet-
sieves where it was soaked and then washed by hand to remove sand, silt and clay. The remaining fraction,
comprising bone, teeth and gravel, was then transferred to calico bags and dried for transport. Care was

taken at all stages to keep stratigraphic data with the specimens.

1.10.3 Laboratory work

1.10.3.1 Specimen sorting
In the laboratory, bags of sieved material were sorted in trays, and a paintbrush and tweezers were used
to remove fossils from remaining sediment. | removed the majority of the bird material myself, but various

other workers also assisted.

1.10.3.2 Specimen curation

All bird fossils collected from the Thylacoleo Caves and used in this thesis have been given a WAM
(Western Australian Museum) catalogue number. All material will ultimately be deposited at the Museum,
in Perth, Western Australia. Some specimens used in the preliminary analysis of the Thylacoleo Caves
fauna by Prideaux et al. (2007) had previously been given WAM catalogue numbers prior to the
commencement of my doctoral research in 2012. | have retained these original numbers where
appropriate, for example where a collection of bones registered under a number were from a single
associated skeleton, but have given new numbers to some specimens if they were from different taxa and

needed to be documented separately.

For specimens collected in field seasons during the 2009—-2014 interval, | initially used my own interim

cataloguing system which incorporated details of the cave, pit, quadrat, and excavation depth (e.g.
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LBC.B3.120.125.001 = Leaena’s Breath Cave, Pit B, Quadrat 3, 120-125 cm, specimen 001). Specimens
catalogued with this interim system were later given WAM numbers, and these are used throughout the
thesis. Details of each specimen were recorded in an Excel spreadsheet, and additional information, such
as taxonomic data, was later added as the specimens were identified during the course of this study. This

is the basis of the analysis in Chapter 4.

1.10.3.3 Specimen identification

Identification of fossil bird bones was primarily by comparison with modern and fossil bird skeletons from
various museum collections around Australia. Most modern reference skeletons were from the
Ornithology collection of the South Australian Museum (SAM), Adelaide, but these were supplemented
with material loaned primarily from Museum Victoria (MV) Melbourne, Australian Museum (AM), Sydney,

and the Queensland Museum (QM), Brisbane.

Bones were identified with the naked eye and under a low-powered light microscope. Particularly early
on in my learning curve, specimen identification was an iterative process where | first identified bones to
order or family level by comparisons with a representative taxon from each order represented in the
modern Australian avifauna. Identification was also informed by reference to the
osteological/palaeontological literature, and | sought expert opinion when required, primarily from
Associate Professor Trevor Worthy, who co-supervised this research, but also from Dr Jacqueline Nguyen
of the Australian Museum, Sydney, and Dr Vanesa De Pietri of the Canterbury Museum, Christchurch,
New Zealand. | reviewed all specimens at least once, making corrections to identifications as my skill-level

increased.

Identifications were later refined where possible to genus or species, by comparison with a more
comprehensive set of reference skeletons. Identification effort focused upon the most diagnostic
elements, mainly limb bones. Less informative elements such as vertebrae and phalanges were generally

not considered.

1.10.4 General approach to analysing the avifauna

Due to the need to circumscribe the scope of the research project, two pragmatic decisions were taken.
One was to limit the research presented in the thesis to non-passerine birds only, as in many other studies
(e.g. Campbell 1979; Olson and James 1991; Steadman and Mead 2010; Meijer et al. 2013). Research on
the passerine component of the Thylacoleo Caves avifauna will form the basis of a separate research
project, and eventually data on passerines and non-passerines will be combined. The second restriction
on the scope of the project was to focus the analysis in Chapter 4 on bird fossils from Pit B in LBC, which
was the more extensive of the two pits dug in the cave. Surface material, which is of uncertain age, is also

documented, but pit material, which is constrained by age, forms the basis of the palaeoecological
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interpretation of the Pleistocene avifauna. A limited amount of fossil material from Pit A in LBC is also
included in the Systematic Palaeontology of the locality (Chapter 4), but most material from this pit is yet

been identified, and will be studied at a later date.

1.10.5 Descriptions of new taxa

During the course of the research project, | identified the remains of several birds from the Thylacoleo
Caves that are new or are likely to be new extinct taxa. Some of these are formally described in Chapters
2 and 3 (published papers), and as a result it has been necessary to incorporate relevant fossil specimens
from other Australian localities into these chapters. The geographic and temporal scope of the thesis,
while focusing mainly on the Early and Middle Pleistocene fauna from the Thylacoleo Caves as in the

original aims of the research project, therefore extends beyond this in places.

Given their number, it has not been possible to describe all new taxa during the course of this project.
Likely new taxa are noted in the Systematic Palaeontology section of Chapter 4, and while some features
that distinguish them from extant taxa are reported, these do not constitute formal descriptions. These

taxa will be formally described for publication at a later date.

1.11 Summary

The Pleistocene has long been regarded as a key interval that shaped the diversity and distribution of
birds in Australia, laying the foundations of the diversity and distribution of the modern continental
avifauna. The primary influences believed to have shaped the continental avifauna, including both the
distribution of characteristic regional species assemblages (avifaunulas) and the generation of species and
sub-species by vicariance, were: 1) cool—arid phases alternating with warm—moist phases driven by global
climatic cycles of the Pleistocene, overlain by an increasing trend towards aridity; and 2) the associated
cyclical contraction of mesic habitat and expansion of arid habitat, with a trend towards the dominance
of the arid zone. These processes are thought to have led to the creation of arid-habitat barriers that
effectively confined bird populations to mesic refugia during arid phases of the Pleistocene, thus shaping

their evolution.

The Nullarbor Plain has historically been regarded as one of the major arid-habitat barriers in southern
Australia because of its lack of trees and surface water, but recent research on extant fauna has been
equivocal about the importance of the ‘Nullarbor Barrier’ in controlling gene flow between populations
of mesic taxa across southern Australia. A body of recent research into the genetics of various taxa has
inferred varied faunal responses to climatic cycles of the Pleistocene: for some taxa, the Nullarbor Plain
does not appear to have functioned as a barrier at all; for other taxa, other barriers, particularly the Eyrean

Barrier, appear to have exerted more influence; and for taxa that do appear to have been separated by
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aridity and/or vegetation change in the Nullarbor region, the timing of vicariance appears to have been
asynchronous among different species. We currently lack a comprehensive framework for understanding
both the nature and the timing of climatic events and habitat transitions that shaped the southern

Australian fauna.

Until recently, the vertebrate fossil record has been largely silent on the Pleistocene palaeoecology of the
Nullarbor Plain. The discovery of the Thylacoleo Caves fossil deposit in 2002 was a major breakthrough in
terms of the potential for understanding the faunal and floral composition of the Nullarbor Plain during
the Early and Middle Pleistocene. The preliminary analysis of the fauna indicated that the assemblage

represented a mosaic habitat of woodland and shrubland under an arid- to semi-arid climatic regime.

As at 2007, around 18 bird taxa were known from the deposit, including one extinct species, and no new
extinct bird taxa. The avifaunal assemblage included several species of hollow-nesting parrot, and
contributed to the interpretation that the Middle Pleistocene habitat of the region included trees.
However, birds were not the main focus of the study by Prideaux et al. (2007), and their analysis was
based on a time-averaged assemblage of mammals. Following further excavations, hundreds of additional
bird fossils have now been recovered from the Thylacoleo Caves. This study will document the diversity
of the non-passerine fossil avifauna contained within the Thylacoleo Caves fossil deposits, as a way of
investigating the diversity and distribution of birds in southern Australia during the Early and Middle
Pleistocene. The avian assemblage will be used to help reconstruct the local ecology of the Nullarbor Plain

during a crucial phase in the development of the modern avifauna of southern Australia.

1.12 Structure of this thesis

The subsequent chapters of this thesis include a mixture of published and unpublished work. Chapters 2
and 3 are reproductions of peer-reviewed, published journal articles in which | and my co-authors
describe extinct taxa from the Thylacoleo Caves and other Pleistocene fossil localities. Chapter 4, which
presents the systematic palaeontology of the non-passerine birds from the Thylacoleo Caves and an
analysis of the palaeoecology of the Nullarbor Plain during the Early and Middle Pleistocene, has not
been submitted for publication. However, for consistency with the journal-article format of Chapters 2
and 3, Chapter 4 is written in the style of a stand-alone manuscript. For this reason, Chapter 4 duplicates
some background information included in Chapter 1. Chapter 5 (unpublished) comprises a synthesis of
the three data chapters (2, 3 and 4), and a general discussion of how the original work presented in this
thesis contributes to the advancement of our knowledge of the Pleistocene avifauna of Australia. It also

contains suggested directions for future research.
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Coucals are large, predatory, primarily ground-dwelling cuckoos of the genms Centropus, with 26 extant spedes
ranging from Africa to Australia. Their evolutionary and biogeographical history are poorly understood and their
fossil record almost non-exstent. Only one species (Centropus phasianinus) currently inhabits Australia, but
there is now fossil evidence for at least three Pleistocene species. One of these (Centropus colossus) was desaribed
from south-eastern Australia in 1985. Here we describe additional elements of this species from the same site,
and remains of two further extinct spedes from the Thylacoleo Caves of the Nullarbor Plain, south-central
Ausralia. The skeletal morphology and large size of the three extinet spedes indicates that they had reduced
capacity for flight and were probably primarily g d-dwelling. The extinct spedes include the two largest-
knmown cuckoos, weighing upwards of 1 kg each. They demonstrate that gigantism in this lineage has been more
marked in a continental context than on islands, contrary to the impresson gained from extant species. The
ewlutionary relationships of the Aunstralian fossil coucals are uncertain, but our phylogenetic analyss indicates a
possble close relationship between one of the Nullarbor species and extant Centropus viclacens from the
Bismarck Archipelagn. The presence of three coucals in southern Australia markedly extends the geographical
range of the genus from tropical Australia into southern temperate regions. This demonstrates the remarkable
and consistent ability of coucals to wlonize continents despite their very imited flying ability.
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‘megafaunal’ birds have been described from the Ans-
tralian Pleistocene, including: the gigantic flightless

INTRODUCTION

Bird fossils have been found at many Pleistocens
sites around Australia (Baird, 1893; Boles, 2006), but
remains of only ten extinet species are represented
amongst them (Boles, 2006). This meagre list stands
in stark contrast to the rich fossil record of Aus-
tralian Pleistocene marsupials, from which 25 extinet
genera and around 80 extinet species, many of them
large, have been described (Prideaux, 7). If the
broad-scale change to the character of the Australian
mammal fauna brought about by these extinetions
was matehed in the avifauna, it has so far gone
undetected in the fossil record. A few extinct

galloanseriform Genyornis newtoni; either one or two
large megapodes in the genus Progura (De Vis, 1888;
van Tets, 1974; but see Boles, 2008); and two dwarf,
although still large, forms of emu from offshore
islands, Dromaius ater from King Island and Dro-
maius boudinianus from Kangaroo Island, now
sometimes considered subspecies of the extant Dro-
maius novachollandiae. However, most Pleistocens
bird fossils have been referred to small extant spe-
cies. Many Australian bird lineages are inferred to
have suffered extinctions from the Miocene onwards
as the continent dried out, based on the prevalence
of young, diverse lineages in the mecently ardified
centre of the continent, with generally older, less

*Com ding suthor, E-mail elenshut il diverse, more distantly related lineages inhabiting
964 4 2016 The Linnean Society of London, Zeological Journal of the Linnean Society, 2016, 177, 964-1002
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Context

In this chapter are described two new extinct species of coucal in the genus Centropus from the
Pleistocene deposits of the Thylacoleo Caves. These are the first new extinct Pleistocene bird species
that have been described from Australia since 1993. All specimens were excavated from the caves after
the publication of the preliminary analysis of the fauna by Prideaux et al. (2007), thus these taxa did not
appearinthe original species list from the locality. One extinct species of Centropus has previously been
described from another Australian Pleistocene locality, therefore material of that speciesisalso induded
in the manuscript. Taxonomic relationships between the extinct species and extant members of the
genusare analysed. Inferences are made about the Pleistocene ecology of the Nullarbor Plain based on
the presence of these extinct species, and the results are also discussed in the broader context of the

historical biogeography and evolutionary history of the Australian avifauna.
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2.1 Abstract

Coucals are large, predatory, primarily ground-dwelling cuckoos of the genus Centropus, with 26 extant
species ranging from Africa to Australia. Their evolutionary and biogeographical history are poorly
understood and their fossil record almost non-existent. Only one species (Centropus phasianinus)
currently inhabits Australia, but there is now fossil evidence for at least three Pleistocene species. One
of these (Centropus colossus) was described from south-eastern Australia in 1985. Here we describe
additional elements of this species from the same site, and remains of two further extinct species from
the Thylacoleo Caves of the Nullarbor Plain, south-central Australia. The skeletal morphology and large
size of the three extinct species indicates that they had reduced capacity for flight and were probably
primarily ground-dwelling. The extinct species include the two largest known cuckoos, weighing
upwards of 1 kg each. They demonstrate that gigantism in this lineage has been more marked in a
continental context than on islands, contrary to the impression gained from extant species. The
evolutionary relationships of the Australian fossil coucals are uncertain, but our phylogenetic analysis
indicates a possible close relationship between one of the Nullarbor species and extant Centropus
violaceus from the Bismarck Archipelago. The presence of three coucalsin southern Australia markedly
extends the geographical range of the genus from tropical Australia into southern temperate regions.
This demonstrates the remarkable and consistent ability of coucals to colonize continents despite their

very limited flying ability.

2.2 Introduction

Bird fossils have been found at many Pleistocene sitesaround Australia (Baird, 1993; Boles, 2006), but
remains of only ten extinct species are representedamongst them (Boles, 2006). This meagre list stands
in stark contrast to the rich fossil record of Australian Pleistocene marsupials, from which 25 extinct
generaandaround 80 extinct species, many of them large, have been described (Prideaux, 2007). If the
broad-scale change to the character of the Australianmammal fauna brought about by these extinctions
was matched in the avifauna, it has so far gone undetectedin the fossil record. A few extinct
‘megafaunal’ birds have been described fromthe Australian Pleistocene, including:the gigantic flightless
galloanseriform Genyornis newtoni; either one or two large megapodes in the genus Progura (De Vis,
1888; van Tets, 1974; but see Boles, 2008); and two dwarf, although still large, forms of emu from
offshore islands, Dromaius ater from King Island and Dromaius baudinianus from Kangaroo Island, now
sometimes considered subspecies of the extant Dromaius novaehollandiae. However, most Pleistocene
bird fossils have been referred to small extant species. Many Australian bird lineages are inferred to
have suffered extinctions from the Miocene onwards as the continent dried out, based on the
prevalence of young, diverse lineages in the recently aridified centre of the continent, with generally

older, lessthe mesicremnant habitats around the continental margins (Hawkins, Diniz-Filho & Soeller,
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2005). Sofar this patternis poorly reflectedin the fossilrecord. However, in this paper, we present fossil
evidence showing that at least one lineage, the coucals, which generally inhabit mesic environments,
had a previously unsuspected Australian diversity, and underwent a major geographical contraction

since the Pleistocene.

Coucals, members of the genus Centropus, are amongst the largest cuckoos. They are predominantly
ground-dwelling predators noted for their short, rounded wings and poor flying ability. Coucals are
thoughtto be arelatively basal lineage of the cuculid radiation on the basis of morphological and genetic
evidence (Hughes, 2000; Sorenson & Payne, 2005). Unlike more derived cuckoos, they are not brood-
parasites butinsteadbuild their own nests and raise their own young. Most coucals also exhibit reversed
sexual dimorphism and the associated behaviour of males providing most of the parental care, which
are characteristics shared by less than 5% of bird species (Maurer, 2008; Maurer et al., 2011). The 26
extantspecies haveageographicalrange from Africa, Madagascar, the Indian subcontinent including Sri
Lanka, southern and eastern China, the Philippines, South-East Asia including the Malay Peninsula,
Borneo, Sumatra, and numerous other islands of the Indonesian archipelago, through to New Guines,
the Solomon Islands, and northern Australia (Dickinson & Remsen, 2013). Australia has only one extant
mainland species, the pheasant coucal, Centropusphasianinus, one of the largest representatives of the
genus. Itlivesintropical and subtropical habitatsinthe north and east of Australia, andis also foundin
tropical Timor and New Guinea (Fig. 2.1). The eight currently recognized subspecies are: Centropus
phasianinus mui (Timor; Lesser Sundas); Centropus phasianinus spilopterus (Kai Islands; south-east
Moluccas); Centropus phasianinus propinquus (lowland northern New Guinea); Centropus phasianinus
obscuratus (lowland northern coast of south-eastern New Guinea); Centropus phasianinus nigricans
(lowland southern coast of south-eastern New Guinea); Centropus phasianinus thierfelderi (lowland
subcoastal New Guinea; Torres Strait Islands); Centropus phasianinus melanurus (Pilbara and north-
western to north-eastern Australia; Melville Island); and Centropus phasianinus phasianinus (coastal
eastern Australia) (Dickinson & Remsen, 2013). These vary in size and plumage (Mason, McKean &

Dudzinski, 1984).

Historically, Centropuswas considered alate addition to the Australian avifauna. Centropusphasianinus
is thought to have only crossed the Torres Strait from New Guinea to Australia late in the Pleistocene
either via the Sahul Shelf, which connected New Guinea and northern Australia at periods of low sea-
level stand during glacial phases of the Pleistocene (Fig. 2.1), or by island-hopping through this region
whensealevelswere higher (Hindwood, 1954; Mason et al., 1984). Thisinterpretationissupportedby
three lines of evidence. Southern Asiaand Melanesia have the greatest diversity of coucals globally (18
of 26 species; Dickinson & Remsen, 2013), whereas Australia has only Ce. phasianinus. This spedies is

not endemic, butis also found in New Guinea and Timor. Furthermore, the Australian range of Ce.
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phasianinus is limited to the tropical and subtropical north and east grading into the high-rainfall

temperate east coast, in close geographical and climatic proximity to New Guinea.

Figure 2.1: Map of key localities mentioned in the text, showing the range of extant Centropus
phasianinus, and showing landbridge connections between Australia and Melanesia at different
Pleistocene sea level low-stands (—40 and —130 m) relative to modern sea level, (modified from Sahul
and Sundah Shelf Basemap, CartoGIS CAP, 2013, Map 00-101; downloaded from

http://asiapacific.anu.edu.au/mapsonline/base-maps/sunda-and-sahul-she If, 08-05-2015).

Until skeletal remains of a ‘giant’ Pleistocene coucal, Centropus colossus, were discovered in Green
Waterhole Cave in south-eastern Australia (Fig. 2.1; Baird, 1985), there was no reason to suppose that
Australia had ever hosted an endemic radiation of coucals. However, this fossil species demonstrated
that in the past, the genus had a geographical distribution outside its modern range, and also hinted at

greater pre-Holocenediversity.Inthe nearly threedecadesthat followed, no further coucal fossils were
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identified from any other Australian locality. Here we provide evidence that this lineage was more
diverse and more widely geographically dispersed in Australia during the Pleistocene than hitherto
known. We describe a further two species of Centropus from the pitfall-trap assemblages of the
Thylacoleo Caves onthe Nullarbor Plain, Western Australia, describe additional remains of Ce. colossus
from south-eastern Australia, and calculate bodymass estimates for all three species. We provide
palaeoecological interpretations of these species based upon size, morphology, and comparisons with
extant coucals, and undertake a phylogenetic analysis to investigate relationships betweenthese extinct
taxa and othercuculids. We considerthe evolutionary and biogeographical significance of these extinct

speciesinthe context of Pleistocene environmental change in Australia.

2.3 Materials & Methods

2.3.1 Abbreviations & definitions

Institutions: AM, Australian Museum, Sydney, Australia; ANU, Australian National University, Canberra,
Australia; KU, University of Kansas Natural History Museum, Lawrence, USA; LACM, Los Angeles County
Museum, California, USA; MV, Museum Victoria, Melbourne, Australia; NMSF, Senckenberg Natural
History Museum, Frankfurt, Germany; QM, Queensland Museum, Brisbane, Australia; SAM, South
Australian Museum, Adelaide, Australia; UMMZ, University of Michigan Museum of Zoology, Ann Arbor,
USA; WAM, Western Australian Museum, Perth, Australia.

Geological timescale and definitions of key periods discussed herein: Early Pleistocene, 2.58 million to
780,000 years ago; Middle Pleistocene, 780,000 years ago to 126,000 years ago; Late Pleistocene, 126,000
years ago to 11,700 years ago; Holocene, 11 700 years ago to present; Quaternary, 2.58 million years ago
to present (Gibbard, Head & Walker, 2010). Other terminology dL, distal left; dR, distal right; DW, distal
width; kyr, thousands of years; L, left; Mya, millions of years ago; m., musculus (i.e. muscle, Latin); NISP,
number of individual specimens; pL, proximal left; pR, proximal right; PW, proximal width; R, right; SW,

shaft width; TL, total length; yr BP, years before present.

Comparative material: Skeletons of modern cuculid taxa were examined as follows — Pheasant coucal,
Centropus phasianinus: QM 0.12529, QM 0.12726, QM 0.16026, QM 0.21036, QM 0.28046, QM
0.28604, QM 0.31395, QM 0.31674, QM 0.32793; SAM B.32226, SAM B.48695; lesser coucal, Centropus
bengalensis: KU 41127; violaceous coucal, Centropus violaceus: AM 0.60593; pied coucal, Centropus
ateralbus: LACM 91135; channel-billed cuckoo, Scythrops novaehollandiae: QM 0.21174, QM 0.31404,
QM 0.31959, QM 0.31961, MV B.12969, MV B.23619; common koel, Eudynamys scolopaceus: QM
0.31628, QM 0.31672, QM 0.32350, QM 0.20686, MV B.24066.

Skeletal material of South-East Asian ground-cuckoos inthe genus Carpococcyx could not be obtained,

but three-dimensional computed tomography scans of key elements for coral-billed ground cuckoo
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Carpococcyx renauldi(UMMZ 223881; humerus, femur, tibiotarsus, and tarsometatarsus), taken at 300-
micron resolution, were provided by the UMMZ. Photographs of the same elements from crested coua
Coua cristata (NMSF 4489) were also examined. Modern skeletal material of buff-headed coucal
Centropus milo was not available, but bones that are presumed to be Ce. milo from a Holocene
archaeological depositat Vatuluma Posovi (SG-2-1, or Poha Cave) Guadalcanal, Solomon Islands, were
examined by T. H. W. from the School of Archaeology and Anthropology collections, ANU, and

photographs of its humeri were available.

2.3.2 Measurements

Measurements were taken with digital callipers and rounded to the nearest 0.1 mm. Long-bone
circumferences were measured by wrappinga thin strip of paperaround the shaft, marking with a pen
where the ends overlapped, and then straightening out the paperand measuring the distance between

the marks with digital callipers.

2.3.3 Body mass estimates

We estimated body masses for the extinct species using regression equations given in Campbell &
Marcus (1992) for bird legbone circumferences vs. body weight. Although Field et al. (2013) found the
best morphometric predictor of body mass in volant birds to be the diameter of the facies articularis
humeralis on the coracoid, we did not use this in the present study for two reasons: (1) species of
Centropus are weak fliers, the larger species particularlyso, and the fossil taxa in this study are espedially
large and theirvolancy uncertain; and (2) coracoids are lacking fortwo out of three of the fossil species.
Estimates based on legelements, which could be calculated forall three taxa, were thus preferred. We
therefore selected eight equations from Campbell & Marcus (1992) to assess body mass, fourbased on
minimum femoral circumference and four on minimum tibiotarsal circumference. We used their all-
species equation because it is based on the largest number of taxa (representatives from 89 avian
families),as well as theirequations for heavy-bodied birds (from 11 families),long-legged birds(from 13
families), and nonpasserine birds (from 69 families) because the speciesin this study would fitinto any
of these groups. We also applied these equations to extant cuculids to determine which produced

estimates closest to theirknown mean body masses.

2.3.4 Simpson log-ratio diagrams

In order to visually compare the body proportions of the species of Centropus considered in this study,
we used log-ratio diagramsfirst described by Simpson (1941) and now used widely in palaeontological
studies. Inthismethod, asuite of measurements (e.g. limb bone lengths and widths) is made forone or
more species, converted to logarithms, and plotted on a graph as differencesfrom the log values of a

standard species represented as a straight zero-line on the horizontal axis. In this study we used the
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channel-billedcuckoo, S. novaehollandiae, as the standard, becauseitis alarge Australo-Papuan cuckoo
species of similarsize to the larger coucalsbut with markedlydifferent body proportions. The connected
valuesforaspeciesformaline thatrisesandfallsrelative to the zero-line, with sharper peaksindicating
greater difference in bone proportions from the standard species. If the lines of two species are more
parallel to one another, thisindicates that they have similar proportions, and if less parallel, the more

their proportions differ. The relative size of different species is shown by their height on the y-axis.

2.3.5 Nomenclature
We follow the osteological terminology of Baumel et al. (1993) and the taxonomic nomenclature of

Dickinson & Remsen (2013), unless otherwise specified.

2.3.6 Phylogenetic analyses

We undertook a phylogenetic analysis of the extinct species based on the 135-character cuculid
osteological data set from Hughes (2000) in which genus-level taxa were used rather than species. In
order to calibrate our interpretation of these characters, we independently scored the skeleton of Ce.
phasianinus, which was one of eight species of Centropus uponwhich the codingof Centropuswas based
by Hughes (2000), the others being Centropus goliath, Centropus viridis, Centropus senegalensis,
Centropus menbeki, Centropus toulou, Centropus monachus, and Centropus superciliosus (Hughes,
1997). We then scored into the matrix the character states for the three Australian fossil taxa. We also
scored two additional large extant Australasian cuculid species, Ce. violaceus and S. novaehollandiae,
which were notincludedinthe original analysis, to test the potential phylogenetic effects of large body
size. We did not add any new characters, but added a new state each for Characters 96 and 97 (see
Appendix 2in Hughes, 2000), for a total of 135 characters and 41 taxa. All characters were unweighted,

and 24 characters were ordered as in Hughes (2000).

We undertook parsimony analysesin PAUP*4.0b10 using standard settings (Swofford, 2001), heuristic
searches, tree bisection-reconnection branch swapping, and 1000 random addition replicates per
search. Supportfor the consensus tree was assessed by bootstrapping, using heuristicsearches and the
same options, and 1000 replications. Asinthe original analysis (Hughes, 2000), trees were rooted using
Opisthocomus hoazin (Hoatzin) and Musophagidae (turacos) as the outgroup. As our scoring of extant
species revealed hitherto undetected variability amongst species of Centropus, we omitted composite
scoring of the genus from our final analysis(cf. Hughes, 2000), instead including two extant Australasian
taxa, Ce. phasianinus and Ce. violaceus, separately. Treeswere manipulated inFigTree 1.4.2 and labelled

in Adobe Illustrator.
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2.4 Results

2.4.1 Key locations

The localities discussed in this paperare shownin Figure 2.1.

2.4.2 Systematic palaeontology

CUCULIFORMES WAGLER, 1830
CUCULIDAE LEACH, 1819
CENTROPODINAEHORSFIELD, 1823

CENTROPUSILLIGER, 1811

Type species: Cuculus aegyptius Gmelin, 1788 [=Centropus senegalensis (Linnaeus, 1766)] by

subsequent designation, see Gray (1840).

Throughout most of its range, the fossil record of Centropus is non-existent. The only extinct speciesthat
are recognized are thosetreated in this paper, which are all fromoutside the modern range of the genus.
Besides these extinct species from southern Australia, the only Centropus fossils published in the
literature are those of two indeterminate, possibly extant, species from archaeological contexts on the
Melanesianislands of New Ireland (Steadman, White & Allen, 1999) and Vanuatu (Worthy et al., 2015),
the latter representing a range extension for the genus. The temporal range of the genus is unknown.
The oldestfossils, described below, are of Early Pleistocene age, but the genusis likely to be much older
than this. The fossils described herein are referred to the Cuculidae, and to Centropus in particular, by
the followingfeatures, based in part on characters noted by Baird (1985) and Hughes (2000), as well as

on direct observations of comparative specimens.

Generic diagnosis

Humerus: The fossa pneumo tricipitalis ventralis is shallow with a pneumatic foramen that is small to
nearly completely occluded (degree of pneumatization is intraspecifically variable in Ce. phasianinus,
and may also vary amongst and within other Centropus species); the scar for the origin of m.
humerotricepsandinsertion of m. scapulohumeralis cranialisis large, and is immediately distad of the
fossa pneumotricipitalis; the proximal end is tilted caudally in relation to the shaft; the area of bone
betweenthe crus ventrale fossae and the intumescentia humeriis craniocaudallycompressedin ventral
aspect; the shaftis strongly arched dorsally, and round in cross-section proximally; the corpus ventral to
the tuberculum dorsale is swollen where it meetsthe caput humeri, so that the caput does not produce

a shelf overhanging the shaft caudally (see Baird, 1985); the crista deltopectoralisis relatively short and
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low; the fossa m. brachialis does not extend far proximally along the shaft; the impressio m. brachialis
is very deep, is placed ventrad of the shaft’s midline, and approaches the margo ventralis very closely
where itisbounded by onlyaverythin margin of bone between the ventral and cranial facies; the distal
endis strongly expandedventrally and only weakly expanded dorsally adjacent to the fossa m. brachialis;
the processus flexoriusis directed ventrally, is finger-like in caudal aspect (narrow in some taxa, e.g. Ce.
phasianinus, Ce. bengalensis, wider dorsoventrally in others, e.g. Ce. violaceus), and the tip tapersto a
sharp point in cranial aspect; the sulcus scapulotricipitalis is deep, with a prominent ridge of bone
separating it from the sulcus humerotricipitalis. The humerus of Centropusis distinguished from those
of otherlarge cuculidsinthe Australian/ Melanesian region as follows. The humerus of Scythrops has: a
relatively stouter and straighter shaft with margo caudalis compressed into a longitudinal ridge that
starts immediately dorsal of the crus dorsale fossa and extends as far distally as the crista bicipitalis; a
thickercrus dorsale fossae; awider, more cranially projecting crista deltopectoralisthat extends further
distally alongthe shaft, and the impressio m. pectoralis forms a much more elongate scar ventral to the
crista deltopectoralis; less ventral expansion of the distal end; and the processus flexorius merges
smoothly with the condylus ventralis in cranial aspect rather than forming a distinct distoventral
projection. The humerus of Eudynamys differs from that of Centropus as follows: the shaftis relatively
stouter and less cranially arched; the crista deltopectoralis extends further distally and is more
dorsocranially flared; the processus supracondylaris dorsalis is more prominent; the sulcus
scapulotricipitalisis shallower; and the processus flexorius has atip that is bluntin cranial aspect rather
than sharply pointed asin Centropus. The humeriof large, poorly flighted/terrestrial cuculid genera that
have ranges overlapping that of the Centropus genus outside Australia/Melanesia (Carpococcyx in
South-East Asia and Coua in Madagascar) are distinguished from those of Centropus as follows. The
humerus of Carpococcyx has a shaft that is relatively much stouter, less dorsally arched, and widens
more towards either end; the distal part of the crista deltopectoralis joins the shaft at an approximately
45° angle to the longitudinalaxisin cranialaspect (closerto 20°in Centropus); the area of bone between
the crus ventrale fossae and the intumescentia humeri is expanded craniocaudally in ventral aspect
(craniocaudally compressed in Centropus); the distalend is relatively wider, the sulcus scapulotricipitalis
is shallower, and the processus flexorius is more distoventrally extended in cranial aspect, extending
further distally than the condylus ventralis; the caudal surface of the corpus is not swollen where it
meets the caput humeri, so that the caput overhangs the corpus (Baird, 1985). The humerus of Coua is
distinguished from that of Centropus by having a larger and more pneumatic fossa pneumotricipitalis
ventralis and a concomitant narrower crus ventrale fossae; a less pronounced crus dorsale fossae; a
more dorsocranially angulated and distallyextended crista deltopectoralis; a more prominent processus

supracondylaris dorsalis; and aless distinctimpressio m. brachialis.
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Ulna: The shaftis proportionally short and stout, and dorsoventrally flattened; the olecranonis low and
rounded; the processus cotylaris dorsalis is small, and not distally extended; the papillae remigalis
caudalis are prominent;the tuberculum carpale is short and does not project far cranially. The ulnae of
Scythrops and Eudynamysare relativelylonger and more slender with the shaft rounderin cross-section,
ratherthan being dorsoventrally flattened, they havealargerand more proximally projecting olecranon,

and a largerand distally hooked processus cotylaris dorsalis.

Carpometacarpus: This is short and stout, with a rather arched os metacarpale minus such that the
spatium intermetacarpale is broadest distally; the trochlea carpalis is craniocaudally narrow and
directed somewhat cranially in dorsal aspect; the processus alularisis large and square in dorsal aspect;
the fossa infratrochlearis is deep and pit-like; the processus intermetacarpalis is absent; the sulcus
tendineus, inthe distal third of the dorsal surface of the os metacarpale minus, is deep;and the facies
articularis digitalisminoris distallyextended compared with the faciesarticularis digitalis majorin dorsal
aspect. The carpometacarpus of Centropus is distinguished from that of Scythrops by having a much
larger processus alularis, a more arched os metacarpale minus, a deepersulcustendineus, and a much
smaller facies articularis digitalis minor (projects strongly distally in Scythrops in dorsal aspect). In
Centropusthe carpometacarpusisrather similarin shape to that of Eudynamys, butis distinguished by
having in dorsal aspect a proximocranially pointing trochlea carpalis (in Eudynamys it is directed just
proximally), and by greater distal extension of the facies articularis digitalis minor (in Eudynamys the

faciesforthe digiti majus et minus have equal distal extent).

Coracoid: The coracoid is elongate with a thin shaft that lacks a foramen nervi supracoracoidei; the
processus procoracoideus is long, broad, and flat, and projects ventrally from the shaft; there is a
pneumatic pore in the cotyla scapularis; the impressio musculus sternocoracoidei is confined to the
sternal end of the shaft; the processus lateralis is relatively small and projects laterally more or less at
right angles to the shaftaxis. The coracoidsof Scythrops and Eudynamys differ from Centropusby having
a larger processus lateralis that has an acute, cranially projecting process at its craniolateral extreme
(particularly prominentin Eudynamys). The coracoid of Scythropsis furtherdifferentiated from that of
Centropus by having a relatively stouter shaft, and in having the processus procoracoideus first
projecting mediallyfrom the shaft before it rotates ventrally and in having a more cranially directed tip,
whereas Eudynamys has a relatively longer and more slender processus procoracoideus than does

Centropus.

Scapula: The scapulaof Centropusisrelatively long and slender and does not widen appreciably caudally.
The acromionislong, pointed, and projects much further cranially than the facies articularis humeralis.
The tuberculum coracoideumis small and not prominent cranially. There is a pneumaticforamenon the
cranial extreme of the medial facies. The scapulae of Scythrops and Eudynamys differ from that of
Centropus by being relatively broader, widening towards the caudal end (particularly in Eudynamys),
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having an acromion that is much less cranially extended, and lacking a pneumatic foramen on the

craniomedial surfaCe.

Sternum: Sternal morphology differs considerably amongst different species of Centropus. In Ce.
bengalensis and Ce. phasianinus,the sternumis narrow, the carinasterniis relatively deep, thin, extends
the entire length of the sternum, and the apex carinae projects further cranially than the labrum
externum of the sulci articularis coracoidei (contra Hughes, 2000), whereas in the near-flightless Ce.
violaceus, the sternum is broad and dorsoventrally flattened, the carinais shallow and thick and only
extends about two-thirds of the way caudally along the sternum, and the apex carinae is placed further
caudally thanthe labrum externum.A spinaexternais presentin somespecies (e.g. Ce. bengalensis, Ce.
phasianinus), but entirely absent in others (e.g. Ce. violaceus) (see phylogenetic analysis). Similarities
amongst species of Centropus that differentiate the genus from other large Australian cuculids are:
similar cranial and caudal width of sternum (sternum of Eudynamys is much narrower cranially than
caudally); the processus craniolaterales is long, narrow, and tapered (in Scythrops they are
proportionally shorter and broader and not projected cranially); the lateral margin has a relatively flat
profile in lateral aspect (in Eudynamys and Scythrops it is strongly curved); the trabecula lateralis is a
simple, flat square shape and is directed more or less parallel to the midline of the sternum (in
Eudynamys the lateral and medial margins flare outward markedly, and in both Scythrops and
Eudynamys they are angled laterally rather than parallel to the midline). The sterna of Scythrops and
Eudynamys differ from that of Centropus by having: a proportionally deeper carinathat projects further
cranially and an acute apex carinae that is cranially recurved. The sternum of Scythrops further differs
from that of Centropus by having a visceral surface that is much more deeply recessed and a cranial
margin thatis pointedinventralaspect, whereasin Centropusthe ventral surfaceand the cranial margin

are flatter.

Pelvis: In dorsal aspect, the pelvis of Centropusis relatively longand narrow in the preacetabular part,
but has a broad, short postacetabular section on which the cristae dorsolaterales iliae markedly
overhangthe alae ischiae. Atits narrowest point,the preacetabularareais approximately half the width
of the postacetabular portion. The cristae iliaca dorsales are conjoined as avery narrow and sharp crest
that projects well above the flanks of the alae preacetabulares ilii, which are very deeply concave
cranially. At the midline of the cranial-most part of the pelvisin dorsal aspect, a short, narrow process
from the crista spinosa synsacri projectscraniallybeyond the cranial margin of the alae preacetabulares
ilii. The cranial margins of the alae preacetabulares ilii are raised in a sharp crest that extend
ventrolaterally onto the dorsal surface of the fused rib of the first vertebra in the synsacrum. In some
species (Ce. phasianinus, Ce. bengalensis, and Ce. ateralbus), thereis an elongate holeat the cranial end
of bothiilia, butin Ce. violaceus the bone is solid here, although it appears thin at the same point. The

cranial edge of the ala postacetabularisilii forms a crest that overhangs the sulcus antitrochantericus,
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and in lateral aspect the crista dorsolateralisilii deeply overlaps the alae ischii caudally, overhanging a
deep concavitas infracristalis. The foramenilioischiadicumis nearly asdeep asitis long. The tuberculum
preacetabulareisalong, acute, cranially projecting process. Inventral aspect, the iliaanteriorly do not
project widely fromthe transverse processes of the synsacrum. The pelves of Scythrops and Eudynamys
differfrom that of Centropus by having: cristae spinosae synsacri thatare exposed and project dorsally,
and separated by a deep longitudinal groove on either side from the alae preacetabulares ilii; less
concave alae preacetabulares ilii that lack a crest at their cranial margins; little overlap of the cristae
dorsolaterales ilii and alae ischii caudally, with concomitant minimal concavitas infracristalis; foramina
ilioischiadicathat are more elongate; tuberculae preacetabularethat are small and blunt; and in ventral
view, iliathat project widely from the transverse processes of the synsacrum. The pelvis of Scythrops is
further distinguished from that of Centropus by having a comparatively wider cranial portion in
comparison to the caudal portion of the pelvis, and alae ischii that do not project much further caudally

than the alae postacetabularesilii.

Femur: The shaft is arched cranially in lateral aspect; the proximal end is wide, but the femoral shaft
doesnotthickensubstantially whereit meets the proximal end; the cristatrochanteris does not extend
proximad of the facies articularis antitrochantericaand therefore afossatrochanterisis absent, but the
crista projects cranially to overhang the corpus femoris, forming afossaon the proximocranial surface;
the caput femoris is bulbous with a deep fovea ligamentum capitis; the facies articularis
antitrochanterica projects caudal of the collum femoris; there are two deep depressions immediately
distad of the facies articularis antitrochanterica, interpreted as the impressiones obturatoriae extemna
(on the lateral facies) and interna(on the adjacent caudal face), separated by a sharp ridge; the sulcus
intercondylaris and sulcus patellaris are deep, and almost as wide as the shaft; the cristae lateralis and
medialis sulci patellaris are sharply defined, proximally extended, and aligned withthe lateral and medial
margins of the bone in cranial aspect; the bone at the distal end of the sulcusintercondylaristerminates
in a sharp crest in distal aspect; the fovea tendineus m. tibialis cranialis is very deep; the impressio
ligamentum collateralis lateralis is deeply recessed on the condylus lateralis; the insertion of m.
gastrocnemialislateralisis circular, andis just proximal and lateralto the trochleafibularis; the insertion
for the ansa m. iliofibularis caudalis is in a shallow fossa distally on the lateral face of the trochlea
fibularis immediately distal of the insertion of the m. gastrocnemialis lateralis, and the ansa m.
iliofibularis cranialisis distinct and located more proximally on the lateral facies; the condylus medialis
projects strongly caudally, forming a deep shelf caudal of the fossa poplitea; the crista tibiofibularis
projects strongly, resultingin adeep trochleafibularis. Besides their size being smaller than for those of
any of the Australian species of Centropus discussed in this paper, the femora of Scythrops and
Eudynamys differfromthat of Centropus by having the following features: the shaftis straightin lateral

aspect; the collum femoris is short; the sulcus intercondylaris and sulcus patellaris are shorter and
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shallower; the cristae lateralis et medialis sulci patellaris are lower and more rounded and extend less
proximally along the shaft; the distal end is proportionally narrower, with a smaller condylus medialis
and condylus lateralis; the condylus medialis and crista tibiofibularis have little caudal projection; the
fossapopliteaisshallow; the impressio ligamentum collateralis lateralis is shallow and small. The femur
of Scythrops is further distinguished from that of Centropus by having a deep pneumatic fossa on the
caudal surface immediately distal of the facies articularis antitrochanterica and level with the caput
femoris. The femur of Eudynamys also differs from that of Centropusin havinga proportionally smaller
caput femoris. We did not note any major morphological differences between the femur of Centropus
and Coua, with minor differences being that in Coua the caput femoris is proportionally smaller, the
cristae lateralis and medialis patellaris do not extend quite as far proximally along the shaft, and the
shaftis more tapered fromthe proximal to the distal end in caudocranial aspectthanin Centropus. The
femur of Carpococcyx differs from that of Centropus by the following features: the fovea ligamentum
capitis occupies alargerarea of the caput femoris; the collumfemoris is less constrictedin cranial aspect,
giving the caput femoris a less bulbous appearance than in Centropus; the facies articularis
antitrochanterica projects further caudally than in Centropus; the cranial projection of the crista
trochanteris is medially recurved in proximal view, whereas in Centropus it is orientated laterally; the
impressiones obturatoriae externaand internaand the ridge of bone that separatesthem are all located
on the lateral side of the bone, whereasin Centropus the internais on the caudal surface and the ridge
is at the caudolateral junction; and the cristae lateralis et medialis sulci patellaris extend less far
proximally, with the medial crista being shorter than the lateral, whereas in Centropus the medial is

longer.

Tibiotarsus: The shaft is straight in craniocaudal and lateromedial aspects; the crista cnemialis cranialis
projects cranially but lacks proximal projection; the crista cnemialis lateralis projects slightly laterally
andis hooked distally; the forameninterosseum proximale islarge; the cristafibularis projects markedly;
the sulcus extensorius is offset laterally of the midline; the incisura intercondylaris is more deeply
recessed distally than it is proximally, forming a distinct notch for the articulation of the eminentia
intercotylaris of the tarsometatarsus. The tibiotarsi of Scythrops and Eudynamys differ from that of
Centropus by having: a proportionally stouter shaft; a foramen interosseum proximale that is barely
discernible; acristafibularis with less lateral projection, but extending relativelyfurther distally; a sulcus
extensorius thatis placed centrally; distal condyles thatare proportionally largerand more rounded in
lateral/medial aspect; and a crista cnemialis lateralis with less lateral projection from the shaft of the
bone. The tibiotarsusof Eudynamys further differs by having anincisuraintercondylaris thatis uniformly
shallow, and Scythrops differs by having ashaft thatis curved in craniocaudal and lateromedial aspects.
The tibiotarsus of Coua differs from that of Centropus as follows: the crista cnemialis cranialis is more

laterally deflected; the foramen interosseum proximale is proportionally longer, having a
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proximodistally shorter area of contact between the tibiotarsus and the fibula proximally; the shaft is
proportionallynarrowerinits distal half, tapering more distal of the cristafibularis, and not widening as
much near the distal end; and in cranial aspect, the condylus medialis and condylus lateralis diverge
proximally in cranial aspect (in Centropus the condyles are more or less parallel). The tibiotarsus of
Carpococcyx differs from that of Centropus as follows: the crista cnemialis cranialis projects further
cranially, andis square inshape in medialaspect, whereasin Centropus the cristadoes not project as far
and merges smoothlywiththe shaft distally; the crista cnemialis cranialis is caudally recurved in proximal
aspect, whereas in Centropus it is orientated more laterally; the incisura tibialis is deeply recessed,
formingasemicirclein proximal aspect (shallowerin Centropus); the tuberositas popliteus isnot distinct,
and a thick, low ridge of bone extends distally along the caudal surface of the shaft from this point to
about level with the mid-length point of the crista fibularis, whereas this ridge is absent in Centropus;
the pons supratendineus is wider proximodistally; and the condylus medialis and condylus lateralis
project less far from the shaft proximocranially, giving them a rounder shape in medial and lateral

aspects, respectively.

Tarsometatarsus: The tarsometatarsus of Centropus is elongate, with a length more than six times
greaterthan the proximal width (Eudynamys and Scythrops have tarsometatarsi with alength <5 times
greaterthan proximal width). Asin all cuculids, the hypotarsus is bicanaliculate (Mayr, 2015), having two
large canals of subequal size (medialslightly larger) that are completely enclosedand are placed side by
side; the hypotarsus is offset laterally, sitting almost entirely plantar of the cotyla lateralis and the
eminentia intercondylaris; the plantar surface of the hypotarsus is a flattened disc; the eminentia
intercotylaris is narrow and very prominent proximally, and projects proximal of the area
intercondylaris; the margins of the cotylae lateralis et medialis have a square appearance in proximal
aspect, with the cotyla lateralis narrower and more dorsoplantarly elongate than the cotyla medialis;
the fossae parahypotarsalis medialis et lateralis are deep, the medial one particularly so, with the
excavation continuing distally down most of the plantar surface of the shaft, and the fossae are
separated from one another by a ridge that originates from the cristaintermedia hypotarsi and extends
distally about half way down the plantar surface; the cristae plantares medialis et lateralis are sharp;
two foramina vascularia proximalia are present, with their relative proximodistal placement varying
amongst species; the sulcus extensorius is deeply excavated; the tuberositasm. tibialis cranialis is placed
medially, either on the medial wall of the sulcus extensorius or at the junction of the sulcus and its
medial wall, immediately distal of the foramen vasculare proximalis medialisin some species, but with
a distinct gap seen in others; the foramen vasculare distale is large; the canalis interosseus distalis is
absent, buta deep dorsal groove runs between trochleae metatarsilll and IV merging withthe foramen
vasculare distale proximally; the fossa metatarsi | is deep and elongate, but does not excavate the medial

profile of the shaft in dorsal/ plantar view; trochlea metatarsi Il is ball-like and ungrooved, and is less
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distally extended than trochlea metatarsi lll; trochlea metatarsi lll is wide with a broad, deep medial
groove, and is the most distally projecting trochlea; trochlea metatarsi IV is very short, and has a large
trochleaaccessoriathatis strongly recurved medially and overhangs the fossa supratrochlearis plantaris.
The tarsometatarsi of Scythropsand Eudynamys differ fromthat of Centropus bybeingrelatively shorter,
stouter, and more robust; the ridge from the crista intermedia hypotarsi extends relatively less distally
alongthe plantarsurface; and the trochlea metatarsill is narrowerand less medially flared. In addition,
the hypotarsus of Scythropsisless offset laterally from the medial position and the cotylae lateralis and
medialis are more equal in size. The tarsometatarsus of Coua differs from Centropus by the following
features: the shaft width tapers more distally, and the distal width is less expanded; the plantar surface
lacks a prominentridge separating the fossae parahypotarsalis medialis and lateralis; the tip of trochlea
metatarsi |l is more rounded in dorsal aspect, extending further distally, being nearly as long as trochlea
metatarsi lll, and the trochlea does not flare strongly medially; trochlea metatarsi IV extends further
distally, anditstrochleaaccessoriais directed more plantarly thanin Centropus, in which it pointsmore
medially. The tarsometatarsus of Carpococcyx differs from that of Centropus as follows: crista lateralis
hypotarsi is thicker in proximal aspect; the shaftis proportionally more slender in dorsal aspect with
much less lateromedial expansion of the distal end; the medial side of the shaftis dorsoplantarly thick
alongits entire length (in Centropus it is very thin proximally); the plantar surface has a similarly low
ridge extending distally from the crista intermedia hypotarsi, but it does not extend far distal of the
hypotarsus; distal of this ridge, the sulcus flexorius is excavated alongits entire length; fossa metatarsi |

islessdistinct; and the groove in trochlea metatarsilllis much shallower.

Centropus colossus Baird, 1985

Holotype
SAM P24240 (L humerus with minor damage to the proximal and distal ends).

Referred material

SAM P42065 (L humerus, missing proximal end and with damage to distal end); SAM P42027 (R femur,
nearly complete but with some damage to caput femoralis and condyles, and with dendritic etching to
the shaft surface). Including the holotype humerus, number of individual specimens = 3, minimum

numberof individuals =2.

Locality

All specimens come from the typelocality, Green Waterhole Cave (=Fossil Cave, 5L81), near Tantanoola,
South Australia (Fig. 2.1). The fossil deposit was below the water table, and the bones were recovered
by diversin 1979 along with the remains of numerous othervertebrates (Baird, 1985; Rich, van Tets &

Knight, 1985b). Centropus colossus was described from a left humerus (Baird, 1985), but we later
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identified the two additional referred bones, which are from the same site, within the Palaeontology

collection of the South Australian Museum.

Age and fauna

The Green Waterhole Cave fossil deposit has not been directly dated, but the species composition of
the assemblage suggests a Middle or Late Pleistocene age (Pledge, 1980; Baird, 1985; Prideaux, 2004,

2007). This falls within the Naracoortean land mammal age (Megirian et al., 2010).

Revised diagnosis

A species of Centropus distinguished from all extant species of Centropus by its much greater size and
the following combination of humeral features (Fig. 2.2): a stout, dorsally arched shaft; a caput humeri
that isrotated cranioventrally; anincisura capitis thatis wide and orientated more proximodistally than
dorsoventrally; a tuberculum ventrale that is large and placed quite proximally; a small fossa
pneumotricipitalis (the degree of pneumatizationis difficult to assess because the fossa of the holotype
is filled with putty, and this region is missing in the referred humerus); a crista deltopectoralis that is
robust and very short, and in dorsal aspect (Fig. 2.2A) its proximal extreme curves outwards
dorsocranially (crista of the holotype is damaged and thus the extent of dorsocranial projection more
distally is difficult to assess —see Fig. 2.2K); an impressio m. pectoralis that is reduced to a prominent,
proximodistally foreshortened scar ventrad of, and linking to, the distal end of the crista deltopectoralis;
a processus supracondylaris dorsalis thatislow and rounded; a corpus that is swollen around the fossa
m. brachialis; and a processus flexorius thatis dorsoventrallywide in caudal aspect. The humerus is very
similarinsize tothat of S. novaehollandiae, but differs as noted in the genericdiagnosisabove. It differs
fromthe humerus of Ce. phasianinus by its much largersize, having arelatively stouter shaft thatis less
arched dorsally, a caput humeri that is offset cranially from the longitudinal axis of the shaft in caudal
aspect, a tuberculum ventrale that is placed more proximally relative to the caput humeri, an incisura
capitis that is more proximodistally aligned (diagonally traverses the longitudinal aspect of the shaftin
Ce. phasianinus), a smoothly curved rather than angular profile of the crista deltopectoralis in dorsal
aspect, and adorsoventrally wider processus flexorius. The humerus of Ce. colossusis distinguished from
those of the two new extinct species of Centropus described in this paper as follows. It is much larger
than the humerus of Centropus bairdisp. nov. (Fig. 2.2), and is further differentiated from that new
species by the following features: the shaftis straighterin dorsal aspectand is proportionallywider (Fig.
2.7); the caput humeriis orientated more cranially in dorsal aspect; the tuberculum ventrale is less
caudally projected; the fossa pneumotricipitalisis deeper; the fossa m. brachialis is deeper, and the
ventral shaftadjacenttothe fossaisswollen (notsoin Ce. bairdisp. nov.); the impressio m. brachialisis
proportionally much deeper and wider; and the condylus dorsalis is less cranially projected in dorsal
aspect. The humerus of Ce. colossus approaches the size of that of Centropus maximus sp. nov. (Fig. 2.2),

butis distinguished from this new species by the following features: the shaft is proportionally wider;
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the proximal end is proportionally narrower and not as robust; the caput humeri is more inflated, and
extends further proximally than the tuberculum ventrale in ventral aspect;itlacks a prominentscarfor
the insertion of the m. supracoracoideus between the caput humeri and the crista deltopectoralis
(marked in Ce. maximus sp. nov.); the intumescentia humeri is less inflated; the impressio
coracobrachialis is shallower; the impressio m. pectoralis is less prominent; the shaft adjacent to the
fossa m. brachialis is ventrally swollen; the processus supracondylaris is less prominent; the processus
flexorius is narrower and less robust; and the condylus ventralis and condylus dorsalis project less far
cranially. Description and comparisons Humerus: See revised diagnosis. The second, less complete,
humerus (not illustrated) is referred to Ce. colossus on the basis of its similar size, robusticity, and

morphology compared to the holotype. Measurements: Table 2.1.

Femur: The femur of Ce. colossus has not previously been described, but SAM P42027 (Fig. 2.3) is
referred tothis speciesforthe following reasons: it has the genericfeatures of Centropus listed above;
comes from the same site as the holotype humerus and is of congruent size; is differentiable from all
extantspecies of Centropus, including the onlyextant Australian species Ce. phasianinus,on the basis of
its much larger size and robusticity; and is differentiable from the femora of the two new extinct
Australian Pleistocene species of Centropus described later in this paper. It is around one third longer
and has more than double the shaft diameter of the femur of Ce. phasianinus, and is further
distinguished this species by the following features: the shaft is straighter in cranial aspect, and is
proportionally thicker; the caputfemorisis proportionally larger; the cristatrochanteris and the cranial
margin of the facies articularis antitrochanterica merge at approximately a 90° angle to form a
continuous, evenlycurved crest thatis cranially prominent and overhangsthe proximocranial surface of
the bone (in Ce. phasianinus only the crista trochanteris is cranially prominent); the condylus lateralis
and condylus medialis are proportionally deeper and wider; the fovea tendineus m. tibialis cranialis is
much deeper; the insertion for the m. gastrocnemialis lateralis is proportionally larger, and forms a
circular scar proximal to the trochlea fibularis on the caudolateral margin; the impressio ligamentum
collateralis lateralis is very large and well marked in a distinct fossa centred laterally on the trochlea
fibularis; the impressio ansa m. iliofibularis caudalis distally abuts the insertion for the m.
gastrocnemialis lateralis, and the impressio ansa m. iliofibularis cranialis is an elongate scar further
proximally on the lateral facies; the fossa poplitea is deeper; and the scar for the origin of the
ligamentum cruciati caudalis is large and prominent on the lateral wall of the fossa poplitea, directly
proximal to the crista tibiofibularis. The femur of Ce. colossus has similar proportions to that of the
extinct Ce. bairdisp. nov., whichisdescribed laterin this paper, but is distinguished by its considerably
larger size. The femur of Ce. colossus approaches the size of the femur of the extinct Ce. maximus sp.
nov., whichisdescribed laterin this paper, butitis more gracile at the proximal and distal ends and has

a smaller minimum shaft circumference (see body mass estimates). For further distinguishing features,
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see the description of Ce. maximus sp. nov. below. Measurements (mm): for TL, PW, SW, and DW see

Table 2.1; minimum shaft circumference =25.8.

Remarks

This species was much largerthan any extant species of Centropus, which as agroup are poorflyers. We

concur with Baird (1985) that features of the humerus, including the stout, curved shaft, reduced crista

deltopectoralis, and small muscle scarfor the m. pectoralis are indicative of reduced volancy. To these

humeral features, we add a cranially placed caput humeri relative to the longitudinal axis of the shaftin

caudal aspect, a more proximodistally aligned incisura capitis, and more proximal placement of the

tuberculumventrale, as well as the large size and robustness of the femurand enhanced development

of the cristatrochanteris (Rich, McEvey & Baird, 1985a), as indicative of reducedflying abilityand greater

use of the legsinlocomotion.

Table 2.1: Measurements (mm) of Centropus colossus holotype and referred material. All skeletal

elements are from Green Waterhole Cave, South Australia

Element/Side Catalogueno. PW SW DW
Holotype

Humerus, L SAM P24240 18.0 7.0 16.0
Referred material

Humerus, L SAM P42065 - 6.9 16.0"

Femur, R SAM P42027 16.1 9.21 19.0

Abbreviations: L, left; R, right; TL, total length; PW, proximal width; SW, mid-shaft width; DW, distal width; *,

minimum measurement owing to damage
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Figure 2.2: Humeri of five extinctand extant Australasian species of Centropus in dorsal (A-E),
caudal (F-J), and cranial (K-O) aspects. Centropus colossus, SAM P24240, left, holotype (A, F, K);
Centropus maximus sp. nov., WAM 09.3.283, right, holotype, image reversed (B, G, L); Centropus
bairdi sp. nov., WAM 09.3.282, left, holotype (C, H, M); Centropus violaceus, left, AM 060593 (D, I,
N); and Centropus phasianinus, QM B12969, right, image reversed (E, J, O). Abbreviations: cd,
condyles dorsalis; cdp, crista deltopectoralis; ch, caput humeri; cv, condyles ventralis; fpn, fossa
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pneumotricipitalis; ic, incisura capitis; ih, intumescentia humeri; imb, impressio m. brachialis; imp,
impressio m. pectoralis; ims, insertion of m. supracoracoideus; pf, processus flexorius; sst, sulcus

scapulotricipitalis; tv, tuberculum ventrale. Scale bars =1 cm.

convex

Figure 2.3: Femora of extinct and e xtant Australasian species of Centropus in cranial (A-E),
caudal (F-J), and lateral (K-O) aspects. Centropus colossus, SAM P42027, right (A, F, K);
Centropus maximus sp. nov., WAM 09.3.283, right, holotype (B, G, L); Centropus bairdisp. nov.,
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WAM 09.3.277, left, image reversed (C, H, M); Centropus violaceus, AM 0.60593, right (D, I, N); and
Centropus phasianinus, QM B.13242, right (E, J, O). Abbreviations: cf, caput femoris; cl, condylus
lateralis; clsp, crista lateralis sulcus patellaris; cm, condylus medialis; cmsp, crista medialis sulcus
patellaris; ct, crista trochanteris; ctf, crista tibiofibularis; faa, facies articularis antitrochanterica; fp,
fossa poplitea; ftt, fovea tendinous m. tibialis cranialis; iaica, impressio ansa m. iliofibularis caudalis;
laicr, impressio ansa m. iliofibularis cranialis; ilca, impressio lig. cruciate caudalis; ilcl, impressio lig.
collateralis lateralis; ilcr, impressio lig. cruciati cranialis; img, insertion of m. gastrocnemialis lateralis;

imi, impressio m. iliofemoralis; io, impressions obturatoriae; sp, sulcus patellaris. Scale bars=1cm

Centropus bairdi sp. nov. (Figures 2.2-2.4)
urn:lsid:zoobank.org:act:25375F5E-14C5-4AD6-AE12-332F21F5AEA2

Holotype (Fig. 2.2C, H, M)

WAM 09.3.282 (L humerus, complete). Measurements are given in Table 2.2. Referred material WAM
09.3.277 (complete Lfemur); WAM09.3.279 (completeR tibiotarsus),and WAM(09.3.278 (R tibiotarsus,
shaft with missing proximaland distal ends); WAM09.3.281 (L tarsometatarsus, missing distal end) and
WAM 09.3.280 (L tarsometatarsus, missing distal end). Including the holotype humerus, number of
individual specimens =6, minimumnumber of individuals =2. All specimenswere excavatedfrom within
3 m of one anotherand from a similar depth (see Stratigraphy, age, and fauna), but the bones were not
articulated or closely associated. All bones are assumed to be from the same species of Centropus
because of theircongruentsize and robusticity, and because collectivelythey are distinct from those of
Ce. phasianinus, Ce. colossus, and Ce. maximus sp. nov. described later in this paper (see Diagnosis).
Measurements of long bones are given in Table 2.2; additional measurements are given in text where

applicable.

Type locality

Leaena’s Breath Cave, NullarborPlain, Western Australia. The precise location forthe site is registered
with the Department of Earth and Planetary Sciences, Western Australian Museum, Perth. Leaena’s
Breath Cave is one of the three caves comprising the Thylacoleo Caves (Fig. 2.1). Itis formed within the

Early Miocene-aged Nullarbor Limestone.

Stratigraphy, age, and fauna

All specimens were excavated from Pit B, Quadrats 1 and 3, Unit 3, in the main chamber of Leaena’s
Breath Cave, between 85 and 120 cm below the sediment floor. Leaena’s Breath Cave has a vertical
solution pipe entrance approximately 20 m deep, through which the specimens of Ce. bairdi are
presumed to have accumulated via pitfall trapping. The roof window of the cave is thought to have been
openand accumulatingfossils at intervals during the Early to Middle Pleistocene, and was then sealed

by a calcrete cap until recently. The holotype was excavated by G.J. P. from Pit B, Quadrat 1, at a depth
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of 115— 120 cm beneath the sediment floor, on Friday 10 May 2013. Fine-grained sediments in Unit 3
are of reversed magneticpolarity, which along with the overall species composition of the assemblage,
indicate an Early Pleistocene age > 780 kyr BP (Matuyama Reversed Chron; Prideaux et al., 2007). This

falls within the Naracoortean land mammal age (Megirian et al., 2010).

Diagnosis

A species of Centropus with a humerus withinthe length range of that of Ce. phasianinus, but with the
shaftless strongly arched dorsally and relatively more stout, the corpus thicker whereitapproaches the
caput humeri, the crista deltopectoralis craniocaudally thicker and with a rounder apex, the impressio
m. brachialis shallower and much narrower, the ventral marginof the processus flexorius more ventrally
extended with associated greater dorsoventral width of the processus in caudal aspect, the condylus
ventralis proximodistally shorter and less spherical, a larger expanse of bone dorsad of the condylus
dorsalis, the sulcus scapulotricipitalis wider and flatter, and with leg bones considerablylonger and more

robust.

The holotype humerus (Fig. 2.2C, H, M) differs from those of other large extant and extinct Australian
cuculids in both size and morphology: it is very much smaller than the humerus of S. novaehollandiae,
and the two extinct Pleistocene species Ce. colossus (see above) and Ce. maximus sp. nov., which is
described later in this paper; it is larger and more robust than the humerus of E. scolopaceus, with a
shorter, more cranially directed crista deltopectoralis (angled more dorsally in E. scolopaceus), a thicker
crus ventrale fossa,a more proximodistally extended intumescentia humeri,and the processusflexorius

directed ventrally ratherthan distally.

The fossil humerus is longer than that of the medium- sized species Ce. ateralbus from the Bismarck
Archipelago, butisalmostidentical in length and shaft width to the humeri of two of the largest extant
Melanesian coucal taxa, Ce. milo (Solomon Islands) and Ce. violaceus (Bismarck Archipelago). Centropus
bairdi differs from both species by the following features: the proximal and distal widths are smaller;
the caput humeri is more prominent proximally; the crista bicipitalis joins the shaft at a sharper angle
distally (graduallytaperedin Ce. violaceus and Ce. milo); the crista deltopectoralis is more craniodorsally
expanded, with an apex that is more angular (short, robust, and barely projecting in Ce. violaceus and
Ce. milo); the distal end of the bone is more ventrally flared; and the impressio m. brachialis is highly
reduced in area. In addition, the fossa pneumotricipitalis of Ce. bairdi has almost no pneumatization

whereas Ce. milois strongly pneumatic.

Etymology
Named in honour of Dr Robert F. Baird, who described Australia’s first extinct species of Centropus in

1985, and who worked extensively on the Quaternary birdfossil record of Australia, including fossil cave

faunasinthe Nullarborregion.
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Description and comparisons

All fossil bones of this species are stained dark brown by the clay-rich sediments in which they were
buried. Apart from both tarsometatarsi missing their distalends and one tibiotarsus missing its proximal
and distal ends, the bones are in excellent condition, are not significantly eroded, and preserve
anatomical detail well. The bone surfaces lack a porous texture and the tarsometatarsihave completely

fused epiphyses, indicating thatthe elements represent adultindividuals.

Humerus: In addition to the diagnostic features described above, the humerus of Ce. bairdi has the
following features: the intumescentia humeri isrelatively small, occupying around a third of the proximal
width in cranial view; the crus dorsale fossae is relatively thicker than for other species; the impressio
m. brachialisis narrow and elongate, hence the areaforinsertion of this muscle is greatly reduced, and
this is accentuated by the fact that the shaftis not swollen ventrally around the fossa m. brachialis,

unlike in Ce. phasianinus, Ce. violaceus, Ce. milo, Ce. ateralbus, and Ce. colossus.

Femur: Single complete specimen (Fig. 2.3C, H, M), with minor erosion of the facies articularis
acetabularis onthe caput, and of the condylus medialis and condyluslateralis. Itis much larger and more
robust than the femur of any extant Australian cuculid, including the closest in length, that of Ce.
phasianinus, butis considerably smallerthan the femur of Ce. colossus described above, and that of Ce.
maximus sp. nov. describedbelow (Fig.2.3). Despiteits smallersize, its shapeand proportionsare similar
to that of Ce. colossus, being robust and havinga straight shaftin cranial aspect(Ce. phasianinus hasa
gracile, laterally bowed shaft — see Fig. 2.3E). The junction between the facies articularis
antitrochanterica and the cranial surface of the bone is smoothly rounded as in Ce. phasianinus, unlike
in Ce. colossus where a distinct ridge separates these surfaces. At its caudal edge, the facies articularis
antitrochantericaforms a rounded projection that overhangs the caudal facies (does not projectin Ce.
phasianinus, cannot be determined in Ce. colossus owing to damage), and distal of this the caudal
surface of the shaft is convex (strongly concave in Ce. phasianinus and Ce. colossus). The fossa poplitea
is deeperthanin Ce. phasianinus, being bounded laterally by a thickened area of shaft proximal of the
trochleafibularis,and medially by astrongly developed crista supracondylaris medialis. The insertion of
the m. gastrocnemialis lateralis appears less distinct thanin Ce. phasianinus or Ce. colossus, although it
is possible that this region of the femur has been somewhat eroded in this specimen. The femuris
shorter but overall more robustthan in Ce. violaceus, and lacks a proximal projection of the trochanter
femoris (presentin Ce. violaceus — Fig. 2.2F). The impressio ligamentum collateralis lateralisis in a
distinct fossa on the lateral facies as in other taxa. The origin of the ligamentum cruciati caudalis is on
the lateral wall of the fossa poplitea, directly proximal to the crista tibiofibularis, asin Ce. colossus and
Ce.violaceus, butisless distinct than in thosetaxa. The groove caudallyseparating the condylus medialis

from the condylus lateralis in which the ligamentum cruciati cranialis runs is shallower and less
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rectilinearthanin Ce. colossus. Measurements (mm): forTL, PW, SW, and DW, see Table 2.1; proximal

depth: 11.4; minimum shaft circumference =19.5.

A

ccl

i
Figure 2.4: Referred material of Centropus bairdi sp. nov. from Leaena’s Breath Cave, Nullarbor
Plain, south-central Australia. Right tibiotarsus WAM 09.3.279 in cranial (A) and caudal (B) aspects;
left tarsometatarsus WAM 09.3.280 in dorsal (C), plantar (D) and proximal (E) aspects; left
tarsometatarsus of Centropus phasianinus MV B.12969 (F) in plantar aspect provided for comparison.
Abbreviations: ccl, crista cnemialis lateralis; cf, crista fibularis; cl, condylus lateralis; cm, cotyla medialis;
ei, eminentia intercotylaris; fg, facies gastrocnemialis; fdl, canal for tendon of m. flexor digitorum longus;
fthl, canal for tendon of m. flexor hallucis longus; fpht, fossa parahypotarsalis medialis; fvp, foramina
vascularia proximalia; ii, incisura intercondylaris; ps, pons supratendineus; se, sulcus estensorius; sf,
sulcus flexorius; tfb, tuberculum m. fibularis brevis; ttc, tuberositas m. tibialis cranialis. Scale bars = 1

cm.
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Tibiotarsus: The tibiotarsus (Fig. 2.4A, B) is large and robust, and is distinguished from those of all extant
Australian cuculidsby its much largersize. The nearestin sizeis the tibiotarsus of Ce. phasianinus, which
is only around 70% of the length of that of Ce. bairdi and has a little over half the shaft diameter of the
new species. Besides size, there are a few morphological differences from the tibiotarsus of Ce.
phasianinus:the cristacnemialis cranialis of Ce. bairdidoes not project as far cranially, and tapers more
gradually towards the shaft at its distal extreme; the crista cnemialis lateralis projects less and is less
hookedthanin Ce. phasianinus;and the medial facies of the bone is flattened at its proximal end, from
the facies gastrocnemialis to about the mid-length of the shaft, whereas in Ce. phasianinus it is more
medially convex. The tibiotarsus of the extinct Ce. colossus is not known, but the size of its femur (see
above) indicates that the tibiotarsus wouldbe significantly larger than that of Ce. bairdi. The tibiotarsus
of Ce. bairdiisvery similarinsize and morphology to that of Ce. violaceus, but the muscularimpression
caudomedially on the shaft mesad of the crista fibularis is less extensive as revealed by its proximally
bounding linea intermuscularis medially being well separated from that on the cranial facies (in Ce.
violaceus, they are closer together), the shaft is more robust, and the epicondylaris medialis is more
pronounced. Measurements(mm):forTL, PW, SW, and DW, see Table 2.1; PWincluding crista cnemialis
lateralis: 14.9; width at distal end of crista fibularis: 11.2; depth of cotyla lateralis: 11.1; depth of cotyla

medialis: 12.1; minimum shaft circumference =19.9.

Tarsometatarsus: The tarsometatarsus of Ce. bairdi (Fig. 2.4C—E) is larger than that of any extant
Australian cuculid. The more complete of the two specimens (WAM 09.3.280) preserves much of the
shaft length (60 mm), but neither the fossa metatarsi | nor the trochleae are preserved. Even without
the distal end, the incomplete bone is longer than the tarsometatarsus of Ce. phasianinus, and is
considerably larger at the proximal end and in the shaft. Besides its greatersize, the tarsometatarsus of
Ce. bairdiis further distinguished from that of Ce. phasianinus by the following features: the excavation
of the sulcus flexorius on the plantar surface extends intothe distal half, whereas in Ce. phasianinus the
plantar surface of the shaft is flat to convex along its distal half; the cotyla lateralis is proportionally
wider, approaching the width of the cotyla medialis, and the tuberculum m. fibularis brevisforms a small
shelf of bone that protrudes laterally fromits lateroplantarcorner (Fig. 2.4E) as in Ce. violaceus (in Ce.
phasianinus the tuberculum has alateral margin confluent with the condyleand projects plantarly); the
eminentiaintercotylarisis offset more plantarly fromthe dorsal margin; and the tuberositas m. tibialis
cranialisislarger. The tarsometatarsus of the extinct Ce. colossus is not known, but on the basis of the
much larger femur of this species, it would be expected to be much wider and longer than that of Ce.
bairdi. Despite having a more robust femur and tibiotarsus than Ce. violaceus, the tarsometatarsus of
Ce. bairdiis more gracile, and is strongly tapered along the proximal two thirds of the preserved length
of the shaftdistal of the proximal articularsurfaCe. The better-preserved tibiotarsusis contralateral to

the two preserved proximal tarsometatarsi, precluding an assessment of the articulation of the
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tibiotarsus and the tarsometatarsus, buttheirsize is congruent. Measurements (mm): forPW and SW,
see Table 2.2; proximal depth including hypotarsus: WAM 09.3.280, 12.33; WAM 09.3.281, 13.5; mid-
shaft depth: WAM 09.3.280, 4.3; WAM 09.3.281, not applicable. The more complete specimen, which
was excavated from a shallower depth in the excavation (Table 2.2) is a little smaller than the other
specimen, butwithinthe range of variation of what would be expected of sexually dimorphictaxa such

as coucals.

Remarks

Centropus bairdi was intermediate in size between the extant Ce. phasianinus and the extinct Ce.
colossus, and was larger than any extant species of Centropus. The humerus of Ce. bairdi is short in
comparisonto the legelements (Fig. 2.7), which along with the reduced degree of pneumatization and
dramatically reduced area forattachment of the m. brachialis at the distal end of the humerus, suggests
that this species was poorly adapted for flying, and perhaps even for gliding. It may have been truly

terrestrial.

Table 2.2: Measurements (mm) of holotype and refe rred material of Centropus bairdi sp. nov.; all
material is from Leaena’s Breath Cave, Nullarbor Plain, Western Australia

Element/Side Catalogueno. Pit/Quadrat, TL PW SwW DW
Depth (cm)
Holotype
Humerus, L WAM 09.3.282 B1,115-120 61.2 15.1 5.4 12.9

Referred material

Femur, L WAM 09.3.277 B3,110-115 71.4 14.8 6.6 16*
Tibiotarsus, R WAM 09.3.279 B3,110-115 121.6 14.0 7.9 12.5
Tibiotarsus, R WAM 09.3.278 B3, 110-115 - - 6.5 -
Tarsometatarsus, L WAM 09.3.280 B1,85-90 - 12.6 6.1 -
Tarsometatarsus, L WAM 09.3.281 B3,115-120 - 13.7 - -

Abbreviations: L, left; R, right; TL, total length; PW, proximal width; SW, mid-shaft width; DW, distral width; *,

minimum measurement owing to damage
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Centropus maximus sp. nov. (Figures 2.2, 2.3 and 2.5)

urn:lsid:zoobank.org:act:F2404834-F927-489E-B5E3-9A79A602CB24

Holotype (Figs 2.2, 2.3 and 2.5)

WAM 09.3.283: associated remains of one adult individual comprising: fragments Land R mandibular
rami; R pterygoid; nine vertebrae (vert.) assessed against Ce. violaceus (cervical vert. 3, 4, and ?6;
cervicothoracic vert. 12; thoracic vert. 14, 15, 16, 17, and 18); seven ribs and rib fragments; R, pL, dL
humerus; pL, dL ulna; L coracoid; omal fragment L clavicula; pL and part of corpus, mid-portion of R
corpus, scapula; cranial portion of sternum, including cranial end of carina; pelvis, missing ala
postacetabularis ilii, and most of both pubi and ischii; dL, R femur; fragment of pL tibiotarsus; pL
tarsometatarsus; various fragments; NISP = 35. Measurements of long bones are given in Table 2.3;

additional measurements are given in text whereapplicable.

Paratype

WAM 09.3.284: associated remains of one adultindividual comprising: cranium, five fragments; L pars
caudalis and tip mandible; L missing processus mandibularis, R quadrate; fifteen vertebrae (vert.)
(cervical vert. 5-13; thoracicvert. 14-18; one caudal vert.); L, Rhumeri; R ulna missing olecranon process;
R carpometacarpus, missing os metacarpale minus; R phalanx digiti majoris; L coracoid, missing omal
portion; pL and part of corpus, scapula; cranial fragment sternum; part furcula; pR, pL, dLfemora; L, R
tibiotarsi; Rfibula; L, dRtarsometatarsi; five L pedal phalanges, (1.1; 111.1; [11.2; ungual ?I11.3; 1V.1); NISP =
47. Measurements of long bones are giveninTable 2.3; additional measurements are givenin text where

applicable.

Type locality

Flightstar Cave, Nullarbor Plain, Western Australia (Fig. 2.1). The preciselocation for thesiteis registered
with the Department of Earth and Planetary Sciences, Western Australian Museum, Perth. Flightstar
Caveis one of three caves comprising the Thylacoleo Caves. Itis formed within the Early Miocene-aged
Nullarborlimestone and preserves avertebrate fossil assemblage thatis of Early to Middle Pleistocene

age (Prideauxetal., 2007).

Stratigraphy, age, and fauna

The holotype and paratype were shallowly buried in powdery limestone breakdown material between
boulders in the rockpile beneath the solution-pipe entrance, through which the specimens of Ce.
maximus are presumed to have accumulated via pitfall trapping. The femur (09.3.283a) of the holotype
was collected on 30 April 2014 by Lindsay Hatcher and Michael Simpson, and the remainder of the
holotype and all bones of the paratype were collected by them the following day (1 May). Upper infill
sediments elsewhere in the cave, upon which other extinct megafauna were found, have a minimum

age of 230 + 27 kyr (Prideaux et al., 2007). The holotype and paratype of Ce. maximus are presumed to
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belongtothe same fossil fauna, and thus are probably of Early or Middle Pleistocene age. The holotype
and paratype skeletons werefoundadjacentto oneanotherand have similar preservation, and are likely

to have died at the same time.

Diagnosis

The largest known extinct or extant species of Centropus, with ahumerus slightly longer than that of Ce.
colossus, but with a proportionally more slender shaft, a wider and more robust proximal end, a less
inflated caput humeri that does not extend further proximally than the tuberculum ventrale in ventral
aspect, a strongly marked scar for the insertion of the m. supracoracoideus between the caput humeri
and the crista deltopectoralis orientated proximodorsally, a more inflated intumescentia humeri, a
deeperimpressio coracobrachialis, amore prominentimpressio m. pectoralis, acrista bicipitalis thatis
very robust and craniocaudally thick distally, a shaft that is not ventrally inflated around the fossa m.
brachialis, amore prominent processus supracondylaris dorsalis, amore robust processus flexorius that
is as deep asitis long distad of the tuberositas supercondylare ventrale, and with larger, more robust

legbones.

The humerus of Ce. maximus is considerably larger than those of any extant species of Centropus,
includingthe large Melanesian taxa Ce. miloand Ce. violaceus, indicating that this species was of much
greater size than any living coucal. It is also much larger than the humerus of the extinct Australian
Pleistocene species Ce. bairdisp. nov. described above. Based on published tarsus lengths of cuculids
(Erritzge et al., 2012), the tarsometatarsus of Ce. maximus (measured without the eminentia
intercondylaris as it would be measuredin live birds and preserved skins)is, at 112.9 mm, also nearly 25

mm longerthanthat of the nextlargest cuculid (Carpococcyxrenauldi =89 mm; Erritzge et al., 2012).

Etymology

Maximus = ‘largest’ (Latin, masculine), to acknowledge the very large size of this species, which was
greater than that of any known member of the genus, and indeed greater than any known cuckoo

species.

Description and comparisons

The bones of the holotype and paratype are off-white in colour, stained slightly in places by
orange/brown sediment. Theyare very fragileand some are damaged, with breaks (e.g. shaft breakages
of long bones) having occurred to some bones during collection. Where possible, breaks have been
repaired. Although damaged in places, the bones are not significantly eroded, and preserve anatomical
detail very well.The bone surfaceslack a porous texture and the epiphysesof the tarsometatarsi of both
individuals are completely fused; therefore, both are fully grown adult birds, the paratype being a
slightly larger individual. Cranial bones: The mandibular fragments show that in comparison with Ce.

violaceus, the symphyseal areais proportionallyshorterand shallower, and is not drawn outintoa deep,
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narrow, elongate, downcurved tip: the shape is more like that of Ce. phasianinus. The caudal dentary
fragments of WAM 09.3.283 (L and R) preserve the area transitioning from covered to uncovered in
rhamphotheca in modern specimens. At 12.2 mm high at the caudal end of the dentary, the bill was
some 20% bigger than that of Ce. violaceus. The pars caudalis of the mandible lacks the processus
medialis but the preserved parts are very similar to those of the species of Centropus examined, and
overall the pars caudalis is 30% larger than that of Ce. violaceus. The pterygoidis 19.3 mm long and
essentially the same shape as in Ce. violaceus. The R quadrate is well preserved, and at 22 mm high,
some 22% taller than that of Ce. violaceus (18 mm). It is larger overall than that of Ce. violaceus and
differsfromitonly by the presence of alarge foramen pneumaticum caudomediale sensu Elzanowski &
Stidham (2010), by lacking a foramen pneumaticum rostromediale (a small hole in this facies is
interpreted as damage), and by having a pars quadratojugalis and fovea quadratojugalis that are less

prominentthanin Ce. violaceus, much less sothan in Ce. phasianinus.

Humerus: As well as the generic characters described above, the humerus of Ce. maximus has the
following features: a thin crus dorsale fossa; a large and deep impressio coracobrachialis occupying
nearly half of proximal width; the contour of the crista bicipitalis is reduced distoventrally; the impressio
m. pectoralisisabout 10 mm longand noticeably elevated off the adjacent facies distally; athick crista

deltopectoralis; and alow caput humeriasin Ce. violaceus.

Ulna: WAM 09.3.284 is nearly complete, with a little damage at the proximal and distal ends. The
olecranon is damaged, so the total length of the bone is probably about 1 mm more than measured if
shapedlike in Ce. violaceus. The ulnais distinguished from those of all extant Australian cuculids, except
forS. novaehollandiae, by its considerably greaterlength and broader shaft (S. novaehollandiae has an
ulnaaround 15% longer). The ulnais distinguished from that of S. novaehollandiae by having: a strongly
dorsoventrally flattened shaft, rather than being round in crosssection; a very reduced and poorly
marked impressio brachialis; a less distally extended processus cotylaris dorsalis; a smaller, less
projecting tuberculum carpale; and extremely large and protuberant papillae remigalis caudalis. The
ulna of Ce. maximus, althoughlarger, issimilarin shapetothose of Ce. phasianinus, Ce. bengalensis, and
Ce. violaceus. Proportionallyitis most similarto that of the near-flightless Ce. violaceus than to those of
the more volant species, having a robust, especially flattened shaft that widens considerably as it
approaches the proximal end and a similarly weakly marked impressio brachialis. However, it is
distinguishedfrom the ulna of Ce. violaceus by its largersize, its much larger papillae remigalis caudalis,
and a cotyla ventralis thatis proportionally wider dorsoventrally. The ulna of Ce. colossus is not known,
but based on humeral/femoral proportions may be of similar size to that of Ce. maximus. The ulna of

Ce. bairdisp.nov.isalsounknown, butis presumed to be considerablysmallerthan that of Ce. maximus.

Carpometacarpus: WAM 09.3.284-k (L) preservesthe entirelength butlacks the os metacarpale minus,
the proximoventral portion of the bone is damaged, and the processus pisiformis and surrounding area
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are missing. Morphologicallyitisvery similarto, butabout 25% longer, and more robust, than those of
the extant Ce. phasianinus and Ce. violaceus,and is much bigger than that of Ce. bengalensis. Itis further
distinguished from the carpometacarpus of Ce. violaceus by having subequal distal extension of the
facies articularis digitalis major and the facies articularisdigitiminoris, whereas in Ce. violaceusthe facies
articularis digiti minoris projects rather more distally. The sulcus tendineus is deeper and the shaft in

cranial view is straighter (proximallyitistilted ventrallyin Ce. violaceus).

Coracoid: WAM 09.3.283 (L) is nearcomplete, missing only the tip of the processus procoracoideus and
the lateral margin of the processus lateralis. It is distinguished from the coracoid of all large extant
Australian cuculids and that of the Melanesian Ce. violaceus by its much greater size and its
proportionally stouter shaft. The omal widthis proportionally wide and the facies articularis clavicularis
is large as in Ce. phasianinus and Ce. bengalensis, whereas Ce. violaceus is narrower here and has a
reduced facies articularis clavicularis. The processusprocoracoideus is slightly damagedat the tip, but is
proportionally narrower than that of other Centropus species. The lateral extent of the processus
lateralis cannot be determined. The acrocoracoid is not penetrated by pneumatic foramina from the
sulcus supracoracoideus beside the facies articularis clavicularis, as in Ce. violaceus but unlike in Ce.
phasianinus, which is pneumatic. Also in ventral view, the sternal margin of the sulcus
supracoracoideus/acrocoracoid is only slightly cranial to the sternal margin of the facies articularis

humeralis.

Scapula: WAM 09.3.283 (L) is the most complete specimen, preserving the cranial end but lacking the
caudal extremity, whereas 09.3.283 (R) lacks its cranial end and caudal extremity but preserves most of
the shaft. The scapula is distinguished from those of all extant Australian cuculids and that of the
Melanesian Ce. violaceus by the greater size of the articular surfaces and the width of the corpus.
Although neitherscapulafrom the holotype preserves the entire length, when both are aligned side by
side, the estimated total length of the scapula of this individual is> 64 mm. It has pneumaticforamina
medially caudalto the tuberculum coracoideum, whichis onlyasmall medial prominenCe. The acromion

isrobust with a prominentlaterally directed facies articularis clavicularis.

Sternum: WAM 09.3.283 (holotype) has the most complete specimen, preservingaround 1.5 cm of the
length of the cranial portion of the sternum, including the sulci articularis coracoidei, Land R processus
craniolaterales, and the full anterior depth, although not the length, of the carina. Amongstthe stema
of the species of Centropus that were available to us, it bears closest resemblance to Ce. violaceus in
both size and morphology, being somewhat larger and more robust, and sharingits lack of a spina
externa(see phylogenetics results),and havingavery shallow, thick keel that lacks a cranially projecting
apex carinae (carina relatively deeper, thinner, and with a cranially projecting apex carinae in Ce.
bengalensis and Ce. phasianinus). Besidesits greatersize and robusticity, the sternum of Ce. maximusis
distinguished from that of Ce. violaceus by the following features: the profile is less dorsoventrally
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flattened in cranial aspect so that the sternal basin is relatively deeper; the carina is somewhat
proportionallydeeper;the labrum externa of the sulcus articularis coracoideus projects further cranially
eitherside of the midline (moreorlessflatin Ce. violaceus); and there is a distinct gap between the left
and rightsulci articularis coracoidei (they form a continuous groove in Ce. violaceus). The overall size of
the cranial portion of the sternum is similar to that of S. novaehollandiae, but Ce. maximus is
distinguished from this species by being much more robust with thicker bone, having a much shorter
and thicker carina that does not project as far cranially as the labrum externa of the sulcus articularis
coracoideus, and lacking a spina externa (thin and prominentin S. novaehollandiae). This specdmen
preserves four processus costales and the processus craniolaterales are cranially directed as in other
species of Centropus. The carina of this species is reduced relative to that of Ce. phasianinus (approx.
17% of femurlengthin Ce. maximusvs. 23% in Ce. phasianinus), butlessreduced thanin Ce. violaceus
(approx. 12%), suggesting that the extinct taxon may have been more volant than Ce. violaceus.
Measurements (mm) (WAM 09.3.283): cranial width, >42.9; depth of carina, 18.0; maximum width of

carina, 5.5.

Pelvis: WAM 09.3.283 (holotype) preservesthe only known pelvis. It reveals the completelength of the
synsacrum, but neither left nor right ala postacetabularisilii, ala ischii, nor pubii survives. The pelvis is
distinguished from that of all large extant Australian cuculids and that of Ce. violaceus by its much
greater size and robusticity. Compared to pelves of all other species of Centropus examined, induding
Ce. violaceus, the cranial end is absolutely and proportionally much deeper dorsoventrally, and the
foramen acetabuliis absolutely and proportionally much larger. The ala preacetabularisilii isvery deeply
concave, creating a large fossailiaca dorsalis. Owing to damage to the bone surface, itis not possible to
determine if the ala preacetabularisilii is perforated as in Ce. bengalensis, Ce. phasianinus, and Ce.
ateralbus, orsolid asin Ce. violaceus, buttwo holes are presentinthe relevant place and at least attest
to the ilium being very thin at this point, even if it were not perforated before death. If the cranially
projecting process at the cranial extreme of the dorsal surface was present as in other species of
Centropus, itis not preservedin thisspecimen, but, as preserved, the left sideindicates that Ce. maximus
had a less acute proximal extension to the fossa iliaca dorsalis. Measurements (mm) (WAM 09.3.283):
length of synsacrum, 85.9; maximum width (measured between the caudal rims of the left and right
antitrochanters), 60.9; minimumwidth (measured at the narrowest part of the alae preacetabularesilii),

23.8; cranial depth, 29.9.

Femur: WAM 09.3.283 (R)is the mostinformative specimen, and is complete with some damage to the
facies articularis acetabularis on the caput, as well as to the condylus medialis and the cristae lateralis
and medialis sulci patellaris. It is very large and robust, and is far larger than the femur of any extant
Australian cuculid, including Ce. phasianinus, and isalso considerablylargerthan the femur of the extinct

Ce. bairdisp.nov. described above, and that of the Melanesian taxon Ce. violaceus. Itis similarin length
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and shaft width to the femur of Ce. colossus described above, but is slightly longer and is more robust
at its proximal and distal ends. It is distinguished from the femur of Ce. colossus by the following
features: the collum femoris is craniocaudally thicker; the facies articularis antitrochanterica projects
caudally, and the caudal facies distal of this projection is convex, as in Ce. bairdi sp. nov., rather than
concave as in Ce. colossus (Fig. 2.3); on the craniomedial facies between the trochanterand the collum
femoris there is a marked insertion for the m. iliofemoralis internus, which has about half the area of
that in Ce. colossus;the impressiones obturatoriaeinternaand externaare largerand deeper; the shaft
is craniocaudally thicker where it meets the proximal end of the bone, and the trochanter femoris is
wider in lateral aspect; the distal end has wider and deeper condyles; the trochlea fibularis is deeper
and wider, and is separated from the fossa poplitea by a zone containing a shallow fossa, and a
proximocranial extension of the crista tibiofibularis; the impressio ligamentumcruciati cranialis is larger
and deeper; the fovea tendineus m. tibialis cranialis is larger and deeper; and the origin of the
ligamentum cruciati caudalisis smaller, less prominent, and is more medially located on the lateral wall
of the fossa poplitea. Measurements (mm): for TL, PW, SW, and DW see Table 2.3; minimum shaft

circumference =26.2.

Figure 2.5: Skeletal elements of Centropus maximus sp. nov. from Flightstar Cave, Nullarbor Plain,
south-central Australia. Tibiotarsus (WAM 09.3.284, L, paratype) in cranial (A) and caudal (B) aspects;
fibula (WAM 09.3.284, R) (C); pelvis (09.3.283, holotype) in dorsal (D), ventral (E), lateral (F) and cranial
(G) aspects; clavicula (09.3.283, L, omal fragment) (H), and (09.3.284, sternal fragment) (1); scapula
(09.3.283, L) in lateral aspect (J); coracoid (09.3.283, L) in ventral (K) and dorsal (L) aspects;
tarsometatarsus (09.3.284, L) in dorsal (M), plantar (N), and proximal (O) aspects, and distal
tarsometatarsus (09.3.284, R) in dorsal (P) and plantar (Q) aspects; sternum (09.3.283, cranial portion) in
cranial (R) aspect; ulna (09.3.284, R) in dorsal (S) and ventral (T) aspects, and ulna (09.3.283, L) in cranial
(V) aspect; carpometacarpus (09.3.284, R) in dorsal (V) and ventral (W) aspects; mandible (09.3.283, L
ramus, fragment) (X) and mandible (09.3.284, tip) in ventral aspect (Y). Abbreviations: ac, acromion; apc,
apex carinae; api, ala preacetabularis ilii; cf, crista fibularis; cid, crista iliaca dorsalis; cm, cotyla medialis;
cv, cotyla ventralis; fa, foramen acetabuli; fah, facies articularis humeralis; fas, facies articularis sternalis;
fhl, canal for tendon of m. flexor hallucis longus; fg, facies gastrocnemialis; fi, foramen ischiopubica; fip,
foramen interosseum proximale; fml, fossa metatarsi I; fph, fossae parahypotarsales; fvp, foramina
vascularia proximalia; ol, olecranon; pcd, processus cotylaris dorsalis; pa, processus acrocoracoideus; pl,
processus lateralis; pp, processus procoracoideus; prc, papillae remigalis caudalis; ps, pons supratendineus;
re, tuberositas retinaculum extensorium medialis; sac, sulcus articularis coracoideus; sc, sulcus tendineus;
sf, sulcus flexorius; tfb, tuberculum m. fibularis brevis; ttc, tuberositas m. tibialis cranialis. Scale bars = 1
cm.
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Tibiotarsus: WAM 09.3.284 (L and R) show that the tibiotarsus of this species is remarkably large and
robust, roughly double the length of the tibiotarsus of its extant Australian congener, Ce. phasianinus.
The tibiotarsus of Ce. colossusis not known, but given thatits distal femuris less robust than that of Ce.
maximus (see above), its tibiotarsus would also be expected to be slightly more gracile. The tibiotarsus
of Ce. maximus is markedly larger (nearly 30% longer) than that of the extant Ce. violaceus and the
extinct Ce. bairdi sp. nov. described above. Apart from its larger size, the tibiotarsus is further
distinguished from those of Ce. bairdi and Ce. violaceus by the following features: the facies
gastrocnemialisis even more flattened thanin Ce. bairdi, but the flattened surface of the shaft distal of
the facies only extends about one-fifth of the length along the medial facies of the shaft, rather than
half way; there isadeep depression at the proximocaudal part of the facies gastrocnemialis; the foramen
interosseum proximale is very deep and crescent-shaped, and is readily apparent even in the absence
of an articulated fibula; the pons supratendineus is about twice as wideas itis proximodistally long, and
proportionally shorter proximodistally than in Ce. bairdi; the tuberositas retinaculi extensori for the
insertions of the transverse ligament are very distinct (less pronounced in Ce. bairdiand evenless soin
Ce. violaceus), and the proximal tuberosity is relatively more distally located (proximal distance from
pons equivalentto only half the shaft width atthe pons) thanin Ce. bairdiand even more sothan in Ce.
violaceus (proximally, distance from the pons is equivalent to shaft width at the pons); the sulcus
extensorius is more laterally located than in Ce. bairdi, and especially so relative to Ce. violaceus; the
incisuraintercondylarisiswiderthanin Ce. violaceus and the condyles diverge widely cranially (parallel
in Ce. violaceus), more so than in Ce. bairdi; and the condylus medialis is markedly deeper thanitis
proximodistally long (round in Ce. violaceus, off round in Ce. bairdi). Measurements (mm): for TL, PW,
SW, and DW see Table 2.3. WAM 09.3.284d: width at crista fibularis, > 16.1; depth lateral cotyla, 15.0;

depth medial cotyla, 15.7; minimum shaft circumference=23.6.

Tarsometatarsus: WAM 09.3.284-f is the mostinformative specimen, preserving the entire length of the
bone but with damage to the hypotarsus and trochleae metatarsi Il and IV, whereas WAM 09.3.284-g
preserves trochlea metatarsi Il. The tarsometatarsus of Ce. maximus is much larger than that of any
extantcuculid species,andisalso considerably largerthan that of the extinct Ce. bairdidescribed above.
The tarsometatarsus of Ce. colossus is not known, but was probably slightly smaller than that of Ce.
maximus, givenits slightlysmallerand more gracile femur. In addition to the features mentioned in the
genericdiagnosis for Centropus above, the tarsometatarsus of Ce. maximus has the following features:
the tuberculum m. fibularis brevisis small and projects laterallyat the lateroplantar corner of the lateral
cotyla, as in Ce. bairdi; the impressiones retinaculi extensorii are low and small; the foramen vascularis
medialisis placed more proximally than the foramenvascularis lateralis, but both are of similar size; the
tuberositas musculus tibialis cranialisisvery large,is placed on the medial wall of the sulcus extensorius,

and there is a distinct gap betweenit and the foramen vascularis medialis (see phylogenetics