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ABSTRACT

The south-western land division of Western Australia (SWWA), bordering the temperate Southern and Indian Oceans, is
the only global biodiversity hotspot recognised in Australia. Renowned for its extraordinary diversity of endemic plants,
and for some of the largest and most botanically significant temperate heathlands and woodlands on Earth, SWWA has
long fascinated biogeographers. Its flat, highly weathered topography and the apparent absence of major geographic
factors usually implicated in biotic diversification have challenged attempts to explain patterns of biogeography and
mechanisms of speciation in the region. Botanical studies have always been central to understanding the biodiversity
values of SWWA, although surprisingly few quantitative botanical analyses have allowed for an understanding of
historical biogeographic processes in both space and time. Faunistic studies, by contrast, have played little or no role
in defining hotspot concepts, despite several decades of accumulating quantitative research on the phylogeny and
phylogeography of multiple lineages. In this review we critically analyse datasets with explicit supporting phylogenetic
data and estimates of the time since divergence for all available elements of the terrestrial fauna, and compare these
datasets to those available for plants. In situ speciation has played more of a role in shaping the south-western Australian
fauna than has long been supposed, and has occurred in numerous endemic lineages of freshwater fish, frogs, reptiles,
snails and less-vagile arthropods. By contrast, relatively low levels of endemism are found in birds, mammals and highly
dispersive insects, and  situ speciation has played a negligible role in generating local endemism in birds and mammals.
Quantitative studies provide evidence for at least four mechanisms driving patterns of endemism in south-western
Australian animals, including: (z) relictualism of ancient Gondwanan or Pangacan taxa in the High Rainfall Province; (iz)
vicariant isolation of lineages west of the Nullarbor divide; (u2) in situ speciation; and (i) recent population subdivision.
From dated quantitative studies we derive four testable models of historical biogeography for animal taxa in SWWA,
each explicit in providing a spatial, temporal and topological perspective on patterns of speciation or divergence.
For each model we also propose candidate lineages that may be worthy of further study, given what we know of
their taxonomy, distributions or relationships. These models formalise four of the strongest patterns seen in many
animal taxa from SWWA, although other models are clearly required to explain particular, idiosyncratic patterns.
Generating numerous new datasets for suites of co-occurring lineages in SWWA will help refine our understanding of
the historical biogeography of the region, highlight gaps in our knowledge, and allow us to derive general postulates
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from quantitative (rather than qualitative) results. For animals, this process has now begun in earnest, as has the process
of taxonomically documenting many of the more diverse invertebrate lineages. The latter remains central to any
attempt to appreciate holistically biogeographic patterns and processes in SWWA, and molecular phylogenetic studies
should — where possible — also lead to tangible taxonomic outcomes.

Key words: systematics, conservation, evolution, Chordata, Arachnida, Insecta, Diplopoda, Decapoda, Mollusca,

Onychophora.
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I. INTRODUCTION

Among the Earth’s southern-temperate biomes, the
south-western land division of Western Australia (SWWA),
extending south-west of a line from Shark Bay to Israelite
Bay (IFig. 1), is recognised globally as a hotspot of
biodiversity (Myers et al., 2000; see also Hopper & Gioia,
2004; Morgan, Roberts & Keogh, 2007). Also known as
the ‘South-western Australian Floristic Region’ (SWAFR,;
Hopper & Gioia, 2004) or historically as the “‘South-western
Botanical Province’ (Diels, 1906; Hopper, 1979; Beard,
1980) — in recognition of its extraordinarily rich and
regionally endemic flora — SWWA is renowned for its
1island-like nature and unique biogeographic characteristics,
occupying a temperate mesic zone surrounded by oceans
and arid deserts (Hopper & Gioia, 2004). Landscapes
throughout SWWA are ancient, flat and highly weathered,
supporting little mountainous topography, no major river
systems and largely nutrient-deficient soils underlain by
continental granitic bedrock of Archaean age (Hopper et al.,
1996; Anand & Paine, 2002; Hopper & Gioia, 2004; Hopper,
2009). While largely geologically stable, repeated Quaternary
sea-level fluctuations along the coastal margins have led
to temporal dynamism of habitats and moderate levels of
topographic complexity along the western and south-eastern
coasts (Hearty & O’Leary, 2008; Lewis et al., 2013). The
region has a mediterranean-type climate and the annual
rainfall is highly seasonal (and variable across the region),
increasing from less than 300 mm in the east to more than
1000 mm in the extreme south-west (Fig. 1). This unique
biological, geological and climatic setting supports a mosaic
of largely transitional or xeric habitats (Fig. 2), with wetter
mesic elements persisting only in the extreme south-west and
southern sub-coastal zones.

Much has been written about the taxonomy, phylogeny,
biogeography and evolution of the south-western Australian
biota, not least because the region is so botanically distinctive
and diverse, but also because authors have often struggled to
understand or appreciate the origins of the biota. A central
tenet of many south-western Australian studies remains
‘Hooker’s paradox’ (stemming from observations first made
by Hooker, 1860), i.e. how can such a seemingly deadly
dull landscape generate and sustain such high levels of
endemism and biodiversity? Certainly, the mechanisms that
have generated plant and animal diversity in this region
are not obvious, compared to many other biodiversity
hotspots that are either complex tectonically or have obvious
mechanisms/agents of vicariance, dispersal or continental
drift implicated in the division and mixing of biotas across
space and time. For example, in the Cape Floristic Province
in Africa, species richness is higher in more mountainous,
western areas (Forest e/ al., 2007); in the Polynesia-Micronesia
hotspot there exists a huge number of oceanic islands (Myers
et al., 2000); and in Wallacea, dispersal into newly formed
land masses from adjacent biogeographic regions is a major
source of diversity (Stelbrink et al, 2012). In light of this
paradox, and with the application in recent decades of
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cladistic techniques (Nelson & Platnick, 1981) followed by
molecular phylogenetic methods, a new understanding of
historical biogeographic processes in SWWA has begun to
emerge.

Systematic analyses and reviews in botany have played
a central role in highlighting the biodiversity values of
SWWA (e.g. Hopper, 1979; Hopper et al., 1996; Myers
etal., 2000; Crisp etal., 2001; Crisp, Cook & Steane,
2004; Hopper & Gioia, 2004; Orthia et al., 2005; Byrne,
2007; Crisp & Cook, 2007; Byrne etal, 2008; Hopper,
2009; Hopper etal., 2009; Lambers et al., 2010; Ladiges
etal., 2011) and these studies have contributed new data
and biogeographic hypotheses for the diversification of the
extremely rich south-western Australian flora. In a landmark
review of floristic biogeographic patterns in SWWA, Hopper
& Gioia (2004) noted the advances made over the last few
decades in the discovery, collection and description of new
flowering plant species in the region, and the concomitant
progress made towards reaching a new ‘phytogeographic
understanding’ of patterns of distribution and endemism
in the region. Faunistic studies have generally lagged
behind botanical studies in informing our understanding
of south-western Australian biogeography, although several
older works (e.g. Gentilli, 1949; Keast, 1958; Main, Lee
& Littlejohn, 1958; Keast, 1961; Littlejohn, 1981; Hopper
et al., 1996) attempted to describe the origins and diversity
of elements of the south-western Australian terrestrial fauna,
greatly influencing subsequent studies on specific taxa (e.g.
Maxson & Roberts, 1984; Morgan etal., 2007). More
recently, phylogenetic, population genetic and biogeographic
studies have also begun to provide quantitative datasets for
a number of key animal lineages (see Sections III and IV,
below), including for less vagile invertebrate, fish and frog
taxa with high levels of endemicity in the region. Thus,
while SWWA can still be described as something of a
‘phylogeographic open-book’ (Rix, Harvey & Roberts, 2010,
p. 210) for numerous terrestrial metazoan lineages, three
decades of accumulating systematic research on the fauna is
beginning to complement and test hotspot concepts born out
of botanical research.

As highlighted by Byrne etal. (2008, p. 4399), recent
developments in the biological and earth sciences, combined
with a revolution in phylogenetics and molecular ecology,
have greatly assisted ‘our capacity to unravel the histories of
the Earth’s biomes’ and to test the mode, tempo and timing
of evolutionary events. Crisp e al. (2004), in a comparative
analysis of the evolution and diversity of the Australian flora,
recognised the need for, and the importance of, rigorous,
dated molecular phylogenetic studies to test questions of
historical speciation and divergence in the complex biological
and environmental context of the Australian continent
(‘dated’ throughout this paper refers to molecular analyses
with temporal estimates of time since divergence, inferred
using molecular clocks, rates of nucleotide evolution or fossil
calibrations). A central premise of the observations of both
Crisp et al. (2004) and Byrne et al. (2008) was that quantitative
data from phylogenetic and population genetic analyses

Biological Reviews 90 (2015) 762—793 © 2014 The Authors. Biological Reviews © 2014 Cambridge Philosophical Society
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Fig. 1. Map of Western Australia, showing approximate annual rainfall zones, the extent of the south-western land division (SWWA)
and the three inclusive biogeographic provinces of Hopper & Gioia (2004; HRP = High Rainfall Province; SCP = Southeast Coastal
Province; TRP = Transitional Rainfall Province). Also shown are other major biogeographic regions within Western Australia and
municipal landmarks. Rainfall data courtesy of the Australian Bureau of Meteorology, based on a standard 30-year climatology

(1961-1990).

are required to adequately inform and test biogeographic
hypotheses. While these data are crucial to developing
phylogenetic and temporal perspectives on diversification, an
understanding of the origins of biodiversity requires several
additional and complementary elements, including: (¢) an
understanding of spatial patterns of relatedness that might
be used to infer mechanisms of speciation (e.g. see area
cladograms in Figs 7 and 8); (z) known data on geology (e.g.
tectonic events, continental drift, sea-level changes, marine
incursions etc.; see Fig. 3); and (uz) data on climatic history
inferred from climate models, either alone or combined with

geological data (Fig. 3). For the south-western Australian
biota, distributional data, ecological studies and population
and community diversity measures have all featured
heavily in historical attempts to describe biogeographic
processes, although relatively few studies have given us an
understanding of evolutionary mechanisms and models of
divergence in both space and time. Excluding Australia-wide
analyses of biotas or biomes (e.g. Harvey, 2002; Crisp et al.,
2004; Byrne et al., 2008, 2011), floristic and faunistic studies of
south-western Australian biogeography — whether focussed
only on the region (e.g. Hopper, 1979; Main & Main, 1991;

Biological Reviews 90 (2015) 762—793 © 2014 The Authors. Biological Reviews © 2014 Cambridge Philosophical Society
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Fig. 2. Examples of major habitats and landscapes of south-western Western Australia. (A—E) High Rainfall Province. (A)
Jarrah-marri eucalypt forest, Greater Preston National Park; (B) wandoo eucalypt forest, Wandoo National Park; (C) tall karri-tingle
cucalypt forest, “Valley of the Giants’, Walpole-Nornalup National Park; (D) tall karri eucalypt forest, Porongurup National Park;
(E) banksia-jarrah woodland, Neerabup National Park. (F-K) Southeast Coastal Province. (F) Mallee woodland and temperate
heathland, Stirling Range National Park; (G) temperate heathland near Barren Ranges, Fitzgerald River National Park; (H) coastal
heathland on granite near Thistle Cove, Cape Le Grand National Park; (I) open temperate heathland, Cape Arid National Park;
(J) flowering coastal heathland, Waychinicup National Park; (K) mallee woodland, Cape Arid National Park. (L—O) Transitional
Rainfall Province. (L) Mallee woodland and heathland, Lesueur National Park; (M) sheoak woodland, Tutanning Nature Reserve;
(N) Kwongan heathland, Drovers Cave National Park; (O) open escarpments and sandplains, Murchison Gorge, Kalbarri National
Park. All images by M. Rix except I' by M. Wojcieszek (used with permission) and K and N by D. Edwards.
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Fig. 3. Geological timeline showing key geological and climatic events in Australia and Western Australia from the late Cretaceous.
Broadly prevailing climatic conditions in Australia generally are depicted with coloured bars — dark green for warm-wet (mesic)
conditions, grading to yellow, orange and red for progressively more xeric climates. Events pertinent to the south-western
land division of Western Australia (SWWA) are highlighted in bold. Note that the calibrated time-scale is not linear (0.5 Mya
calibrations < 10 Mya; 0.1 Mya calibrations < 1 Mya). Mya/kya = millions/thousands of years ago. Derived from: McLoughlin

(2001); Hopper & Gioia (2004); Byrne et al. (2008, 2011).

Hopper et al., 1996; Hopper & Gioia, 2004) or in a broader
continental context (e.g. Keast, 1961; Schodde, 2006;
Slatyer, Rosauer & Lemckert, 2007) — have generally relied
heavily (and usually unavoidably) on qualitative, comparative
patterns to derive general postulates. This situation has
clouded our understanding of faunistic biogeography in
SWWA, and resulted in the widespread assumption that the
region is a biodiversity hotspot for the entire biota.

The goal of this review is to analyse critically phylogenetic
datasets — especially those with estimates of divergence
times — for all available elements of the south-western
Australian terrestrial fauna, and to compare these datasets
to those available for plants. Our data necessarily generate
an incomplete perspective on evolutionary mechanisms in
a biodiversity-rich region, but will derive explicit, testable
hypotheses stipulating what those mechanisms may have

Biological Reviews 90 (2015) 762—793 © 2014 The Authors. Biological Reviews © 2014 Cambridge Philosophical Society
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been and how they may have operated in both space and
time. Conservation priorities were central to the initial
recognition of SWWA as a biodiversity hotspot (Myers
etal., 2000), and SWWA is certainly a heavily modified
environment having had significant loss of vegetation, heavily
modified ground water regimes and concomitantly severe
impacts on soils, water quality and biodiversity (Hobbs,
1993, 2001; Wardell-Johnson & Horwitz, 1996; George,
McFarlane & Nulsen, 1997; Gibson et al., 2004; Keighery
et al., 2004; Pitman et al., 2004; EPA, 2007; Burrows, 2008;
George, Clarke & English, 2008). An additional aim of
this study 1s to relate biogeographic patterns and historical
processes to potential conservation outcomes and avenues
for future research.

II. THE SOUTH-WESTERN AUSTRALIAN
BIODIVERSITY HOTSPOT

(1) Recognition of SWWA as a biodiversity hotspot

The biota of SWWA has been the subject of continuous
and generally increasing scientific interest since the late
18th century, after successive French and British voyages
visited, surveyed and collected along the southern and
south-western coastlines between 1791 and 1803 (Watts,
Pomfrett & Mabberley, 1997; George, 1999; Hunt &
Carter, 1999; Hopper, 2003, 2004; Brown, 2008). Although
Dutch explorers were the first Europeans to visit Western
Australia in the late 17th century (Playford, 1998), it was
the celebrated, highly successful and politically competing
voyages of discovery led by Matthew Flinders (on the
Investigator expedition) and Nicolas Baudin (on the Naturaliste
and Géographe expeditions) that had the greatest influence on
early attempts to document and describe the natural history
of SWWA (Serventy & Whittell, 1976). Since that time, the
considerable botanical richness of SWWA, with its more
than 7000 vascular plant species (Hopper, 1992; Hopper &
Gioia, 2004), has played a central role in most attempts to
characterise the biodiversity and biogeography of the region
(summarised in: Brown, 1810; Hooker, 1860; Diels, 1906;
Gardner, 1944; Seddon, 1972; Hopper, 1979, 2003, 2004,
2009; Crisp, Linder & Weston, 1995; Hopper et al., 1996;
Hopper & Gioia, 2004; Gibson, Yates & Dillon, 2010; Ebach,
2012; Ebach et al., 2013; Gonzalez-Orozco el al., 2013).

The eventual ‘formal’” recognition of SWWA as a biodi-
versity hotspot by Myers et al. (2000) — the only such global
hotspot to be recognised in Australia — was, iIn common
with other biodiversity hotspots, based on: (1) a large
number of endemic plant species (>0.5% of global plant
species); and (i) severe habitat loss (>70% of the primary
vegetation). In south-western Australia, endemic plants
account for at least 1.4% of the world’s plant species, and
the region has lost nearly 90% of its primary vegetation since
European settlement (Myers et al., 2000). Unsurprisingly,
SWWA also includes 5 of 15 national biodiversity hotspots
recognised by the Commonwealth of Australia (see: http://
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www.environment.gov.au/biodiversity/hotspots/national-
hotspots.html) and was further recognised as a hotspot by
the State of Western Australia (EPA, 2007). This formal
recognition of the region has encouraged conservation
measures at all administrative levels, and highlighted the
significant ongoing threats to the biota by pathogens (e.g.
Phytophthora: Shearer, Crane & Cochrane, 2004; Shearer
et al., 2009), weeds (Scott & Delfosse, 1992; Hobbs, 2001),
feral animals (e.g. foxes, cats: Burbidge & McKenzie, 1989;
May & Norton, 1996; Hobbs, 2001) and changing climate
conditions (Hughes, 2003; Pitman et al., 2004) (see also EPA,
2007).

(2) Phytogeographic characterisation of SWWA

Recognition and phytogeographic characterisation of
SWWA has had a long history, dating at least from Hooker
(1860). Numerous authors since Hooker have attempted
to define and outline broad biogeographic floristic regions
within SWWA (e.g. Diels, 1906; Gardner, 1944; Burbidge,
1960; Beard, 1975, 1980; Hopper, 1979; Hopper & Gioia,
2004), in most cases Integrating vegetation and rainfall
characteristics with surface geology and levels of floristic
similarity. At its simplest, SWWA has been broken into three
main provinces according to rainfall (Fig. 1) — the High
Rainfall Province (HRP), the Southeast Coastal Province
(SCP) and the Transitional Rainfall Province (TRP) (Hopper
& Gioia, 2004), these concepts expanding on an earlier
characterisation that saw SWWA broken into just two rainfall
provinces (the HRP and TRP; Hopper, 1979; Hopper et al.,
1996), with the HRP also including a ‘Southern Forest
Region’ (Hopper et al., 1996).

The HRP of Hopper & Gioia (2004) (Fig. 1) is
characterised by annual rainfall in excess of 600 mm and
eucalypt-dominated open and tall-open forests (Fig. 2A—D).
These habitats are especially evident along the Darling
Escarpment and throughout the southern forests where
annual rainfall is greater than 800 mm. In these wet or
seasonally wet forests, there are a very few dominant eucalypt
tree species: jarrah (Eucalyptus marginata), marri (Corymbia
calophylla) and wandoo (E. wandoo) in the northern forests
from Perth to Albany (Fig. 2A, B); and karri (E. diversicolor),
jarrah and red tingle (E. jacksonu; see Wardell-Johnson &
Coates, 1996) in the southern forests from Margaret River
to Denmark (with karri also extralimital in the Porongurup
National Park) (Fig. 2C, D). Along the coastal margins of
the Indian Ocean (i.e. throughout the Swan Coastal Plain),
tall sclerophyll forests are replaced by eucalypt and Banksia
woodlands or heathlands to the north of Bunbury (Fig. 2E),
and more open tall forests of tuart (E. gomphocephala) and
peppermint (Agonus flexuosa) between Cape Naturaliste and
Bunbury. All areas of the HRP possess additional diverse
assemblages of understorey plants, although modelling by
Hopper & Gioia (2004) suggests that much of the HRP may
be less diverse and exhibit less local endemism than parts of
the TRP or SCP, with some notable exceptions (e.g. Phillips
etal., 2011).
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The SCP (Hopper & Gioia, 2004; Fig. 1) is largely char-
acterised by more xeric, temperate communities dominated
by sandy heathlands, mallee woodlands and shrublands
(Fig. 2F-K). Annual rainfall is mostly 300—500 mm,
although important pockets of higher rainfall exist around
Bremer Bay, Cape Le Grand and in the Porongurup and
Stirling Ranges. The vast TRP (Hopper & Gioia, 2004;
Fig. 1) is similarly characterised by semi-arid woodlands,
heathlands and shrublands (Fig. 2L-0), where annual
rainfall is in the range 300—600mm. In both the SCP
and the TRP, open woodlands with a high diversity of
mallee eucalypts are characteristic of inland areas (Fig. 2F,
K, L), with lower sandy heathlands and shrublands (often
referred to as ‘Kwongan’) dominant in more coastal areas
(Fig. 2G—J, N). Throughout these more xeric inland and
coastal areas (many of which have been extensively cleared
for agriculture), species of Myrtaceae (eucalypts, mallees,
myrtles), Proteaceae (banksias, dryandras, grevilleas),
Mimosaceae (acacias), Fabaceae (peas), Asteraceae (daisies)
and Orchidaceae (orchids) are both prevalent and highly
diverse, with suites of other families creating vegetation
communities that include some of the largest, most diverse
and biologically significant temperate heathlands and
woodlands on Earth. However, accumulating evidence
suggests that SWWA is not a uniformly significant hotspot
for plant diversity and endemism, and that certain highly
localised regions are more important than others in terms of
species richness and endemism. The Stirling Range (Fig. 2F),
Fitzgerald River (Fig. 2G), Kalbarri (Fig. 20) and Lesueur
(Fig. 2L) regions have all been cited as outstanding local
hotspots of floristic diversity (e.g. Crisp et al., 2001; Hopper
& Gioia, 2004), although the Ravensthorpe Range, Lake
Muir, Darkan/Narrogin and Darling Range regions may
also be significant (Hopper & Gioia, 2004, fig. 5; see also
http://www.environment.gov.au/biodiversity/hotspots/
national-hotspots.html).

(3) Faunistic diversity in SWWA

Like virtually every terrestrial ecosystem on Earth, the fauna
of SWWA is composed of suites of taxa having varying
levels of diversity and histories of taxonomic documentation.
These terrestrial ecosystems include all ecotypes above the
high-tide level, and for our purposes we include freshwater
and other inland aquatic habitats. This fauna includes a
diverse range of taxa (Fig. 4) belonging to at least nine phyla
(i.e. Annelida, Arthropoda, Chordata, Mollusca, Nematoda,
Onychophora, Platyhelminthes, Rotifera and Tardigrada),
of which Arthropoda, Chordata and Mollusca are the most
conspicuous. The vertebrates of the phylum Chordata (i.e.
fish, amphibians, reptiles, birds and mammals; Fig. 4A—F)
are by far the best documented and most intensely studied,
however there have been significant, recent advances in the
taxonomy of numerous terrestrial invertebrate groups.
Among vertebrates, there were approximately 500 species
in SWWA at the time of European settlement, including eight
freshwater (non-diadromous) fish, 32 frogs, 174 reptiles, 231
birds and 54 mammals. Of these, 113 species are endemic
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to SWWA; we define ‘endemic’ species/taxa as those with a
total distribution range wholly or largely restricted to SWWA
(the latter having ranges that may extend slightly east of the
300 mm 1sohyet). This number equates to ~23% of the total
diversity, and includes eight fish (100% endemicity, defined
as the ratio of endemic species to species known to occur
in SWWA), 27 frogs (84% endemicity), 54 reptiles (31%
endemicity), 14 birds (6% endemicity) and 10 mammals (19%
endemicity). Of the total vertebrate fauna, there is evidence
(phylogenetic and/or taxonomic) for only 21 genera having
undergone i situ speciation in SWWA (i.e. one of seven
fish genera recorded from the region; 6 of 12 frog genera;
12 of 54 reptile genera; 1 of 143 bird genera; and perhaps
1 of 33 mammal genera), and very few of these lineages
have undergone significant species-level radiation (at least
in comparison to plants). For example, the proportion of
endemic vertebrate species in SWWA belonging to clades
that have speciated w situ is approximately 65% of the total
number of endemic species, and over 90% of these are frogs
and reptiles.

The almost complete level of taxonomic documentation
for vertebrates in SWWA has not been replicated for virtually
any order of terrestrial invertebrates. As a result, it is not
possible to compile accurate or reflective summaries of
faunistic composition or relative levels of endemism for
most invertebrate groups. This is especially so within the
major arthropod orders of insects, arachnids and myriapods.
However, recent monographic revisions of south-western
Australian taxa allow us to highlight patterns of diversity for
some taxa, and a suite of older revisionary and taxonomic
works provide an entrée into the composition, diversity
and biogeography of select lineages. For example, SWWA
is clearly a region of high diversity and/or endemism for
at least several taxa, including orthopteroid insects (e.g.
Rentz, 1985, 1993, 2001; Fig. 4M), wasps (e.g. Burks
etal., 2012), mirid bugs (e.g. Schuh & Weirauch, 2010),
mygalomorph spiders (e.g. Main, 1985, 1991; Raven, 1994;
Fig. 4I; see also Fig. 8D), harvestmen (e.g. Giribet, 2003;
Taylor, 2011), bothriembryontid snails (e.g. Iredale, 1939;
Breure & Whisson, 2012; Fig. 4N), onychophorans (e.g. Reid,
2002; Murienne et al., 2013; Fig. 40), millipedes (e.g. Main,
Harvey & Waldock, 2002; Moir & Harvey, 2008; Moir,
Brennan & Harvey, 2009; Edward & Harvey, 2010; Fig. 4],
K) and parastacid decapods (e.g. Riek, 1969; Austin & Knott,
1996; Horwitz & Adams, 2000; Fig. 4G; see also Fig. 8B),
among many others (e.g. Harvey, 1996, 1998, 2002; Hopper
et al., 1996; Main, 1996; Harvey et al., 2000, 2004; Judd &
Horwitz, 2003; Rix, 2006; Rix, Roberts & Harvey, 2009;
Rix & Harvey, 2010; Crews & Harvey, 2011). However,
short-range endemism within these groups is not unique to
SWWA and many of these taxa exhibit similar levels of high
regional endemicity across continental or global ranges. For
example, the assassin spiders (family Archaeidae; Fig. 4H)
are represented by six species in SWWA, all of which are
short-range endemics (see Fig. 8C; Rix & Harvey, 20124,c).
The family 1s further represented in eastern Australia,
southern Africa and Madagascar, where all 64 named species
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Fig. 4. Examples of animal taxa endemic to south-western Western Australia. (A) Salamander fish, Lepidogalaxias salamandroides
(Lepidogalaxiidae; image by G. Allen, W.A. Museum). (B) Nornalup frog, Geocrinia lutea (Myobatrachidae; image by B. Maryan). (C)
Sunset frog, Spicospina flammocaerulea (Myobatrachidae; image by B. Maryan). (D) Keeled legless lizard, Pletholax gracilis (Pygopodidae;
image by B. Maryan). (E) Carnaby’s cockatoo, Calyptorhynchus latirostris (Cacatuidae; image by T. Kirkby, W.A. Museum). (F) Quokka,
Setonix brachyurus (Macropodidae; image by M. Wojcieszek). (G) Freshwater crayfish, Engacwa walpolea (Parastacidae; image by Q.
Burnham). (H) Talyuberlup assassin spider, {ephyrarchacea barrettae (Archaeidae; image by M. Rix). (I) Trapdoor spider, Moggridgea sp.
(Migidae; image by M. Harvey). (J) Marri millipede, Antichiropus variabilis (Paradoxosomatidae; image by C. Car). (K) Tiger millipede,
Atelomastix tigrina (Iulomorphidae; image by M. Rix). (L) Scorpionfly, Austromerope poultoni (Meropeidae; image by J. Taylor). (M)
Green westwind katydid, Windbalea viride (Tettigoniidae; image by D. Rentz). (N) Land snail, Bothriembryon sp. (Bothriembryontidae;
image by M. Harvey). (O) Velvet worm, Rumbadjena sp. (Peripatopsidae; image by M. Harvey). All images used with permission.

Biological Reviews 90 (2015) 762—793 © 2014 The Authors. Biological Reviews © 2014 Cambridge Philosophical Society



Faunistic biogeography of south-western Australia

are also short-range endemics (see Lotz, 1996, 2003, 2006;
Wood, Griswold & Spicer, 2007; Wood, 2008; Rix & Harvey,
2011, 20125). Similar levels of local endemicity occur in other
terrestrial invertebrate lineages throughout Australia (as in
SWWA), including within the well-studied Decapoda (e.g.
Riek, 1969; Fig. 4G; see also Fig. 8B), and perhaps most
spectacularly in the indigenous millipede fauna (Fig. 4], K),
where all orders (excluding Polyxenida) exhibit high levels of
diversity and short-range endemism Australia-wide (e.g. see
Humphreys & Shear, 1993; Mesibov, 2006, 2009, 2010; Car
& Harvey, 2013). This propensity for short-range endemism
may be correlated more with life-history characteristics than
historical biogeography per se (Harvey, 2002; Harvey et al.,
2011).

Conversely, many other terrestrial invertebrate lineages
m SWWA do not show high levels of regional endemicity,
a phenomenon that may also be explained by life-history
characteristics including high vagility (e.g. dispersive juvenile
stages and the ability to fly), ecological plasticity or xeric
adaptation. This is exemplified in groups that are known
or expected to be highly dispersive, e.g. dragonflies and
damselflies (43% endemicity; Theischinger & Endersby,
2009), butterflies (22% endemicity; Braby, 2004), cicadas
(53% endemicity; Moulds, 1990), wolf spiders (13%
endemicity across five genera; Framenau & Vink, 2001;
Framenau, 2002, 2007, 2010; Langlands & Framenau, 2010)
and centipedes (36% endemicity across 10 genera; Koch,
1982, 1983a,b,¢c, 1984a,b, 1985a,b; Waldock & Edgecombe,
2012), among many others.

Evidence for any terrestrial invertebrate lineage having
undergone significant i situ radiation in SWWA (L.e. >20
congeneric endemic species) — atascale comparable to many
plant taxa (e.g. Banksia, genera of Fabaceae; Chandler,
Bayer & Crisp, 2001; Mast, Jones & Havery, 2005;
Orthia et al., 2005; Cardillo & Pratt, 2013) — is extremely
limited, although millipedes of the genus Antichiropus
(Paradoxosomatidac; Fig. 4]) have clearly undergone a major
endemic radiation throughout the region, with over 150
species known (C. Car & M. Harvey, unpublished data;
see also Harvey, 2002; Wojcieszek, Harvey & Rix, 2011;
Wojcieszek & Simmons, 2011, 2012; Car, Wojcieszek &
Harvey, 2013). Species of the millipede genus Atelomastix
(Iulomorphidae; Fig. 4K) have also experienced considerable
in situ speciation in southern and far south-western habitats,
albeit on a much smaller scale than Antichiropus (Edward &
Harvey, 2010).

III. ORIGINS AND DIVERSITY OF THE
TERRESTRIAL FAUNA

The accumulation of quantitative molecular and cladis-
tic data over the last 30years, for numerous lineages
of south-western Australian plants and animals, has seen
new perspectives emerge on the biogeography of the
south-western Australian biota. While influential historically,
qualitative taxonomically and ecologically derived postulates
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regarding the origins, evolution and diversification of the
south-western Australian biota do little to inform explicit
biogeographic models of vicariance, speciation or popula-
tion fragmentation in space and time. Several early cladistic
studies on Western Australian animal taxa used morpholog-
ical datasets to generate cladograms for exploring speciation
or endemism (e.g. Gray, 1981, 1992; Cracraft, 1986, 1991;
Harvey, 1995; Rix, 2006), although these studies were unable
to test the temporal modes of cladogenesis that are so critical
to better understanding potential mechanisms of divergence.
The introduction of molecular methods, starting with albu-
min and allozyme studies in the 1980s and later DNA
sequence analyses, plus the development of molecular clock
theory (particularly as applied to phylogenetic analyses of
nucleotide sequence data), enabled explicit testing of biogeo-
graphic models in both space and time. This process is ongo-
ing with recent advances in coalescent theory, Bayesian anal-
ysis and next-generation sequencing. Numerous authors have
commented on the importance of quantitative — especially
dated — phylogenetic and phylogeographic datasets for bet-
ter understanding the complex biogeographic history of the
Australian continent (e.g. Crisp et al., 2004; Byrne et al.,
2008, 2011), and all highlight the power of assessing congru-
ence across well-sampled co-occurring taxa (see also Ladiges,
Bayly & Nelson, 2012). Here, we summarise the available,
quantitative, dated datasets for fauna from south-western
Australia (Figs 5-8), and we highlight four mechanisms
driving patterns of endemism among co-occurring taxa, and
compare them with patterns identified in plant datasets. In all
instances where divergence estimates are reported between
higher taxa or clades, stem ages are used.

(1) Ancient relicts?

The south-western Australian fauna has been proposed to
consist of a complex assemblage of older relictual taxa and
younger, more recently arrived or more recently evolved
species, the latter of which may also belong to clades that are
themselves relatively ancient (Hopper et al., 1996). However,
the biota also includes numerous higher taxa (genera mostly,
plus several families) which are endemic to SWWA. Clearly,
for many such taxa, determining how ‘endemic’ or ‘relict’
they are on the basis of taxonomy alone is difficult, given (z) the
possible ‘inflationary’ effect different (especially paraphyletic)
taxonomies may have on generic relationships and estimates
of phylogenetic endemism, and (zz) the importance of both
topology and time since divergence for determining when
and from what a particular taxon evolved.

(a) Ancient clades

For the south-western Australian fauna, dated phylogenetic
datasets are available for only a handful of endemic higher
taxa (Iig. 3, left panel), although these few studies — which
importantly include estimates of both topology and time
since divergence — provide tantalising clues to the origins
of at least some of south-western Australia’s most iconic
animal lineages. These studies highlight three important
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Fig. 5. Geological timeline from the mid-Cretaceous to the present (see Fig. 3), overlaid with fauna ‘taxon boxes’ highlighting:
(left) divergence events for south-western Australian endemic higher taxa (i.e. genera and families); and (right) divergence events
between congeneric sister lineages, species or populations in south-western versus south-eastern Australia. Each box covers a range
of divergence dates inferred from a dated, published molecular dataset. The mid-Miocene is denoted by a thin dotted line,
with intraspecific divergences in mammals and birds shown by paler grey boxes. Taxa and references are as follows: ' Tarsipes
(Bininda-Emonds et al., 2007); 2 Purpureicephalus (Schweizer et al., 2011, 2012); 3 Paroplocephalus (Sanders et al., 2008); * Elapognathus
(Sanders et al., 2008); > Neelaps (calonotus) (Sanders et al., 2008); © Pletholax (Jennings et al., 2003); 7 Myobatrachus/ Arenophryne (Maxson
& Roberts, 1985; Roberts & Maxson, 1989); 8 Metacrinia (Roberts & Maxson, 1989); ngetacrinia71\4yobatmc/zuszreno/)/z@ne (MMA)
clade (Maxson & Roberts, 1985; Roberts & Maxson, 1989); '°Lepidogalaxias (Near et al., 2012); ' Engaewa (Schultz et al., 2009);
12 Karripurcellia (Giribet ef al., 2009, 2012); '3 Kumbadjena/ Occiperipatoides (Murienne et al., 2013); "*W.A. Onychophora clade (Murienne
et al., 2013); ' Petrogale lateralis (Potter et al., 2012); ' Pseudomys shortridgei (Salinas et al., 2009); '7 Phascogale tapoatafa (Spencer et al., 2001);
18 Gymnorhina tibicen (Toon et al., 2007); ' Anas gracilis/ A. castanea-1 (Joseph et al., 2009); 2° Biziura lobata (Guay et al., 2010); 2! Amytornis
textilis (Austin et al., 2013); 22 Stipiturus malachurus (Donnellan et al., 2009); *3various bird species (Dolman & Joseph, 2012); ** Anas
gracilis/ A. castanea-2 (Dhami et al., 2013); 2 Pezoporus (Murphy et al., 2011); 26 Acanthorhynchus (Joseph et al., 2014); *” Malurus (McLean
et al., 2012); % Calyptorhynchus (White et al., 2011); 2° Melithreptus (Toon et al., 2010); 30 Lerista (L. viduata/ L. bougainvillii) (Lee et al.,
2013); 3! Delma (Jennings et al., 2003); 32 Aprasia (Jennings et al., 2003); 33 Pseudophryne (Roberts & Maxson, 1985, 1989); 3! Limnodynastes
(Roberts & Maxson, 1985, 1986); % Litoria-1 (Roberts & Maxson, 1985); % Litoria-2 (Burns & Crayn, 2006); 3’ Geocrinia (Roberts &
Masxson, 1985); 38 Crinia (Barendse, 1984; Roberts & Maxson, 1985); 3 Heleioporus (Morgan et al., 2007); *° Nannoperca (Unmack et al.,
2011); *' Galaxiella (Unmack et al., 2012); ** Cherax-1 (Munasinghe et al., 2004); *3 Cherax-2 (Schultz et al., 2009); ** Zephyrarchaea (Rix &
Harvey, 2012¢); * Antiporus (Hawlitschek et al., 2011); * Stictocladius (Krosch & Cranston, 2013). See text for details.

Biological Reviews 90 (2015) 762—793 © 2014 The Authors. Biological Reviews © 2014 Cambridge Philosophical Society



Faunistic biogeography of south-western Australia 773

\t“@"’e"«? *“‘e k AK » hicie

T
g
g
2

>
| w
< | =
Z218
x5
w | =
e
=y |2
| a
w
=z
w
Q
o
=
o

D [T

o

5

it

=

2
o || %
28
Qe
z | =

CENOZOIC

OLIGOCENE

Fig. 6. Geological timeline from the Oligocene to the present (see Fig. 3), overlaid with fauna ‘taxon boxes’ highlighting: (left)
in siu speciation events for congeneric south-western Australian taxa; and (right) intraspecific population-level (phylogeographic)
divergences in south-western Australian species. Each box covers a range of divergence dates inferred from a dated, published
molecular dataset. The mid-Miocene (14 Mya) is denoted by a thin dotted line. Taxa and references are as follows: ' Calyptorhynchus
baudinii/ C. latirostris (White et al., 2011); % Lerista spp. (Lee et al., 2013); 3 Diplodactylus omatus/ D. polyophthalmus (Oliver et al., 2009); * Delma
Sraseri/ D. grayii (Jennings et al., 2003); °Aprasia spp. (Jennings et al., 2003); © Crenadactylus ocellatus spp. complex (Oliver et al., 2010);
7 Neobatrachus spp. (Roberts et al., 1996); ® Pseudophryne guentheri/ P. occidentalis (Roberts & Maxson, 1989); ? Crinia spp. (Barendse, 1984);
10 Heleioporus spp.-1 (Maxson & Roberts, 1984); 1! Heleioporus spp.-2 (Morgan et al., 2007); 12 Arenophryne rotunda/ A. xiphorhyncha (Edwards,
2007); '3 Galaxiella munda/ G. nigrostriata (Unmack et al., 2012); '* Amphisopus spp. (Gouws & Stewart, 2013); '° Cherax spp. (Schultz et al.,
2009); ' Moggridgea spp. (Cooper et al., 2011); V7 Zephyrarchaea spp. (Rix & Harvey, 2012¢); '® Archaeochius brundini spp. complex (Martin
et al., 2002); “’Kumbadjma spp. (Murienne et al., 2013); 20( tenophorus omatus (Levy et al., 2012); 2! Spicospina Slammocaerulea (Edwards &
Roberts, 2011); 22 Crinia georgiana (Edwards et al., 2007); 23 Arenophryne xiphorhyncha (Edwards 2007); 2* Metacrinia nichollsi (Edwards et al.,

2008); )5anchznella longirostris (Zotkova & 11mm@ 2009); 2 Paramphisopus palustris (Gouws & Stewart, 2007); 27 Cherax preissii-1 (Gouws
et al., 2006); 28 Cherax preissii-2 (Gouws et al., 2006); 2 Cherax quinquecarinatus/ C. preissii-3 (Gouws et al., 2010); > Moggridgea tingle/ M. sp.
(Qoop( retal., 2011). See text for details.

biogeographic patterns that may be characteristic of endemic
higher taxa in SWWA more generally. Firstly, the mite
harvestman genus Karrpurcellia and the onychophoran
genera Rumbadjena and Occiperipatoides provide evidence that
SWWA is home to at least some very ancient relictual
(Mesozoic) lineages, which are restricted to mesic, temperate
habitats in the HRP, and (in the case of ARarripurcellia)
whose surviving closest relatives may not be in Australia
(see Giribet etal, 2009, 2012; Murienne etal, 2013).
Similarly, the lepidogalaxiid fish Lepidogalaxias salamandroides

(Fig. 4A)
between Margaret River and Walpole in the southern HRP
(Morgan, Gill & Potter, 1998) —
to all other euteleost fishes, diverging in the Triassic (Near
etal., 2012). Based on additional (undated) phylogenetic
datasets, other lineages that may be ancient relicts include
the Western Swamp Tortoise Pseudemydura (Shaffer, Meylan
& McKnight, 1997; Georges et al., 1998; but see also Archer,
1996), the mygalomorph spider genus Moggridgea (Griswold
& Ledford, 2001; Cooper et al., 2011) and the bombycoid

which is restricted to creeks and ephemeral pools

has been shown to be sister
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Fig. 7. Example area cladograms showing i situ speciation within lineages characteristic of the more xeric Transitional Rainfall
Province (TRP) and Southeast Coastal Province (SCP) of south-western Australia. Numbers on nodes denote mean divergence
estimates inferred from dated molecular datasets, with coloured dots showing the distributions of different species in the south-western
land division of Western Australia (SWWA). The High Rainfall Province (HRP) of Hopper & Gioia (2004) is shaded grey. Area
cladograms show: (A) myobatrachid frogs of the Metacrinia—Myobatrachus —Arenophryne (MMA) clade (Maxson & Roberts, 1985; Roberts
& Maxson, 1989; Edwards, 2007); (B) myobatrachid frogs of the genus Heleioporus (Morgan et al., 2007); (C) pygopodid lizards of the
genus Aprasia (Jennings et al., 2003); (D) pygopodid lizards of the genus Delma (Jennings et al., 2003). Note the highlighted (¥) divergence
of taxa restricted to the HRP. Distribution maps generated by the Atlas of Living Australia (ALA) website (http://www.ala.org.au/),
reproduced under a Creative Commons Attribution 3.0 Australia Licence. Images by B. Maryan, used with permission.

moth genus Carthaea (Zwick et al., 2011), along with several
taxa for which only qualitative data exist (see Section IV.1).
Of'the latter, one of the most remarkable insects in SWWA is
the meropeid scorpionfly Austromerope poulton: (Fig. 4L), found
in forested habitats in the HRP (see Abbott, Burbidge &
Wills, 2007). The Meropeidae are known from only three
extant species: Merope tuber from eastern North America; 4.
poultont endemic to SWWA; and the recently discovered A.
brasiliensts from Espirito Santo, Brazil (Machado, Kawada &
Rafael, 2013). Given this distribution, and given additional
fossil evidence and morphology, it has been proposed that
modern Meropeidae are now highly disjunct Pangaean relicts
(Machado et al., 2013), although this hypothesis remains to
be tested phylogenetically.

(b) “Late Gondwanan’ clades

Divergence of the freshwater crayfish lineage Engaewa
(Fig. 4G) in the late Eocene (Schultz et al., 2009) suggests
that a second suite of ancient relictual clades from the
climatically buffered HRP may have later Gondwanan
origins, having been isolated in SWWA before the final rifting

of south-eastern Australia from Antarctica in the late Eocene.
In this instance, determining additional ‘late Gondwanan’
lineages based on topology alone is difficult, given the
inability to separate older Paleogene divergences from
younger, Miocene nodes. Furthermore, in the case of genera
like Karripurcellia, Lepidogalaxias and Engaewa, their relative
antiquity and the likely extinction of closely related taxa (e.g.
see Archer, 1996) may cloud our ability to reconcile broad
divergence estimates with geological or climatic correlates.

(¢) Late Tertiary clades

Divergence of the red-capped parrot Purpurewcephalus spurius
(Schweizer, Seehausen & Hertwig, 201 1; Schweizer, Guintert
& Hertwig, 2012), the elapid snake genera FElapognathus,
Neelaps and  Paroplocephalus (Sanders et al., 2008) and the
monophyletic  Metacrinia—Myobatrachus—Arenophryne (MMA)
frog clade in the Miocene and Pliocene (Maxson &
Roberts, 1985; Roberts & Maxson, 1989), along with earlier
divergences inferred for the honey possum Tarsipes rostratus
(Bininda-Emonds et al,, 2007) and the keeled legless lizard
Pletholax gracilis (Jennings, Pianka & Donnellan, 2003) in the
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Fig. 8. Example area cladograms showing in situ speciation within lineages characteristic of the south-western Australian mesic
zone. Numbers on nodes denote mean divergence estimates inferred from dated molecular datasets, with coloured dots (or range
boundaries) showing the distributions of different species in the south-western land division of Western Australia (SWWA). The High
Rainfall Province (HRP) of Hopper & Gioia (2004) is shaded grey. Area cladograms show: (A) myobatrachid frogs of the genus Crinia
(Barendse, 1984; see also Read et al., 2001); (B) parastacid crayfish of the genus Cherax (Schultz et al., 2009; see also Munasinghe
et al., 2004); (C) archaeid spiders of the genus Jephyrarchaea (Rix & Harvey, 2012¢); (D) migid spiders of the genus Moggridgea (Cooper
etal., 2011). Note the highlighted (*) divergence of Crinia pseudinsignifera in (A), which is distributed throughout more xeric inland
regions of SWWA, and the two divergence estimates for each node in (D), highlighting different values inferred according to different
rate calibrations. Distribution map for (A) and map outlines for (B—D) generated by the Atlas of Living Australia (ALA) website
(http://www.ala.org.au/), reproduced under a Creative Commons Attribution 3.0 Australia Licence. Distributional boundaries for
(B) from SERCUL Brochure (2013). Images: (A) by B. Maryan; (B) by Q. Burnham; (C) by M. Rix; (D) by M. Harvey; all used with

permission.

mid-Oligocene, provide evidence for a third tier of endemic
higher taxa in SWWA. These lineages appear to follow a
more classical pattern of isolation/vicariance in SWWA with
subsequent adaptation (+/ — in situ speciation or extralimital
extinction) during the major climatic upheavals of the
Oligocene and Miocene (see Sections I11.2 and III.3). These
taxa cannot really be considered ‘ancient relicts’ since at this
evolutionary scale different classification schemes not only
inflate perceived levels of higher phylogenetic endemism, but
may also imply reciprocal monophyly among groups being
compared (depending on the degree of autapomorphy or
the levels of diversity within a particular lineage). This is
well 1llustrated by the long recognition of the plant genus
Dryandra as separate to, and by implication sister to, Banksia,
when molecular data convincingly show that Banksia is in
fact rendered paraphyletic by Dryandra (Mast et al., 2005;
Mast & Thiele, 2007; Cardillo & Pratt, 2013). The same

is true of the MMA frog clade (see above): one could
reasonably argue that all four species in this clade are in
fact unusual or highly specialised species of Pseudophryne
(as both Pseudophryne sen. str. and the MAMA clade are
reciprocally monophyletic sister-taxa; Roberts & Maxson,
1989; Read et al., 2001). Such a situation would significantly
reduce the perceived levels of higher phylogenetic endemism
within south-western Australian Myobatrachidae. It 1s well
recognised that taxonomic estimates of higher phylogenetic
endemism (i.e. B estimates) can be heavily influenced (and
inflated) by nomenclatural considerations. This highlights
the need for temporal data to distinguish older relicts (e.g.
Lepidogalaxias) from more recently evolved genera arising
from i situ speciation or radiation (e.g. MAMA clade), and
the use of techniques that ignore taxonomic designation in
favour of branch-length-based metrics (e.g. Rosauer et al.,

2009).
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(2) South-western vicariance and the Nullarbor
divide

We here refer to the ‘Nullarbor divide’ as comprising the
Nullarbor Plain and its fringing xeric habitats. The Nullarbor
Plain itself formed during the late Oligocene and Miocene
by successive marine incursions associated with large climate
shifts (summarised in Crisp & Cook, 2007; Byrne et al.,
2008). As so defined the Nullarbor divide extends from
north-east of Israelite Bay in Western Australia (Fig. 1)
to the Eyre Peninsula in South Australia. It is the largest
and most significant climatic and edaphic biogeographic
barrier in southern Australia, and the only major expanse
of the arid zone to intersect Australia’s temperate mesic
biome (Crisp & Cook, 2007; Byrne etal, 2008, 2011;
Dolman & Joseph, 2012). The Nullarbor divide is today
a vast arid expanse separating more mesic or transitional
temperate zones. Classical patterns of east—west endemism
cither side of the Nullarbor divide, in south-western and
south-eastern Australia, have been proposed for numerous
plant and animal taxa, although the timing of vicariance
events, the mechanisms of separation and the potential role
of dispersal have all influenced attempts to explain and test
patterns of reciprocal east—west endemism (see summaries
in Maxson & Roberts, 1984; Roberts & Maxson, 1985;
Crisp & Gook, 2007; Morgan et al., 2007; Dolman & Joseph,
2012). Clearly, determining the temporal scale of divergence
and the nature of intra- versus interspecific variation is
critical to adequately testing alternative models of vicariance
and dispersal, and congruence approaches are powerful in
helping to determine likely mechanisms (e.g. Crisp & Cook,
2007).

For the southern Australian fauna, dated molecular
datasets are available for at least 28 genera distributed
across south-western and south-eastern Australia, including
mammals (Spencer, Rhind & Eldridge, 2001; Salinas et al.,
2009; Potter et al., 2012), birds (Toon et al., 2007; Donnellan
et al., 2009; Joseph et al., 2009, 2014; Guay et al., 2010; Toon,
Hughes & Joseph, 2010; Murphy et al., 2011; White et al.,
2011; Dolman & Joseph, 2012; McLean et al., 2012; Austin
etal., 2013; Dhami etal, 2013), reptiles (Jennings et al.,
2003; Lee, Skinner & Camacho, 2013), frogs (Barendse,
1984; Roberts & Maxson, 1985, 1986, 1989; Burns &
Crayn, 2006; Morgan et al., 2007), fish (Unmack et al.,
2011, 2012), freshwater crayfish (Munasinghe, Burridge
& Austin, 2004; Schultz et al., 2009), spiders (Rix &
Harvey, 2012¢), beetles (Hawlitschek et al., 2011) and flies
(Krosch & Cranston, 2013) (Fig. 5, right panel). These
data provide compelling evidence for two main pulses
of east—west lineage separation in south-western and
south-eastern Australia. The first tier of divergence dates
cluster within the first half of the Miocene, between the late
Oligocene and ~10-12 Mya (Fig. 5, right panel, “Tier 1
divergences’), although a few outlier divergence estimates
extend back to or beyond the early Oligocene, or up to
the later Miocene. These datasets with first-tier divergences
include invertebrates, fish, frogs and lizards. A second tier
of divergence dates in the Plio—Pleistocene comprises birds,
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mammals, snakes and diving beetles (Fig. 5, right panel,
‘Tier 2 divergences’). Of these, most provide evidence of
recent phylogeographic intraspecific subdivision either side
of the Nullarbor divide (e.g. Toon et al., 2007; Donnellan
et al., 2009; Salinas et al., 2009; Potter et al., 2012), although
slightly older speciation in SWWA during the mid-Pliocene
to early Pleistocene has been documented in several bird
taxa (e.g. Toon et al., 2010; Murphy et al., 2011; McLean
etal., 2012), snakes (Sanders et al, 2008) and in beetles
(Hawlitschek et al., 2011). Two additional datasets — one
for honeyeaters of the genus Acanthorhynchus and one for
lizards of the genus Lensta — straddle the late-Miocene
divide between first and second tier divergences (Fig. 5, right
panel).

These dated datasets highlight the importance of both
the early-mid Miocene and the later Plio—Pleistocene in
generating differential patterns of east—west endemism
across southern Australia. For many small, less vagile
freshwater or mesic-adapted animal taxa, the inundation,
uplift and eventual aridification of the Nullarbor divide
during the first half of the Miocene was almost certainly a
major isolating process that eventually resulted in speciation
within multiple southern Australian lineages. This pattern
is comparable to that detected in lineages of southern
Australian plants (for a comprehensive summary see Crisp
& Clook, 2007), which showed a cluster of east—west
divergence events around 13—14 Mya. However, these data
tell a complex story, and suggest that: (z) for both animals
and plants the process of isolation in the early Miocene may
not necessarily have been especially abrupt for all taxa; and
(u) that phases of east—west migration or at least partial gene
flow may still have occurred in some first-tier lineages up
until the mid-late Miocene (e.g. see Unmack et al.,, 2011).
Interestingly, two of the latest inferred (first-tier) animal
divergences (in the range of 810 Mya) are for frogs in the
genus Pseudophryne (Roberts & Maxson, 1985, 1989) and two
of three endemic snake genera with sister-lineages in eastern
Australia (Sanders et al., 2008; see Section III.1). These
taxa represent more xeric-adapted organisms that currently
occupy both semi-arid and arid habitats, and which may
have more easily crossed through or around a less arid
Nullarbor divide in the mid-Miocene. Similarly, a very late
(~6 Mya) inferred divergence for sister-species of lizards in
the genus Lerista (1.e. L. viduata versus L. bougainvillit) may be
explained by the marked xeric adaptations characteristic of
this genus (see Skinner, Lee & Hutchinson, 2008; Skinner,
2010; Lee et al., 2013). By contrast, some rather early Eocene
and/or Oligocene divergence estimates have been inferred
for strongly mesic-adapted fish (Unmack e al., 2012), frogs
(Roberts & Maxson, 1985) and chironomid flies (Krosch &
Cranston, 2013), along with several plants (Crisp & Cook,
2007), suggesting that for another set of taxa a vicariant
barrier may have been established relatively early, by or even
well before the early Miocene. However, for many large
vertebrates or more vagile taxa, the formation of an exposed,
calcarecous Nullarbor Plain by the mid-Miocene was
probably a far less significant barrier to gene flow compared
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to the pulses of more severe aridification and climate change
that occurred during the Pliocene and Pleistocene. For
example, a flying insect, several bird species and numerous
populations of birds and mammals show clear evidence of
relatively recent separation from their sister-species or con-
specifics in south-eastern Australia (Fig. 5, right panel, “Tier
2 divergences’). The same is true for several plant taxa which
are more ecologically tolerant to aridity or to the calcareous
soils characteristic of the Nullarbor Plain (Crisp & Cook,
2007).

(3) In situ speciation

For plants, one of the most striking characteristics of the
south-western Australian biota is the very high proportion
of endemic species (perhaps up to 80% of the vascular
flora; Hopper & Gioia, 2004), many of which also belong to
endemic (and often highly diverse) clades. It has been hypoth-
esised that this species richness was driven by  situ speciation
(Hopper, 1992; Hopper & Gioia, 2004) and phylogenies with
largely south-western Australian groups do provide evidence
for numerous, speciose south-western endemic clades (e.g.
Mast, 1998; Chandler ¢t al., 2001; Mast & Givnish, 2002;
Crisp & Cook, 2003¢; Steane, Wilson & Hill, 2003; Hopper,
Chase & Fay, 2006; Rosauer ez al., 2009; Cardillo & Pratt,
2013). This is challenging given the region’s subdued
topography and apparently simple palaco-climatic profile
(Hopper & Gioia, 2004; Hopper, 2009), since evolutionary
models often invoke complex topography as a driver of
speciation (e.g. Stebbins & Major, 1965; Linder, 2003; Forest
et al., 2007). Recent evaluation of fossil plant diversity in the
carly Pleistocene in eastern Australia revealed high diversity
on a scale similar to that in SWWA, indicating that lack of
extinction may have also been a significant driver of plant
species richness in SWWA (Sniderman, Jordan & Cowling,
2013; but see also Archer, 1996). For animals, numerous
lines of taxonomic and phylogenetic evidence suggest that in
situ speciation within SWWA has played at most a moderate
role in the generation of local diversity (at least within certain
lineages; see Section I1.3), although in many cases the biogeo-
graphic mechanisms involved remain to be fully elucidated.
Plio—Pleistocene extinction, at least in some animal lineages
(e.g. vertebrates), has also been significant (Archer, 1996).
Dated molecular datasets from which m situ speci-
ation in SWWA can be inferred provide compelling
evidence for the primacy of the late Miocene and
also the Pliocene (i.e. 15 to ~3Mya) in driving the
species-level diversification of animals within south-western
Australia. This pattern is evident in frogs and reptiles and
several invertebrates (Fig. 6, left panel). However, two
datasets also highlight much more recent Pleistocene-age
speciation in cockatoos (White ez al., 2011) and xeric-adapted
lizards (Lee et al., 2013), and at least five datasets also provide
fragmentary evidence for another pulse of much earlier
situ speciation in the late Oligocene or early Miocene, two of
which may be associated with mesic-adapted taxa isolated in
more inland areas of the TRP and SCP (Martin et al., 2002;
Rix & Harvey, 2012¢) (Fig. 6, left panel). Interestingly, there
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is little phylogenetic or taxonomic evidence to suggest that
in situ speciation has played more than a minor role in the
generation of local diversity or endemism in either birds or
mammals. This is perhaps unsurprising given the potentially
late (i.e. Plio—Pleistocene) isolation of most south-western
clades, and the relevance of these groups to macro- rather
than micro-habitats. The dated datasets available suggest
that climate change and increasingly severe aridification
during the late Miocene and Pliocene were integral to
situ speciation processes and diversification within SWWA.
Further, they suggest that these processes largely operated on
animal taxa that were already allopatrically isolated west of
the Nullarbor divide by the mid-Miocene (see Section II1.2).
However, teasing apart the mechanisms of diversification
in different regions — and determining the relative roles
of parapatric or allopatric speciation, local adaptation,
extinction, refugial contraction or range expansion (e.g.
into or out of the arid zone) — remains a challenging
prospect, especially for sister-taxa with broadly overlapping
distributions. Nonetheless, a comparison of dated area clado-
grams (Figs 7 and 8) and additional quantitative datasets
reveals several common themes that highlight potential key
processes, which are further elucidated in Section IV.

(a) Divergence of ‘basal’ mesic taxa

Firstly, among those clades with species in both the HRP
and more xeric inland Provinces (i.e. SCP, TRP), ‘basal’ and
early-diverging nodes invariably separate HRP taxa from
those found in more xeric regions, with subsequent speciation
within more arid-adapted lineages usually occurring during
the later Miocene and Pliocene (Figs 7A—C and 8A). This
general pattern can be found in both frogs (Barendse,
1984; Maxson & Roberts, 1985; Roberts & Maxson, 1989;
Morgan et al., 2007) and multiple lizard families (Jennings
et al., 2003; Oliver et al., 2009), suggesting that increasingly
severe climatic gradients may have been driving xeric lineage
adaptation and/or expansion on the one hand, and mesic
sister-lineage contraction on the other, relatively soon after
the period 16—14Mya. By the time many south-western
lineages were separated from eastern Australian congeners
around the mid-Miocene, the process of aridification was
well underway, and south-western animal populations either
adapted to the changing conditions or endured range
contraction, isolation and/or extinction.

(b) Spectation and distribution of taxa outside the High Rainfall
Province

Amongst those taxa with more than one species in the
TRP and SCP, dated datasets for frogs (Barendse, 1984;
Maxson & Roberts, 1984, 1985; Roberts & Maxson,
1989; Roberts, Maxson & Plummer, 1996; Edwards,
2007; Morgan etal., 2007) and lizards (Jennings et al.,
2003; Oliver, Adams & Doughty, 2010; Lee et al,, 2013)
highlight that speciation in these groups also occurred
throughout the later Miocene, Pliocene and even into
the Pleistocene, presumably in response to the increased
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aridification experienced throughout much of SWWA during
these periods (Figs 3 and 6). Inland species from the TRP
are often very widespread (e.g. Aprasia repens, Delma frasert,
Helewporus albopunctatus and Mpyobatrachus gouldn), with strong
evidence for relatively recent coastal or sub-coastal speciation
in other, more restricted taxa (e.g. Arenophryne, Aprasia,
Ctenophorus, Lenista) (Figs 6 and 7). Additional quantitative
(undated) studies on both reptiles (Rabosky et al., 2004;
Melville, Shoo & Doughty, 2008; Edwards, Keogh &
Knowles, 2012; Kay & Keogh, 2012) and spiders (Rix ¢t al.,
2010) hint at very similar patterns, especially within the
coastal and sub-coastal sandplain bioregions south of Shark
Bay and west of Israelite Bay. In those regions, extremely
diverse faunistic assemblages have clearly experienced a
complex mix of climatic (e.g. temperature and precipitation;
see online Figs S1 and S2), sea-level and habitat changes
since the mid-Miocene (Edwards ez al., 2012).

Reptile datasets further suggest that the TRP and SCP may
have been important ancestral areas for other more widely
distributed Australian clades, which diverged in the Pliocene
and Pleistocene (Lee et al, 2013) or even earlier in the
Oligocene (Oliver et al., 2010), and subsequently expanded
into the arid zone. Other groups like frogs of the genus
Neobatrachus exhibit broadly overlapping inland distributions,
and show further evidence for relatively recent speciation
(possibly driven in part by cytogenetic shifts from diploidy to
tetraploidy; Mahony, Donnellan & Roberts, 1996; Roberts
etal., 1996; Mable & Roberts, 1997; Roberts, 19974,b).
By contrast, another suite of taxa have multiple species
still mostly restricted to the HRP, having only one or a
very few terminal species lineages adapted to more xeric
inland regions. These include frogs of the genus Crina (e.g.
C. pseudinsignifera; Barendse, 1984; Read et al., 2001) (Fig. 8A),
lizards within the Ctenotus labillardier: species complex (Kay
& Keogh, 2012) and spiders of the genus Raveniella (c.g.
R. cirrata; Rix et al., 2010).

(¢) Speciation of mesic-adapted taxa

Among more mesic-adapted taxa, many of which are wholly
or largely restricted to the HRP, dated divergences reconciled
with area cladograms imply a complex history of speciation.
Datasets for trapdoor spiders (Cooper et al., 2011), assassin
spiders (Rix & Harvey, 2012¢) and non-biting midges (Martin
et al., 2002) suggest that allopatric speciation, via Miocene and
Pliocene fragmentation and contraction of populations into
mesic refugia, has generated multiple short-range endemic
species. This 1s especially so throughout southern and
south-eastern coastal or upland regions currently separated
by more xeric inter-zones (e.g. Cooper et al., 2011; Rix &
Harvey, 2012¢). The second major pattern seen among more
relictual, mesic taxa in SWWA is a series of mostly allopatric,
short-range endemic species (usually sister-species) restricted
to the southern forested region (i.e. the “Warren’ biore-
gion; Fig. 9, Model 4), between the Leeuwin-Naturaliste
ridge and Albany. This well-documented pattern of
the southern Karri forests is characteristic of certain
frogs (Wardell-Johnson & Roberts, 1993; Read et al,
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2001; Driscoll & Roberts, 2007), freshwater crustaceans
(Horwitz & Adams, 2000; Burnham, Koenders & Horwitz,
2012; Gouws & Stewart, 2013), spiders (Rix & Harvey,
2012¢) and Onychophora (Reid, 2002; Murienne e al.,
2013), among others, and relevant divergences can be
dated from three independent datasets to either the late
Miocene/Pliocene (Rix & Harvey, 2012¢; Gouws & Stewart,
2013) (Figs 6 and 8C) or throughout the Tertiary (Murienne
et al., 2013). Broadly congruent patterns of endemism among
freshwater and terrestrial vertebrates and invertebrates
suggest a congruence of mechanisms that may be both
climatic and edaphic in origin (Wardell-Johnson & Roberts,
1993; Driscoll & Roberts, 2007). However, a third and
less tangible pattern characteristic of several lineages (in
both the HRP and TRP/SCP) is the presence of multiple,
related south-western endemic species, each with largely
overlapping distributions. Within the HRP this phylogenetic
pattern is characteristic of certain fish (Unmack et al., 2012),
frogs (Barendse, 1984; Fig. 8A), freshwater crayfish (Schultz
et al., 2009; Fig. 8B) and spiders (Gray, 1981), among others,
and dated datasets for Crinia and Cherax also suggest a late
Miocene or Pliocene timeframe for speciation (Fig. 8A, B).

(4) Phylogeographic structure

Phylogeographic studies of intraspecific population structure
have revolutionised our understanding of the historical
demographic and evolutionary processes that have operated
on populations of extant species; each study increasingly
sheds more light on recent biogeographic history. For the
south-western Australian fauna, dated molecular datasets
exploring phylogeographic structure are available for frogs
(Edwards, 2007; Edwards, Roberts & Keogh, 2007, 2008;
Edwards & Roberts, 2011), reptiles (Levy etal, 2012),
crustaceans (Gouws, Stewart & Daniels, 2006, 2010; Gouws
& Stewart, 2007; Zofkova & Timms, 2009) and spiders
(Cooper et al., 2011). Other dated datasets are available for
more widespread southern Australian birds and mammals
(Spencer et al., 2001; Toon et al., 2007; Donnellan ¢t al., 2009;
Joseph et al., 2009; Salinas et al., 2009; Guay et al., 2010;
Dolman & Joseph, 2012; Potter et al., 2012; Austin et al.,
2013). In addition to these dated datasets, other quantitative
population genetic studies are available for mammals (Neaves
et al., 2009), birds (Christidis et al,, 2011; Toon, Joseph &
Burbidge, 2013; Andersen et al., 2014), reptiles (Levy et al.,
2010; Edwards et al., 2012; Kay & Keogh, 2012), frogs
(Driscoll, Wardell-Johnson & Roberts, 1994; Driscoll, 1997,
1998a,b; Davis & Roberts, 2005), freshwater crayfish (Austin
& Ryan, 2002; Nguyen et al., 2002), spiders (Rix et al., 2010),
orthopteroid insects (Dadour & Johnson, 1983) and snails
(Hill, Johnson & Merrifield, 1983).

Dated phylogeographic  studies of  south-western
Australian taxa (see Fig. 6, right panel; see also Fig. 5, right
panel) tell a compelling story of mostly recent, late Pliocene-
or Quaternary-age population subdivisions for vertebrates
and most invertebrate animal taxa studied. The major
progression and intensification of aridification during the
Pliocene and Pleistocene, plus the concomitant expansion of
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the arid zone combined with fluctuating glacial cycles and sea
levels, have been implicated in phylogeographic divergences
in numerous vertebrates, invertebrates and plants throughout
Australia (see Byrne, 2007; Byrne et al., 2008, 2011). Many
of these intraspecific divergence patterns mirror patterns of
in situ speciation seen in other lineages (e.g. see Dadour &
Johnson, 1983; Hill e al., 1983; Edwards et al., 2008; Cooper
etal., 2011), implying a common, underlying geographic
and/or climatic (rather than temporal) influence. In other
species, especially those that are more vagile or better
adapted to xeric habitats, there is a lack of consistent
cladogenic pattern across taxa (e.g. Edwards et al., 2012).
Correlation of population and species divergences with
environmental variation suggest that ecological diversifi-
cation may underlie recent radiations in xeric-adapted
south-western Australian reptiles (Edwards et al., 2012),
and such incongruence of patterns may indicate a very
important role for ecology in the historical diversifi-
cation of other south-western Australian taxa. Further
research is required to understand these complex processes
better.

Finally, several other animal taxa for which molecular
data are available show little evidence of significant
phylogeographic subdivision throughout their ranges in
SWWA, including the mammals Cercartetus concinnus (Pestell
etal., 2008), Setonix brachyurus (Sinclair, 2001), Smuthopsis
crassicaudata (Cooper, Adams & Labrindis, 2000) and 7arsipes
rostratus (Clancy, 2012); the birds Barnardius zonarius (Joseph
& Wilke, 2006), Biziura lobata (Guay et al., 2010), Gavicalis
virescens (Joseph & Wilke, 2007) and Malurus splendens (Kearns
et al., 2009); and the spiders Raveniella cirrata and R. peckorum
(Rix etal., 2010). These taxa are significant in that they
provide a useful point of comparison against those species
with more pronounced phylogeographic structuring, and
further highlight key characteristics (e.g. flight, larger size
or increased vagility) that may preclude deep population
subdivision in SWWA.

(5) Plant data

Although we know much about patterns of plant species
richness and endemism in SWWA, we know less about
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phylogenetic  history (with some notable exceptions,
e.g. Chandler etal, 2001; Hopper etal., 2006, 2009;
Rosauer et al., 2009; Cardillo & Pratt, 2013). Most plant
phylogenetic studies have been designed to test broad
patterns of plant evolution and distribution at continental
or inter-continental scales, rather than to Iinvestigate
patterns of species relatedness within SWWA. These data
show that the major sclerophyllous families and genera
in the south-western Australian flora are representatives
of old groups that evolved during the Eocene, Oligocene
and Miocene (Hopper & Gioia, 2004), the fossil record
indicating that south-western Australian floras may have
been more resilient to Pleistocene climatic shifts than those
in south-eastern Australia (Dodson, 2001; Sniderman ¢t al.,
2013), and that sclerophyllous communities co-occurred
with rainforest taxa in SWWA during much of the Tertiary
(McLoughlin & Hill, 1996; Byrne et al., 2011). Old relicts of
rainforest lineages, now restricted to the HRP, include the
Emu Berry (Podocarpus drouymanus) and the Albany Pitcher
plant (Cephalotus follicularis) (Hopper & Gioia, 2004). In
Hydatellaceae, a basal family in the angiosperms related
to water lilies, five of the 12 species (7rithuria syn. Hydatella)
occur in SWWA (Saarela et al., 2007; Iles et al., 2012).

Dated phylogenetic species-level datasets are available
for only a limited number of plant taxa, including eight
genera of Haemodoraceae (Hopper et al., 2009), one genus
of Droseraceae (Yesson & Culham, 2006), two genera of
Chenopodiaceae (Cabrera, Jacobs & Kadereit, 2011), one
genus of Fabaceae (Byrne et al., 2001; Byrne, Macdonald
& Coates, 2002; Byrne, 2007), one genus of Apiaceae
(Kadereit et al., 2008), one genus of Santalaceae (Harbaugh
& Baldwin, 2007), one genus of Proteaceae (Cardillo &
Pratt, 2013), and a series of co-occurring taxa in six families
analysed in Crisp & Cook (2007) (Table 1). However, these
datasets do tell a consistent story, with many clades isolated
in SWWA by the mid-Miocene, and ongoing speciation
thereafter up to and including the Quaternary. Analysis
of species divergences in groups with taxa either side of
the Nullarbor divide (i.e. Allocasuarina, Banksia, Mirbelieae,
Bossiaceae, Restionaceae, Scaevola, Wurmbea, Xanthorrhoea)
showed a clustering of divergence dates around 13—14 Mya,
consistent with isolation by the Nullarbor Plain — a strong
edaphic barrier to plant communities (Crisp & Cook, 2007).
A few genera (e.g. Aotus, Chorizema, Scaevola) showed more
recent divergences either side of the Nullarbor divide at
approximately 2—4 Mya, indicating that they maintained
some connection across or around the Nullarbor up until
the Plio—Pleistocene (Crisp & Cook, 2007). By contrast,
two south-western Australian species of Santalum showed
evidence for an early divergence from eastern congeners
around 32 Mya (Harbaugh & Baldwin, 2007). These results
closely mirror patterns seen in animals (see Section II1.2;
Fig. 5, right panel), highlighting concordant biotic responses
during both the mid-Miocene and the Plio—Pleistocene.

In comparison to rainforest lineages that are generally
species-poor, most sclerophyllous genera are species-rich
(Byrne et al., 2011) and include diverse clades distributed

M. G. Rix and others

throughout transitional, semi-arid and arid habitats of
Australia, including SWWA. Speciation within these sclero-
phyllous lineages mostly occurred during the last 15 million
years, with available datasets providing evidence of both
steady speciation (e.g. Cardillo & Pratt, 2013) and punctu-
ated radiations (e.g. Hopper ¢t al., 2006). For south-western
Australian taxa, phylogenies show major endemic speciation
events in the Dryandra lineage of Banksia (Mast, 1998; Mast &
Givnish, 2002; Cardillo & Pratt, 2013), Allocasuarina (Steane
et al., 2003), Conostylis (Hopper et al., 2006) and Mirbelieae
and Bossiaceae (Crisp & Cook, 20035; Orthia et al., 2005).
Hopper et al. (2009) argued for periods of accelerated diver-
sification in the Haemodoraceae and Conostylidoideae in
the mid-Miocene and Plio—Pleistocene, while Byrne (2007)
highlighted recent Pleistocene speciation in several Acacia.
Evidence for such recent @ situ plant speciation is in stark
contrast to most (but not all) animal data, the latter of which
generally fail to infer Quaternary speciation (Fig. 6, left
panel). This discrepancy may be important in understanding
and testing differential patterns of plant versus animal
diversity in SWWA, although recent studies suggest that a
lack of extinction during Pleistocene climatic cycles may be
a primary explanation for the maintenance of plant species
richness in SWWA (Sniderman et al., 2013).

Phylogeographies for south-western Australian plant
species show significant intraspecific sub-structuring and
complex patterns of haplotype diversity, indicative of
localised persistence throughout their ranges (Byrne, 2008).
Dated phylogeographies are available for species in at
least five families of plants (see Table 1), and many
studies on widespread species have identified diver-
gent lineages that separated during the mid-Pleistocene,
e.g.  Eucalyptus  loxophleba  (Byrne &  Hines, 2004),
Acacia acuminata (Byrne et al., 2002), Santalum spicatum (Byrne,
Macdonald & Brand, 2003) and Calothamnus quadrifidus (Nis-
telberger et al., 2014). Older intraspecific divergences in the
late Pliocene have also been noted in the widespread F.
marginata (Wheeler & Byrne, 2006) and the restricted and dis-
junct Lambertia orbifolia (Byrne, Macdonald & Coates, 1999).
The timings of intraspecific divergence events in plants are
roughly concordant with the Plio—Pleistocene dates inferred
for animals (Fig. 6, right panel; see also Byrne et al., 2008,
2011), although most plant taxa exhibit a shallower history
of population subdivision relative to less vagile reptiles, frogs
and invertebrates.

IV. TESTABLE MODELS OF HISTORICAL
BIOGEOGRAPHY IN SOUTH-WESTERN
AUSTRALIA

A primary aim of this paper is to compile dated and otherwise
quantitative phylogenetic or population genetic datasets
to generate testable models of historical biogeography for
the south-western Australian fauna. Our comparison of
temporally and/or spatially congruent divergences among
multiple co-distributed taxa (Figs 5—8) provides a framework
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Table 1. Summary of dated datasets and a selection of other quantitative (undated) studies relevant to south-western Australian
plant taxa. Inter-specific phylogenies (i.e. ‘species’) are distinguished from intra-specific phylogeographies (i.e. ‘populations’), and
dated studies with estimates of time since divergence are separated from undated studies. Biogeographic patterns are ordered and

refer to those outlined in Section 11

Taxa Analysis Biogeographic pattern/s References
Dated studies
Apiaceae Tribe Saniculeae Species E—W lineages Kadereit et al. (2008)
Casuarinaceae Allocasuarina Species E—~W lineages Crisp & Cook (2007); see also
Steane et al. (2003)
Colchicaceae Wurmbea Species E~W lineages Crisp & Cook (2007); see also
Vinnersten & Reeves (2003)
Fabaceae Mirbelicae/Bossiaceae Species E~W linecages Crisp & Cook (2007); see also
Crisp & Cook (20036) and
Orthia et al. (2005)
Goodeniaceae Scaevola Species E—~W lineages Crisp & Cook (2007); see also
Howarth et al. (2003)
Restionaceae SWWA Restionaceae Species E—W lineages Crisp & Cook (2007); see also
Briggs et al. (2000)
Xanthorrhoeaceae  Xanthorrhoea Species E—~W lineages Crisp & Cook (2007); see also
Givnish et al. (2005)
Droseracecae Drosera Species E—W lineages/wm situ speciation Yesson & Culham (2006)
Haemodoraceae SWWA Haemodoraceae Species E~W lineages/in situ speciation Hopper et al. (2006, 2009)
Proteaceac Banksia Species E—~W lineages/wm situ speciation Crisp & Cook (2007); Cardillo &
Pratt (2013); see also Mast
(1998); Mast & Givnish (2002)
and Ladiges et al. (2012)
Santalaceae Santalum Species E—W lineages/wm situ speciation Harbaugh & Baldwin (2007)
Chenopodiaceae SWWA Camphorosmeae Species In situ speciation Cabrera et al. (2011)
Fabaceac Acacia acuminata vs. Species In situ speciation Byrne et al. (2002) and Byrne
A. oldfieldi (2007)
Fabaceac A. lobulata vs. A. verricula Species In situ speciation Byrne et al. (2001) and Byrne
(2007)
Fabaceae A. sciophanes vs. A. Species In situ speciation Byrne et al. (2001) and Byrne
anfractuosa (2007)
Fabaceac A. acuminata Populations  Phylogeographic structure Byrne et al. (2002) and Byrne
(2007)
Fabaceae A. verricula Populations  Phylogeographic structure Byrne et al. (2001) and Byrne
(2007)
Hemerocallidaceae  Stypandra glauca Populations  Phylogeographic structure Tapper et al. (2014b)
Myrtaceae Calothamnus quadrifidus Populations  Phylogeographic structure Nistelberger et al. (2014)
complex
Myrtaceae FEucalyptus caesia Populations  Phylogeographic structure Byrne (2007) and Byrne &
Hopper (2008)
Myrtaceae E. loxophleba Populations  Phylogeographic structure Byrne & Hines (2004); Byrne
(2007); see also Hines & Byrne
(2001)
Myrtaceae E. marginata Populations  Phylogeographic structure Wheeler & Byrne (2006); Byrne
(2007); see also Byrne (2008)
Myrtaceae Kunzea pulchella Populations  Phylogeographic structure Tapper et al. (2014a)
Proteaceae Lambertia orbifolia Populations  Phylogeographic structure Byrne (2007); see also Byrne et al.
(1999)
Santalaceae Santalum spicatum Populations  Phylogeographic structure Byrne et al. (2003); Byrne (2007);
see also Byrne (2008)
Undated studies
Hydatellaceae Trithuria Species Ancient relicts Saarela e al. (2007) and Iles et al.
(2012)
Goodeniaceae SWWA Goodeniaceae Species E~W lineages/in situ speciation Jabaily et al. (2012)
Myrtaceae Beaufortia suballiance Species E—~W lineages/in situ speciation Brown et al. (2001)
Myrtaceae E. subgenus Fucalyptus Species E~W lineages/in situ speciation Ladiges et al. (2010); see also
Ladiges et al. (2012)
Myrtaceae Runzea Species E—~W lineages/in situ speciation de Lange et al. (2010)
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Table 1. Continued
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Taxa Analysis Biogeographic pattern/s References
Chenopodiaceae  Salicornioideae/ Halosarcia Species In situ speciation Shepherd et al. (2004)
Elaeocarpaceae Tetratheca Species In situ speciation Butcher et al. (2007)
Fabaceae Daviesia Species In situ speciation Crisp & Cook (2003¢) and
Rosauer et al. (2009)
Fabaceae Gastrolobium Species In situ speciation Chandler ez al. (2001)
Fabaceae Oxylobium Species In situ speciation Crisp & Cook (2003a)
Lamiaceae Pityrodia scabra Species/populations I situ speciation Shepherd et al. (2013)
Myrtaceae E. diptera complex Species In situ speciation Burgman (1985)
Myrtaceae E. subgenus Fudesmia Species In situ speciation Gibbs et al. (2009)
Myrtaceae Eremaea Species/populations  In situ speciation Coates & Hnatiuk (1989)
Myrtaceae Melaleuca uncinata complex Species In situ speciation Broadhurst et al. (2004)
Stylidiaceae Stylidium carcyfolium Species In situ speciation Coates et al. (2003)
complex
Fabaceae A. saligna complex Populations Phylogeographic structure Millar et al. (2011)
Myrtaceae E. angustissima complex Populations Phylogeographic structure Elliott & Byrne (2004)
Myrtaceae E. gomphocephala Populations Phylogeographic structure Nevill et al. (2014)
Myrtaceae E. kochii complex Populations Phylogeographic structure Byrne & Macdonald (2000)
Rutaceac Boronia inornata Populations Phylogeographic structure Burgman (1985)

SWWA, south-western Australian.

upon which we develop four working hypotheses to explain
the diversity and diversification of the south-western
Australian fauna (Fig. 9). Our goal here is to provide
a temporal and spatial perspective on major patterns of
distribution and diversification. This process effectively
adopts a phylogenetic species concept, but in many cases
this is matched with traditional biological or morphological
characters used to define species, e.g. call structures in frogs
(Roberts & Wardell-Johnson, 1995) or genitalic differences
in millipedes (Edward & Harvey, 2010; Wojcieszek &
Simmons, 2011). We also speculate — post hoc — as to what
mechanisms may have fundamentally driven speciation
and/or divergence among populations.

Our four models are graphically illustrated in Fig. 9, and
each provides a spatial, temporal and topological perspective
on patterns of speciation or divergence. These models are fur-
ther outlined in detail below, supporting evidence being given
at three levels: (¢) primary, dated, quantitative datasets; ()
otherwise quantitative (but undated) datasets; and (izz) addi-
tional candidate lineages that may have diverged under each
model, but for which only qualitative data exist. A summary
of fossil data for SWWA is also provided, given the impor-
tance of fossil taxa for the temporal calibration of phylogenies.

(1) Ancient relicts of the High Rainfall Province

A minority of the higher animal taxa (1.e. genera and families)
endemic to SWWA belong to ancient Gondwanan or even
Pangaecan lineages, 1.c. they diverged from extant sister-taxa
before the final separation of Australia from Antarctica
in the early Oligocene (>35Mya) (see Model | in Fig. 9).
Their sister-lineages may occur on other former Gondwanan
or Pangaean land masses, or be currently distributed in
south-eastern Australia (but with more distant relatives on

other continents). Most ancient relictual taxa will also be
restricted to the HRP — and especially the Warren bioregion
within that Province (see Fig. 9) — due to the buffered, mesic
climate of the region. For example, the three species in the
harvestman genus Rarripurcellia are endemic to a small area
of the Warren bioregion surrounding Pemberton (Giribet,
2003). The closest relatives of Rarpurcellia are found in New
Zealand, and the inferred divergence date for this lineage is
in the Mesozoic (Giribet ¢ al., 2009, 2012).

(a) Relevant dated datasets

Lepidogalaxiid fish (Lepidogalaxias; Near et al., 2012; Fig. 4A);
parastacid crayfish (Engacwa; Schultz et al., 2009; see also
Crandall et al., 1999; Horwitz & Adams, 2000; Burnham
etal., 2012; Tig. 4G); pettalid harvestman (Rarripurcellia;
Giribet etal, 2009, 2012; see also Boyer etal, 2007;
Boyer & Giribet, 2007); and peripatopsid onychophorans
(Rumbadjena— Occiperipatordes lineage; Murienne et al., 2013)
(Fig. 5, left panel).

(b) Additional quantitative datasets

Chelid turtles (Pseudemydura; Shafter et al., 1997; Georges
et al., 1998); myobatrachid frogs (Spicospina; Read et al., 2001;
see also Roberts et al., 1997; Edwards & Roberts, 2011;
Fig. 4C); migid trapdoor spiders (Moggridgea; Griswold &
Ledford, 2001; Cooper et al., 2011; Fig. 4I); and carthaeid
moths (Carthaea; Zwick et al., 2011).

(¢) Other candidate lineages

Phalangioid harvestman
Shultz & Cekalovic,

(Hesperopilio; ~ Shear,
2006; Groh & Giribet,

1996;
2014);
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pseudotyrannochthoniid ~ pseudoscorpions  (Pseudotyran-
nochthonius; Harvey & Stahlavsky, 2009); pionid water
mites (Larr; Harvey, 1998); and meropeid scorpion flies
(Austromerope; Abbott et al., 2007, Machado etal, 2013;
Fig. 4L).

(2) South-western endemism due to early to
mid-Miocene vicariance

For numerous lineages now endemic to south-western
Australia (i.e. a few higher taxa, but mostly intra-generic
clades or species), progressive aridification, plus marine
incursions and eventual uplift and exposure of the calcareous
Nullarbor divide throughout the early and mid-Miocene
resulted in the eventual separation of south-western taxa
from related forms in south-eastern Australia (see Model 2
in Fig. 9). Although some animal data hint at an extended
process of isolation up until the later Miocene (~8 Mya) or
earlier isolation in the Oligocene, this model is relatively
explicit in proposing that vicariant climatic or edaphic
boundaries were in place for most endemic reptile, frog,
fish and less vagile invertebrate lineages by the mid-Miocene
~12-14 Mya.

(a) Relevant dated datasets

Honey  possum  (Tarsipes;  Bininda-Emonds et al.,
2007; see also Kavanagh etal, 2004); elapid snakes
(Elapognathus, ~Neelaps (calonotus); Sanders et al., 2008);
pygopodid lizards (dprasia, Delma, Pletholax; Jennings
etal, 2003); myobatrachid frogs (Crinia, Geocrinia,
Helewoporus, Limnodynastes, Metacrinia—Myobatrachus —
Arenophryne (MMA) lineage, Pseudophryne; Barendse, 1984;
Roberts & Maxson, 1985, 1986, 1989; Morgan et al., 2007;
see also Read et al., 2001); hylid frogs (Litoria; Roberts &
Maxson, 1985; Burns & Crayn, 2006); freshwater fish
(Galaxiella, Nannoperca; Unmack et al., 2011, 2012); parastacid
crayfish (Cherax; Munasinghe et al., 2004; Schultz et al., 2009;
see also Austin & Knott, 1996); archaeid spiders (ephyrar-
chaea; Rix & Harvey, 2012¢; Fig. 4H); and chironomid
midges (Stictocladius; Krosch & Cranston, 2013) (Fig. 5). For
a summary of relevant dated plant datasets, see Table 1 and
Crisp & Cook (2007).

(b) Additional quantitative datasets and other candidate lineages

A large number of southern Australian animal genera have
endemic lineages in south-western Australia, and listing all
such examples is beyond the scope of this study. Ordinal taxa
with key lineages that may have diverged under this model
include squamate reptiles, testudine tortoises, siluriform fish
and most orders of terrestrial arthropods. This model of
divergence may also be relevant to two monotypic genera
of mammals (Parantechinus, Setonix) and birds (Purpureicephalus,
Quoyornis; see also Loynes, Joseph & Keogh, 2009; Christidis
etal., 2011) endemic to SWWA, although data are largely
lacking except for Purpureicephalus (Schweizer et al., 2011,
2012).
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(¢) Remarks

This classic model of the Miocene ‘islandisation’ of SWWA
is developed on a suite of divergence estimates from both
vertebrate and invertebrate taxa, and is explicit in identifying
the mid-Miocene as an important climactic phase in the final
dissolution of remnant east—west connectivity and gene flow.
However, this model is clearly an inappropriate working
hypothesis for most mammals and birds (and possibly other
highly vagile taxa, e.g. see Hawlitschek ez al., 2011), given
the apparent primacy of the Plio—Pleistocene in generating
patterns of south-western endemism in these groups (see
Fig. 5, “Tier 2 divergences’.

(3) Derived xeric adaptation

This model of i situ speciation during the Miocene — an
extension to ‘Hypothesis 17 of Byrne et al. (2011) — predicts
that for lineages now widespread throughout SWWA, basal
or early-branching clades are restricted to the HRP, with
derived species occurring in more xeric inland habitats of
the TRP or SCP (see Model 3 in Fig. 9). This model
explains patterns in clades with multiple basal taxa in the
HRP and only one or a very few xeric-adapted species
(see upper cladogram for Model 3 in Fig. 9), the latter
diverging from HRP taxa relatively late, in the very late
Miocene or Pliocene (Figs 7B and 8A). This model also
explains patterns in clades with only one or a very few
basal species in the HRP and an equal or greater diversity
of species in more xeric regions (see lower cladogram for
Model 3 in Fig. 9), indicating that for another subset of
south-western taxa, an initial first major pulse of speciation
during the mid-Miocene (i.e. 15-12Mya) was associated
with the ecarly divergence of more arid-adapted lineages
from their plesiomorphic, mesic-adapted sister-taxa (Fig. 7A,
C). We propose that for both scenarios, a long period of
Miocene range contraction (with or without  siu mesic zone
speciation) was broken by the evolution, in the Miocene or
Pliocene, of more arid-adapted species that then underwent
significant range expansion. This was possibly in response
to the transition to winter rainfall patterns and the rapid
climatic changes that occurred during the Pliocene (Byrne
et al., 2008).

(a) Relevant dated datasets

Diplodactylid lizards (Diplodactylus; Oliver et al., 2009;
see also Oliver, Hutchinson & Cooper, 2007); pygopo-
did lizards (Aprasia; Jennings et al, 2003); and myobatr-
achid frogs (Crima, Helewoporus, Metacrinia—Myobatrachus
—Arenophryne (MMA) clade; Barendse, 1984; Maxson &
Roberts, 1985; Roberts & Maxson, 1989; Edwards, 2007;
Morgan et al., 2007; see also Read et al., 2001) (Figs 6, 7A—C
and 8A).

(b) Additional quantitative datasets

Scincid lizards (Ctenotus; Kay & Keogh, 2012) and
micropholcommatid spiders (Ravenzella; Rix et al., 2010).
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(¢) Other candidate lineages

Although specifying additional candidate lineages for this
model in the absence of a phylogeny is difficult, derived xeric
adaptation could be considered a null hypothesis for any of
the many lineages in SWWA with endemic species restricted
to the HRP and congeners found in the TRP or SCP.

(4) Allopatric speciation in mesic zone refugia

This model of  situ speciation predicts that susceptible
mesic-adapted lineages experienced allopatric speciation
during the mid-late Miocene and Pliocene as a result of the
vicariant isolation and contraction of formerly continuous
(mesic) habitats (see Model 4 in Fig. 9). In SWWA, this model
is especially relevant to taxa from the HRP (especially the
Warren bioregion) and the southern SCP, where numerous
mesic refugia can still be found in forested, montane and
coastal regions (Fig. 8C, D). It is also relevant to more inland
taxa, isolated on habitat ‘islands’ (e.g. granite outcrops,
mountain peaks). Increasingly severe aridification is proposed
to have driven population contraction into isolated refugia,
with persistent xeric barriers driving subsequent allopatric
speciation.

(a) Relevant dated datasets

Archaeid spiders (Zephyrarchaea; Rix & Harvey, 2012¢;
Fig. 4H); migid spiders (Moggridgea; Cooper et al., 2011;
Fig. 41); amphisopid isopods (Amphisopus; Gouws & Stewart,
2013); chironomid midges (Archaeochlus; Martin et al., 2002);
and peripatopsid onychophorans (Kumbadjena; Murienne
et al., 2013) (Figs 6 and 8C, D).

(b) Additional quantitative datasets

Myobatrachid frogs (Geocrinia (rosea complex); Read et al.,
2001; Driscoll & Roberts, 2007; see also Wardell-Johnson &
Roberts, 1993); stiphidiid spiders (Baiami; Gray, 1981, 1992);
and parastacid crayfish (Engaewa; Horwitz & Adams, 2000;
Burnham et al., 2012).

(¢) Other candidate lineages

Idiopid spiders (Cataxia; Main, 1985); garypid pseudoscor-
pions (Synsphyronus; Harvey, 1987, 1996, 2011); pseu-
dotyrannochthoniid pseudoscorpions (Pseudotyrannochthonius;
Harms & Harvey, 2013); iulomorphid millipedes (Atelomastix,
Samichus; Edward & Harvey, 2010) and bothriembryontid
snails (Bothriembryon; Iredale, 1939; Breure & Whisson, 2012).

(5) Other models?

Numerous other patterns of diversity can be seen among
the south-western Australian biota, where explicit models of
historical biogeography cannot be inferred due to the lack of
appropriate quantitative data. For example, many lineages
show a diversity of co-occurring taxa in both the HRP and/or
SCP/TRP, including Neobatrachus frogs (a complex of four
or five sympatric species), numerous speciose reptile genera
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of the sandplains north and south of Geraldton (e.g. Lerista;
Skinner e al., 2008; Skinner, 2010), and Cherax freshwater
crayfish in the HRP, among many others (Figs 7D and
8B). Various processes may be involved in generating these
patterns, including polyploidy (Mahony et al., 1996; Roberts
et al., 1996; Mable & Roberts, 1997; Roberts, 19974,b) or
complex interactions between climate variation and substrate
heterogeneity (Edwards e al., 2012; Levy et al., 2012). Reptile
datasets also hint at the potential importance of the SCP
and TRP as ancestral areas for lineages that subsequently
expanded into the arid zone (Skinner, 2010; Lee et al., 2013).
Listing or discussing all such patterns and possible processes
is beyond the scope of this review, but any future testable
interpretation must have a strong foundation in appropriate
phylogenetic dating or ecological and phenotypic approaches
to analysing the biogeographic signal.

(6) Fossils

Dated fossils are of great value in calibrating molecular clocks
for phylogenetic or character evolution studies, and have
been used in that context in SWWA for studies on Banksia
evolution (Cardillo & Pratt, 2013) and floral evolution in
relation to fire (Lamont & He, 2012). Unfortunately, the fossil
record for fauna from SWWA is relatively limited. Martin
(2008) reported fossils from a number of insect groups,
including Coleoptera, Blattodea, Hemiptera, Mecoptera,
Neuroptera, Grylloblattodea and Diptera dating back to
the early Jurassic (~190—200 mya), allowing some possibility
of future dating of hexapod lineages. There are also a
number of vertebrate fossils from SWWA, although these
are limited to deposits in Pleistocene-aged caves in the
Leeuwin-Naturaliste Block (e.g. Prideaux et al., 2010). These
deposits report either extant taxa (e.g. frogs and reptiles;
Tyler, 1994; Hollenshead, Mead & Swift, 2011) or a mix
of modern and recently extinct mammal species, with
arguments about the relative roles of climate variation,
initial human invasions and post-European impacts on fauna
(Prideaux et al., 2010). Mid-Pleistocene vertebrate fossils
(primarily mammals, one lizard species) have also been
reported from cave deposits on the central Nullarbor Plain
(Prideaux et al., 2007), but are uninformative in the context of
dating any available south-western Australian phylogenies.
For some vertebrate groups (e.g. frogs and mammals),
fossil deposits across Australia offer some opportunities for
calibration of deeper cladogenic events with implications for
the south-western Australian fauna. The Riversleigh deposits
in Queensland (Oligocene—Miocene), similar deposits in
the adjacent Northern Territory and from Murgon in
south-eastern Queensland (early Focene) all contain frog
fossils mostly referrable to modern genera (Tyler, 1994),
although none of this material has previously been used to
calibrate trees (e.g. Read et al., 2001) or has been relevant to
phylogenetic analyses of anurans from SWWA (e.g. Morgan
et al., 2007).

Despite the relative paucity of data, there is strong potential
for plant and animal fossils to be used for phylogenetic
dating, and to generate new insights into the evolution of the
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south-western Australian biota. There is a good spread of
fossil ages for animals (e.g. frogs: Pleistocene to early Eocene;
Tyler, 1994), dates are available for the evolution of specific
character states in plants (Lamont & He, 2012) and there is a
sophisticated capacity to reconstruct historical environments
used by fossil faunas (Prideaux et al., 2007). That material
must now be expanded, for example by using the remarkably
diverse invertebrate fossil fauna reported by Martin (2008),
and married to targeted, phylogenetic data.

V. FUTURE DIRECTIONS

(1) Research priorities

In this review we have highlighted congruent spatial and
temporal patterns of divergence among co-occurring taxa in
SWWA; to elucidate the history of the region’s biota. There
1s a remarkably small amount of data available for plants,
which is surprising given the incredible floristic diversity of
SWWA, the relatively comprehensive level of taxonomic
understanding of the region’s flora and the concomitant
volume of literature dedicated to explaining this diversity.
And while we now have a good understanding of the spatial
distribution of plant species richness and endemism (Hopper
& Gioia, 2004), plus patterns of evolution in a limited array of
taxa (e.g. Crisp & Cook, 2007; Rosauer et al., 2009; Cardillo
& Pratt, 2013), we still do not truly understand evolutionary
history in most plant groups — recently exemplified by an
analysis of spatial patterns of orchid diversity (Phillips et al.,
2011). That study used species occurrence data to infer
numerous evolutionary mechanisms generating diversity,
but had no underlying quantitative phylogenetic support.
Clearly, understanding these sorts of evolutionary problems
requires: () a more extensive application of quantitative
phylogenetic methods; (i) rigorous taxon sampling of
endemic lineages to uncover a more complete picture
of relationships and to resolve finer-scale patterns (e.g.
Cardillo & Pratt, 2013); and (i) the use of new or evolving
approaches in biogeography to test adequately more complex
ecological models of speciation and population divergence
(e.g. Edwards et al., 2012; see also Schluter, 2009 for review).
This seems especially important given the likely discordance
between processes of plant and animal speciation in SWWA,
in both space and time (see Anacker & Strauss, 2014).

For animals, although the available data highlight a num-
ber of key mechanisms that may have been critical in driving
patterns of diversity in SWWA, much also remains to be
understood. The datasets we have analysed are strongly
biased towards vertebrates, which give a prejudiced view
of patterns of speciation in SWWA. Clearly, more studies
on south-western Australian invertebrate taxa are required,
across all phyla. The available data for invertebrates show
some compelling evidence for fine-scale differentiation and
local endemism, within topographically diverse areas (e.g. the
Stirling Range; Cooper ¢t al., 2011; Rix & Harvey, 2012¢)
as well as in comparatively featureless landscapes (e.g. the
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Swan Coastal Plain; Rix et al., 2010). This propensity for
short-range endemism in invertebrates (Harvey, 2002) may
be related to limited dispersal capacity or micro-allopatry
driven by substrate variation, the latter of which is consider-
able in SWWA (see online Fig. S3). Although there i1s little
empirical evidence for either claim in invertebrates, empiri-
cal data for dispersal in vertebrates suggest that while some
taxa disperse widely and show little genetic differentiation
(Davis & Roberts, 2005), others exhibit more limited disper-
sal (Driscoll, 19984, b; Edwards & Roberts, 2011) that in some
cases can be explained by substrate variation (Edwards et al.,
2012; Levy et al., 2012). Similarly, given the floristic diversity
m SWWA and the abundance of speciose endemic plant
clades, co-evolutionary studies of mutualistic, pollinating or
phytophagous animal taxa may be informative. The major
insect orders are perhaps the least understood and certainly
the most diverse of all terrestrial fauna in SWWA with impor-
tant endemic radiations of phytophagous lineages (e.g. Miri-
dae; Schuh & Weirauch, 2010) and strong pollinator fidelity
in certain plant taxa (e.g. Orchidaceae; Gaskett, 2011).

The four models developed and summarised herein
are necessarily based on a relatively small
ber of dated or otherwise quantitative datasets for
a relatively small selection of taxa. While we are
confident that these hypotheses are robust and well
supported by available data, further testing is required to
demonstrate the generality or otherwise of these models and
potentially clarify relevant spatial or temporal details and
variants. To this end, we have outlined relevant candidate
taxonomic groups in Section IV that we expect will be
informative in testing patterns of historical biogeography
imm SWWA. For example, peripatopsid onychophorans of
the genus Kumbadjena (see Reid, 2002; Murienne et al., 2013;
Fig. 40) are known to be highly diverse in the southern
HRP, and further exploring their interspecific relationships
and the timing of divergences will be valuable in clarifying
patterns of speciation in the Warren bioregion. A secondary
focus should also be taxa which exhibit idiosyncratic
biogeographic patterns, or patterns otherwise not prescribed
by the models outlined in Section IV. For example, diverse
reptile communities in sandplain habitats along the Indian
Ocean and Southern Ocean coastlines exhibit complex
patterns of diversity at varying spatial scales, and these offer
great potential for future research.

In this review we have presented an optimistic view of the
value of phylogenetic analysis in understanding patterns of
diversity, evolution and biogeography. Yet the foundation for
an understanding of any biota is inevitably collection-based
and taxonomic, in that relevant collections and taxonomic
analyses are required to adequately inform and initiate
biogeographic studies on specific taxa. In SWWA — as across
Australia and many other regions of the world — a huge
proportion of the terrestrial fauna remains undescribed at
even the alpha taxonomic level, and we believe that a holistic
appreciation of biogeographic patterns and processes in the
region cannot begin to be achieved until this shortfall is
addressed. However, a huge amount of phylogenetic work

num-
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can still be done on many well-known taxa — as well as
on relatively poorly known groups with the assistance of
DNA barcoding (e.g. Puillandre et al., 2012) — and we feel
strongly that these molecular phylogenetic studies should
also lead to tangible taxonomic outcomes in their own
right. Although there has always been a lag between ‘clade
discovery’ via phylogeography and ‘clade documentation’ via
taxonomy (Rix et al., 2010), molecular studies are increasingly
testing and refining species boundaries using ever more
sophisticated methods, which themselves can be tested in
this way (Camargo et al., 2012). Molecular data must also be
combined, where possible, with conventional morphological,
behavioural and ecological characters. This will facilitate an
accurate evaluation of species status (Edwards & Knowles,
2014) and avoid over- or under-splitting based exclusively on
molecular data (e.g. Chappell, Trewick & Morgan-Richards,
2011; Marshall e al., 2011).

(2) Conservation

Historical climate change and the responses of taxa to this
change have been integral in generating patterns of diversity
in south-western Australian taxa. Biotic responses to this
climate change have been range contraction, population
subdivision or extinction, as well as adaptation, speciation
and range expansion. But what will happen in the future?
Clearly, these processes may be repeated, and historical
responses provide some indication of potential future
responses of species to climate change (Moritz & Agudo,
2013). Quantitative biogeographic studies on south-western
Australian taxa have the potential to provide crude yet
nonetheless informative insights into a number of factors of
conservation significance, including (but not limited to): (z)
the location of possible habitat refugia (Keppel et al., 2012);
() the identification of regions with the highest phylogenetic
diversity or significant phylogenetic turnover (Rosauer et al.,
2009, 2013); () the identification of short-range endemic
taxa of conservation significance (Harvey et al., 2011); (w)
the ability of species to disperse and track their ecological
niches; (v) the capacity for species to tolerate wide or variable
environmental conditions; and (zz) the identification of key
ecological or physiological transitions necessary for the evolu-
tion of xeric-adapted lineages. Traditionally, systematics and
biogeography have intersected with conservation biology in
a rather poorly defined and usually indirect way, despite the
significant insights these fields can offer in the face of severe
anthropogenic change. In SWWA — with its high biodiver-
sity, largely cleared landscapes and the predicted severity
of climate change in the region (Smith et al., 2000; IOCI,
2002; IPCC, 2007; Asseng & Pannell, 2013) — we envisage
immediate benefit to conservation decision-makers from the
discovery and description of new taxa (e.g. Oliver ef al., 2010)
and short-range endemic species (e.g. Edward & Harvey,
2010; Harvey etal, 2011), and from the identification of
macro- and micro-refugia (Keppel et al., 2012; Moritz &
Agudo, 2013) and regions of highest phylogenetic endemism
(Rosauer etal., 2009). Certainly, with ever-increasing
pressures on Australia’s only global biodiversity hotspot,
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conservation management and planning must be informed
by as much data as possible, and historical biogeographic
studies bring another important dimension to this urgent
process.

VI. CONCLUSIONS

(1) Our review demonstrates that we know much about
the historical biogeography of animals in SWWA, due to
an accumulation of dated quantitative phylogenetic studies
over the last three decades. Available animal datasets are still
strongly biased towards vertebrates, although invertebrate
phylogenies for multiple lineages are beginning to provide
comparative data.

(2) Quantitative biogeographic studies on south-
western Australian animals provide evidence for at least
four main mechanisms driving patterns of endemism in
SWWA. Relictualism can be implicated in the distributions
of at least several seemingly ancient taxa in the HRP. Vicari-
ant isolation of lineages west of the Nullarbor divide has
been fundamental in generating regional endemism, both
during the early-mid Miocene and the Plio—Pleistocene. In
situ speciation has generated significant endemic diversity in
select lineages, especially less vagile fish, frogs, reptiles and
mvertebrates, while more recent population subdivision has
led to lineage divergence in both less vagile and more widely
distributed organisms.

(3) Review of the mechanisms driving divergence patterns
has enabled us to derive testable models of historical
biogeography for SWWA. From the data available we
propose four such models to explain some of the
strongest patterns seen among south-western Australian
animal taxa. These models are explicit in providing a
spatial, temporal and topological perspective on patterns of
speciation or divergence, and all highlight the importance of
post-Oligocene climate change in driving range contraction
or separation (Models 1, 2, 4), as well as xeric adaptation
(Model 3) in different taxa.

(4) The fauna of SWWA is rich in poorly studied lineages
or clades for which dated phylogenetic data remain to be
gathered or assessed. Numerous candidate lineages worthy of
further study can be identified given what we know of their
taxonomy, distributions or relationships, and it is critical
that these taxa be studied in the future to help refine our
understanding of the historical biogeography of the region,
highlight gaps in our knowledge, and allow us to derive
general postulates from quantitative (rather than qualitative)
results. Other biogeographic models are clearly required
to explain other idiosyncratic patterns of distribution seen
in different taxa, and generating numerous datasets for
suites of co-occurring lineages will help identity congruent
signals.

(5) With the exception of vertebrates, for which the vast
majority of known species are named, greater taxonomic
research is required on all other phyla, to understand better
the diversity and composition of the fauna of SWWA, and
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to properly inform biogeographic studies and conservation
efforts.

VII. ACKNOWLEDGEMENTS

This work has evolved over several years, and involved
countless discussions and thoughtful correspondence with
different colleagues, many of whom are cited in the above
pages. The authors would like especially to thank all
relevant Western Australian institutions and agencies that
have granted permits for the collection of specimens, upon
which much of the literature reviewed here is based. J.D.R.
would also like to thank Linda Maxson for her early
collaborative research on frog systematics. Images were
kindly provided by Brad Maryan, David Rentz, Cathy Car,
Quinton Burnham, Mark Wojcieszek, Jan Taylor, Tony
Kirkby (W.A. Museum) and Gerry Allen (W.A. Museum).
Funding for this work was largely provided by the Australian
Biological Resources Study (ABRS; Grant No. 209-09) and
the Australian Research Council (ARC) Linkage Scheme
(Grant No. LP120200092), to which the senior author is
extremely grateful.

VIII. REFERENCES

*References marked with asterisk have been cited within the supporting information.

AspoTT, I, BURBIDGE, T. & WiLLs, A. (2007). Austromerope poultoni (Insecta,
Mecoptera) in south-west Western Australia: occurrence, modelled geographical
distribution and phenology. Journal of the Royal Society of Western Australia 90, 97 —106.

ANACKER, B. L. & StrAUss, S. Y. (2014). The geography and ecology of plant
speciation: range overlap and niche divergence in sister species. Proceedings of the Royal
Society Series B 281(20132980), 1-9.

ANAND, R. R. & PAINE, M. (2002). Regolith geology of the Yilgarn Craton, Western
Australia: implications for exploration. Australian Journal of Earth Sciences 49, 3—162.

ANDERSEN, M. J., NYARI, A. S., MasoN, I, JosepH, L., DUMBACHER, J. P., FILARDI,
C. E. & MovLE, R. G. (2014). Molecular systematics of the world’s most polytypic
bird: the Pachycephala pectoralis/melanura (Aves: Pachycephalidae) species complex.
Loological Journal of the Linnean Society 170, 566 588.

ARCHER, M. (1996). Refugial vertebrates from the Miocene rainforests of Western
Australia: where are they? In Gondwanan Heritage. Past, Present and Future of the Western
Australian Biota (eds S. D. HOPPER, J. A. CHappILL, M. S. HARVEY and A. S.
GEORGE), pp. 100—103. Surrey Beatty & Sons, Chipping Norton.

ASSENG, S. & PANNELL, D. J. (2013). Adapting dryland agriculture to climate change:
farming implications and research and development needs in Western Australia.
Climate Change 118, 167—-181.

AUSTIN, J. J., JosEPH, L., PEDLER, L. P. & Brack, A. B. (2013). Uncovering cryptic
evolutionary diversity in extant and extinct populations of the southern Australian
arid zone Western and Thick-billed Grasswrens (Passeriformes: Maluridae:
Amytornis). Conservation Genetics 14, 11731184

AusTIN, C. M. & KNOTT, B. (1996). Systematics of the freshwater crayfish genus Cherax
Erichson (Decapoda: Parastacidae) in south-western Australia: electrophoretic,
morphological and habitat variation. Australian Journal of Zoology 44, 223—258.

AusTIN, C. M. & Ryan, S. G. (2002). Allozyme evidence for a new species of
freshwater crayfish of the genus Cherax Erichson (Decapoda: Parastacidae) from the
south-west of Western Australia. Invertebrate Systematics 16, 357—367.

BARENDSE, W. (1984). Speciation in the genus Crinia (Anura: Myobatrachidae) in
southern Australia: a phylogenetic analysis of allozyme data supporting endemic
speciation in southwestern Australia. Evolution 38, 1238—1250.

BEARD, J. S. (1975). The vegetation survey of Western Australia. Plant Ecology 30,
179-187.

BrArD, J. S. (1980). A new phytogeographic map of Western Australia. Western
Australian Herbarium Research Notes 3, 37—58.

BiNninDA-EmoONDS, O. R. P., CarpiLLo, M., Jones, K. E., MacPHEE, R. D. E.,
Brck, R. M. D., GRENYER, R., PrICE, S. A., Vos, R. A., GITTLEMAN, J. L. &
Purvis, A. (2007). The delayed rise of present-day mammals. Nature 446, 507 -512.

787

BovER, S. L., CLousE, R. M., BENAVIDES, L. R., SHARMA, P., SCHWENDINGER, P.
J., KARUNARATHNA, I. & GIRIBET, G. (2007). Biogeography of the world: a case
study from cyphophthalmid Opiliones, a globally distributed group of arachnids.
Journal of Biogeography 34, 2070—-2085.

Bovegr, S. L. & GIrIBET, G. (2007). A new model Gondwanan taxon: systematics
and biogeography of the harvestman family Pettalidae (Arachnida, Opiliones,
Cyphophthalmi), with a taxonomic revision of genera from Australia and New
Zealand. Cladistics 23, 337—361.

BrABY, M. F. (2004). The Complete Field Guide to Butterflies of Australia. CSIRO Publishing,
Melbourne.

BREURE, A. S. H. & WHissoN, C. S. (2012). Annotated type catalogue of Bothriembryon
(Mollusca, Gastropoda, Orthalicoidea) in Australian museums, with a compilation
of types in other museums. Jookeys 195, 41-80.

Brices, B. G., MARCHANT, A. D., GILMORE, S. & PORTER, C. L. (2000). A molecular
phylogeny of Restionaceae and allies. In Monocots: Systematics and Evolution (ed. K. L.
WILSON), pp. 661-671. CSIRO Publishing, Melbourne.

BROADHURST, L., BYRNE, M., CRAVEN, L. & LEPscHI, B. (2004). Genetic congruence
with new species boundaries in the Melaleuca uncinata complex (Myrtaceae). Australian
Journal of Botany 52, 729-737.

BrowN, R. (1810). Prodromus Florae Novae Hollandiae et Insulae Van-Diemen exhibens
characteres plantarum quas annis 1802—1805. Taylor, London.

BroOwN, A. (2008). 1ll-Starred Captains: Flinders and Baudin. Fremantle Press, Fremantle.

Brown, G. K., Upovicig, F. & LapiGes, P. Y. (2001). Molecular phylogeny and
biogeography of Melaleuca, Callistemon and related genera (Myrtaceace). Australian
Systematic Botany 14, 565—585.

BursIDGE, N. T. (1960). The phytogeography of the Australian region.
Australian Journal of Botany 8, 75—211.

BURBIDGE, A. H. & McKENZIE, N. L. (1989). Patterns in the modem decline of Western
Australia’s fauna: causes and conservation implications. Biological Conservation 50,
143-198.

BURGMAN, M. A. (1985). Cladistics, phenetics and biogeography of populations of
Boronia inormata Turcz. (Rutaceae) and the Eucalyptus diptera Andrews (Myrtaceae)
species complex in Western Australia. Australian Journal of Botany 33, 419431,

Burks, R. A., MASNER, L., JounsoN, N. F. & AusTiN, A. D. (2012). Taxonomic
revision of Bracalba Dodd (Hymenoptera, Platygastridae s.1.), a parasitoid wasp genus
endemic to Australia. Jookeys 236, 1-53.

BurnHAM, Q,, KOENDERS, A. & Horwitz, P. (2012). The status of the critically
endangered freshwater crayfish Engacwa pseudoreducta (Crustacea: Parastacidae) in
south-western Australia. Records of the Western Australian Museum 27, 45—54.

Burns, E. L. & CrAYN, D. M. (2006). Phylogenetics and evolution of bell frogs (Litoria
aurea species-group, Anura: Hylidae) based on mitochondrial ND4 sequences.
Molecular Phylogenetics and Evolution 39, 573—579.

Burrows, N. D. (2008). Linking fire ecology and fire management in south-west
Australian forest landscapes. Forest Ecology & Management 255, 2394 —2406.

BUTCHER, R., BYRNE, M. & CRAYN, D. M. (2007). Evidence for convergent evolution
among phylogenetically distant rare species of Tetratheca (Elacocarpaceae, formerly
Tremandraceac) from Western Australia. Australian Systematic Botany 20, 126—138.

ByrNE, M. (2007). Phylogeography provides an evolutionary context for the
conservation of a diverse and ancient flora. Australian Journal of Botany 55, 316—325.

ByrnE, M. (2008). Evidence for multiple refugia at different time scales during
Pleistocene climatic oscillations in southern Australia inferred from phylogeography.
Quaternary Science Reviews 27, 2576 -2585.

ByrnE, M. & HiNgs, B. (2004). Phylogeographical analysis of cpDNA variation in
Eucalyptus loxophleba (Myrtaceae). Australian Journal of Botany 52, 459—470.

ByrNE, M. & HoOPPER, S. D. (2008). Granite outcrops as ancient islands in old
landscapes: evidence from the phylogeography and population genetics of Eucalyptus
caesia (Myrtaceae) in Western Australia. Biological Journal of the Linnean Society 93,
177-188.

BYRNE, M. & MACDONALD, B. (2000). Phylogeography and conservation of three oil
mallee taxa, Fucalyptus kochit ssp. kochit, ssp. plenissima and E. horistes. Australian Journal
of Botany 48, 305-312.

BYRNE, M., MACDONALD, B. & BRAND, J. (2003). Phylogeography and divergence
in the chloroplast genome of Western Australian Sandalwood (Santalum spicatum).
Heredity 91, 389—395.

BYRNE, M., MACDONALD, B. & CoAaTEs, D. (1999). Divergence in the chloroplast
genome and nuclear rDNA of the rare Western Australian plant Lambertia orbifolia
Gardner (Proteaceac). Molecular Ecology 8, 1789—1796.

BYRNE, M., MACDONALD, B. & CoATESs, D. (2002). Phylogeographical patterns in
chloroplast DNA variation within the Acacia acuminata (Leguminosae: Mimosoideae)
complex in Western Australia. Journal of Evolutionary Biology 15, 576—-587.

BYRNE, M., STEANE, D. A,, JosepH, L., YEaTES, D. K., JORDAN, G. J., CRAYN, D.,
ArLIN, K., CANTRILL, D. J., CoOK, L. G., Crisp, M. D., KEOGH, J. S., MELVILLE,
J., Moritz, C., PorcH, N., SNIDERMAN, J. M. K., SUNNUCKS, P. & WESTON, P.
H. (2011). Decline of a biome: evolution, contraction, fragmentation, extinction and
invasion of the Australian mesic zone biota. Journal of Biogeography 38, 1635—1656.

BYRNE, M., TISCHLER, G., MACDONALD, B., CoaTEs, D. & McCowms, J. (2001).
Phylogenetic relationships between two rare acacias and their common, widespread
relatives in south-western Australia. Conservation Genetics 2, 157—166.

Biological Reviews 90 (2015) 762—793 © 2014 The Authors. Biological Reviews © 2014 Cambridge Philosophical Society



788

ByrNE, M., YEATES, D. K., JosepH, L., KEARNEY, M., BOWLER, J., WILLIAMS, M.
A. J., COOPER, S., DONNELLAN, S. C., KEOGH, J. S., LEys, R., MELVILLE, J.,
MurrHy, D. J., PorcH, N. & WyrwoLL, K.-H. (2008). Birth of a biome: insights
into the assembly and maintenance of the Australian arid zone biota. Molecular
Ecology 17, 4398—4417.

CABRERA, J., Jacoss, S. W. L. & Kapererr, G. (2011). Biogeography of
Camphorosmeae (Chenopodiaceae): tracking the Tertiary history of Australian
aridification. Telopea 13, 313—326.

CAMARGO, A., MOorRANDO, M., Avira, L. J. & Sites, J. W. Jr. (2012). Species
delimitation with ABC and other coalescent-based methods: a test of accuracy with
simulations and an empirical example with lizards of the Lilaemus darwiniz complex
(Squamata: Liolaemidae). Fvolution 66, 2834 —2849.

CAR, C. A. & HARrRVEY, M. S. (2013). A review of the Western Australian keeled
millipede genus Boreohesperus (Diplopoda, Polydesmida, Paradoxosomatidae). Jookeys
290, 1-19.

CaRr, C. A, WojcIeszex, J. M. & HarvEy, M. S. (2013). The millipede genus
Antichiropus (Diplopoda: Polydesmida: Paradoxosomatidae), part 1: redefinition of
the genus and redescriptions of existing species. Records of the Western Australian Museum
28,83-118.

CARDILLO, M. & PRATT, R. (2013). Evolution of a hotspot genus: geographic variation
in speciation and extinction rates in Banksia (Proteaceae). BMC Evolutionary Biology
13(155), 1-11.

CHANDLER, G. T., BAYER, R. J. & Crisp, M. D. (2001). A molecular phylogeny of
the endemic Australian genus Gastrolobium (Fabaceae: Mirbelieae) and allied genera
using chloroplast and nuclear markers. American Journal of Botany 88, 1675—1687.

CuarpeLL, E. M., TREWICK, S. A. & MORGAN-RICHARDS, M. (2011). Shape and
sound reveal genetic cohesion not speciation in the New Zealand orthopteran,
Hemiandrus pallitarsis, despite high mitochondrial DNA divergence. Biological Journal
of the Linnean Society 105, 169—186.

CHrisTIDIS, L., IRESTEDT, M., ROWE, D., BoLES, W. E. & NOorRMAN, J. A. (2011).
Mitochondrial and nuclear DNA phylogenies reveal a complex evolutionary history
in the Australasian robins (Passeriformes: Petroicidae). Molecular Phylogenetics and
Evolution 61, 726—738.

Crancy, R.L. (2012). The dispersal of honey possums, Tarsipes rostratus, in relation to habitat
JSragmentation and fire. PhD Thesis: The University of Western Australia.

CoaTes, D. J., CARsTAIRs, S. & HamLEy, V. L. (2003). Evolutionary patterns of
genetic structure in localized and widespread species in the Stylidium carcifolium
complex (Stylidiaceac). American Journal of Botany 90, 997 —~1008.

Coates, D. J. & HNATIUK, R. J. (1989). Systematic and evolutionary inferences
from isozyme studies in the genus Eremaea (Myrtaceae). Ausiralian Systematic Botany 3,
59-74.

COOPER, S. J. B., Apams, M. & Lasrinpis, A. (2000). Phylogeography of the
Australian dunnart Sminthopsis crassicaudata (Marsupialia: Dasyuridae). Australian
Journal of Zoology 48, 461473,

COOPER, S. J. B., HarvEY, M. S., SainT, K. M. & Main, B. Y. (2011). Deep
phylogeographic structuring of populations of the trapdoor spider Moggridgea tingle
(Migidae) from southwestern Australia: evidence for long-term refugia within refugia.
Molecular Ecology 20, 3219—-3236.

CRACRAFT, J. (1986). Origin and evolution of continental biotas: speciation and
historical congruence within the Australian avifauna. Fvolution 40, 977—996.

CRACRAFT, J. (1991). Patterns of diversification within continental biotas: hierarchical
congruence among the areas of endemism of Australian vertebrates. Australian
Systematic Botany 4, 211-227.

CrANDALL, K. A., FETZNER, J. W., LAWLER, S. H., KINNERSLEY, M. & AUSTIN,
C. M. (1999). Phylogenetic relationships among the Australian and New Zealand
genera of freshwater crayfishes (Decapoda: Parastacidae). Australian Journal of Joology
47,199-214.

CreEws, S. C. & HARVEY, M. S. (2011). The spider family Selenopidae (Arachnida,
Araneae) in Australasia and the Oriental Region. Jookeps 99, 1-103.

Crisp, M. D. & Cook, L. G. (20034). Molecular evidence for definition of genera in
the Oxplobium group (Fabaceae: Mirbelieae). Systematic Botany 28, 705—713.

Crisp, M. D. & Cook, L. G. (20035). Phylogeny and embryo sac evolution in the
endemic Australasian papilionoid tribes Mirbelicae and Bossiaceae. In Advances in
Legume Systematics, Part 10. Higher Level Systematics (eds B. B. KLITGAARD and A.
BRrUNEAU), pp. 253-268. The Royal Botanic Gardens, Kew.

Crisp, M. D. & Cook, L. G. (2003¢). Phylogeny and evolution of anomalous roots in
Daviesia (Fabaceae: Mirbelieae). International Journal of Plant Sciences 164, 603612,
Crisp, M. D. & Cook, L. G. (2007). A congruent molecular signature of vicariance
across multiple plant lineages. Molecular Phylogenetics and Evolution 43, 1106—1117.
Crisp, M., Cook, L. & STEANE, D. (2004). Radiation of the Australian flora: what
can comparisons of molecular phylogenies across multiple taxa tell us about the
evolution of diversity in present-day communities? Philosophical Transactions of the

Royal Society of London, Series B 359, 1551 -1571.

Crisp, M. D., LarraN, S., LINDER, H. P. & MoNRro, A. (2001). Endemism in the
Australian flora. Journal of Biogeography 28, 183—198.

Crisp, M. D., LINDER, H. P. & WEsTON, P. H. (1995). Cladistic biogeography of
plants in Australia and New Guinea: congruent pattern reveals two endemic tropical
tracks. Systematic Biology 44, 457—473.

M. G. Rix and others

Dapour, I. R. & Jonnson, M. S. (1983). Genetic differentiation, hybridization
and reproductive isolation in Mygalopsis marki Bailey (Orthoptera: Tettigoniidae).
Australian Journal of oology 31, 353—360.

Davis, R. A, & ROBERTS, J. D. (2005). Population genetic structure of the western
spotted frog, Heleioporus albopunctatus (Anura: Myobatrachidae), in a fragmented
landscape in south-western Australia. Australian Journal of oology 53, 167—175.

Duami, K. K., JosepH, L., RosHier, D. A., HEinsonN, R. & PETERs, J. L.
(2013). Multilocus phylogeography of Australian teals (4nas spp.): a case study of
the relationship between vagility and genetic structure. Journal of Avian Biology 44,
169-178.

DieLs, L. (1906). Die Pflanzenwelt von West-Australien sudlich des Wendekreises.
Vegetation der Erde. VII. Engelmann, Leipzig.

Dobson, J. R. (2001). Holocene vegetation change in the mediterranean-type climate
regions of Australia. The Holocene 11, 673-680.

DorMmaN, G. & JosepH, L. (2012). A species assemblage approach to comparative
phylogeography of birds in southern Australia. Ecology and Fvolution 2, 354—369.

DONNELLAN, S. C., ARMSTRONG, J., PICKETT, M., MILNE, T., BAULDERSTONE, ].,
HoLLFELDER, T. & BErTOZZI, T (2009). Systematic and conservation implications
of mitochondrial DNA diversity in emu-wrens, Stipiturus (Aves: Maluridae). Emu 109,
143-152.

Driscorr, D. A. (1997). Mobility and metapopulation structure of Geocrinia alba and
Geocrinia vitellina, two endangered frog species from southwestern Australia. Australian
Journal of Ecology 22, 185-195.

DriscoLrr, D. A. (1998q). Genetic structure, metapopulation processes and evolution
influence the conservation strategies for two endangered frog species. Biological
Conservation 83, 43—54.

Driscorr, D. A. (1998b). Genetic structure of the frogs Geocrinia lutea and Geocrinia rosea
reflects extreme population divergence and range changes, not dispersal barriers.
Evolution 52, 1147—-1157.

Driscorr, D. A. & ROBERTS, J. D. (2007). A hybrid zone defined by allozymes and
ventral colour in Geocrinia rosea (Anura: Myobatrachidae). Australian Journal of oology
55, 371-376.

Driscorr, D., WARDELL-JOHNSON, G. & ROBERTS, J. D. (1994). Genetic structuring
and distribution patterns in rare southwestern Australian frogs: implications for
translocation programmes. In Reintroduction Biology of Australian and New Zealand Fauna
(ed. M. SERENA), pp. 85-90. Surrey Beatty & Sons, Chipping Norton.

Erach, M. C. (2012). A history of biogeographical regionalisation in Australia. Jootaxa
3392, 1-34.

Epach, M. C,, GiLL, A. C., KwAN, A., AHYONG, S. T., MurrHy, D. J. & Cassis, G.
(2013). Towards an Australian Bioregionalisation Atlas: a provisional area taxonomy
of Australia’s biogeographical regions. Jootaxa 3619, 315—342.

Epwarp, K. L. & HARVEY, M. S. (2010). A review of the Australian millipede genus
Atelomastix (Diplopoda: Spirostreptida: Iulomorphidae). Jootaxa 2371, 1-63.

Epwarps, D. L. (2007). Biogeography and speciation of a direct developing frog from
the coastal arid zone of Western Australia. Molecular Phylogenetics and Evolution 45,
494-505.

Epwarps, D. L. & KNowLES, L. L. (2014). Species detection and individual assignment
in species delimitation: can integrative data increase efficacy? Proceedings of the Royal
Society Series B 281(20132765), 1-7.

Epwarps, D. L. & ROBERTS, J. D. (2011). Genetic diversity and biogeographic history
inform future conservation management strategies for the rare sunset frog (Spicospina
Slammocaerulea). Australian Journal of Zoology 59, 63—72.

Epwarps, D. L., RoBERTS, J. D. & KEoGH, J. S. (2007). Impact of Plio-Pleistocene
arid cycling on the population history of a southwestern Australian frog. Molecular
Ecology 16, 2782-2796.

Epwarps, D. L., RoserTs, J. D. & KeocH, J. S. (2008). Climatic fluctuations
shape the phylogeography of a mesic direct-developing frog from the south-western
Australian biodiversity hotspot. Journal of Biogeography 35, 1803—1815.

Epwarps, D. L., KeocH, J. S. & KnowtEs, L. L. (2012). Effects of vicariant
barriers, habitat stability, population isolation and environmental features on species
divergence in the south-western Australian coastal reptile community. Molecular
Ecology 21, 3809—3822.

ErLiorT, C. P. & BYRNE, M. (2004). Phylogenetics and the conservation of rare taxa
in the Eucalyptus angustissima complex in Western Australia. Conservation Genetics 5,
39-47.

EPA  (2007). State of the Environment Report: Western Australia 2007 — 5.0 Bio-
diversiy.  Department  of Environment and Conservation, Perth. Avail-
able at http://www.epa.wa.gov.au/Aboutthe EPA/SOLE/2007/Pages/default.aspx
Accessed 25.06.2014.

ForesT, F., GRENYER, R., ROUGET, M., DaviEs, T. J., COWLING, R. M., FarTH, D.
P., BALMFORD, A., MANNING, J. C., PROCHES, S., VAN DER BANK, M., REEVES,
G., HEDDERSON, T. A. J. & SAVOLAINEN, V. (2007). Preserving the evolutionary
potential of floras in biodiversity hotspots. Nature 445, 757—760.

FraMENAU, V. W. (2002). Review of the wolf spider genus Artoria (Araneae: Lycosidae).
Invertebrate Systematics 16, 209—235.

FraMENAU, V. W. (2007). Revision of the new Australian genus Arforiopsis in a new
subfamily of wolf spiders, Artoriinae (Araneae: Lycosidae). Jootaxa 1391, 1-34.

Biological Reviews 90 (2015) 762—793 © 2014 The Authors. Biological Reviews © 2014 Cambridge Philosophical Society



Faunistic biogeography of south-western Australia

FramENAU, V. W, (2010). Revision of the new Australian wolf spider genus Kangarosa
(Araneae: Lycosidae: Artoriinae). Arthropod Systematics and Phylogeny 68, 113—142.

FraMENAU, V. W. & VINK, C. J. (2001). Revision of the wolf spider genus Venatrix
Roewer (Araneae: Lycosidae). Invertebrate Taxonomy 15, 927—970.

GARDNER, C. A. (1944). The vegetation of Western Australia with special reference to
climate and soils. journal of the Royal Society of Western Australia 28, 11-87.

GAskeTT, A. C. (2011). Orchid pollination by sexual deception: pollinator perspectives.
Biological Reviews 86, 33—75.

GENTILLL J. (1949). Foundations of Australian bird geography. Emu 49, 85—129.

GEORGE, A. S. (1999). William Dampier in New Holland: Australia’s First Natural Historians.
Bloomings Books, Hawthorn.

GEORGE, R., CLARKE, J. & ENGLIsH, P. (2008). Modern and palacogeographic trends
in the salinisation of the Western Australian wheatbelt: a review. Australian Journal of
Sotl Research 46, 751 -767.

GEORGE, R. J., MCFARLANE, D. J. & NULSEN, R. A. (1997). Salinity threatens the
viability of agriculture and ecosystems in Western Australia. Hydrogeology 5, 6—-21.
GEORGES, A., BIRRELL, J., SAINT, K. M., McCOoRrRD, W. & DONNELLAN, S. C. (1998).
A phylogeny for side-necked turtles (Chelonia: Pleurodira) based on mitochondrial
and nuclear gene sequence variation. Biological Journal of the Linnean Society 67,

213-246.

Gisss, A. K., Upovicic, F., DRINNAN, A. N. & Lapices, P. Y. (2009). Phylogeny
and classification of Eucalyptus subgenus FEudesmia (Myrtaceae) based on nuclear
ribosomal DNA, chloroplast DNA and morphology. Australian Systematic Botany 22,
158-179.

GiBsoN, N., KEIGHERY, G. ., Lyons, M. N. & WEBB, A. (2004). Terrestrial flora
and vegetation of the Western Australian wheatbelt. Records of the Western Australian
Museum Supplement 67, 139—189.

GissoN, N., YaTes, C. & DiLLon, R. (2010). Plant communities of the ironstone
ranges of South Western Australia: hotspots for plant diversity and mineral deposits.
Biodiersity and Conservation 19, 3951 —-3962.

GIRIBET, G. (2003). Rarripurcellia, a new genus (Arachnida: Opiliones: Cyphophthalmi)
from Western Australia, with a cladistic analysis of the family Pettalidae. Invertebrate
Systematics 17, 387 —406.

GIRIBET, G., PEREZ GONZALEZ, A., SHARMA, P. & KUry, A. B. (2009). A multilocus
approach to harvestman (Arachnida: Opiliones) phylogeny with emphasis on
biogeography and the systematics of Laniatores. Cladistics 25, 1-30.

GIRIBET, G., SHARMA, P. P, BEnavipes, L. R., Bover, S. L., CLousg, R.
M., DE Bivort, B. L., DimiTtrOV, D., KawaucHi, G. Y., MURIENNE, J. &
SCHWENDINGER, P. J. (2012). Evolutionary and biogeographical history of an
ancient and global group of arachnids (Arachnida: Opiliones: Cyphophthalmi) with
a new taxonomic arrangement. Biological Journal of the Linnean Society 105, 92—130.

GrivnisH, T. J., Pires, J. C., GRAHAM, S. W., McPHERSON, M. A., PRINCE, L.
M., PaTTERSON, T. B, Ra1, H. S, RoaLson, E. H., Evans, T. M., Haan, W.
J., MiLLaMm, K. C., MEEROW, A. W., MOLVRAY, M., KORES, P. J., O’Brien, H.
E., Hary, J. C., Kress, W. J. & Sytsma, K. J. (2005). Repeated evolution of
net venation and fleshy fruits among monocots in shaded habitats confirms a priori
predictions: evidence from an ndhF phylogeny. Proceedings of the Royal Society Series B
272, 1481-1490.

GoNzALEZ-ORrozco, C. F., LArraN, S. W., KNERR, N. & MILLER, J. T. (2013). A
biogeographical regionalization of Australian Acacia species. Journal of Biogeography
40, 2156-2166.

Gouws, G. & STEWART, B. A. (2007). From genetic structure to wetland conservation:
a freshwater isopod Paramphisopus palustris (Phreatoicidea: Amphisopidae) from the
Swan Coastal Plain, Western Australia. Hydrobiologia 589, 249—263.

Gouws, G. & SteEwarT, B. A. (2013). Molecular species boundaries in the
phreatoicidean genus Amphisopus (Isopoda: Amphisopidae) and evidence for a new
freshwater isopod species from Western Australia. Invertebrate Systematics 27,173 —185.

Gouws, G., STEWART, B. A. & DANIELS, S. R. (2006). Phylogeographic structure
of a freshwater crayfish (Decapoda: Parastacidae: Cherax preissii) in south-western
Australia. Marine and Freshwater Research 57, 837 —848.

Gouws, G., STEWART, B. A. & DANIELS, S. R. (2010). Phylogeographic structure in the
gilgie (Decapoda: Parastacidae: Cherax quinquecarinatus): a south-western Australian
freshwater crayfish. Biological Journal of the Linnean Society 101, 385402,

Gray, M. R. (1981). A revision of the spider genus Baiami Lehtinen (Araneae,
Amaurobioidea). Records of the Australian Museum 33, 779—802.

GrAy, M. R. (1992). The troglobitic spider genus 7artarus Gray with a cladistic analysis
of Tartarus and Baiami Lehtinen (Aranecae: Stiphidiidac). Proceedings of the Linnean
Society of New South Wales 113, 165—-173.

GriswoLD, C. E. & LEDFORD, J. (2001). A monograph of the migid trap door spiders
of Madagascar and review of the world genera (Araneae, Mygalomorphae, Migidae).
Occastonal Papers of the California Academy of Sciences 151, 1—120.

Gron, S. & GIRIBET, G. (2014). Polyphyly of Caddoidea, reinstatement of the family
Acropsopilionidae in Dyspnoi, and a revised classification system of Palpatores
(Arachnida, Opiliones). Cladistics (in press) (doi: 10.1111/cla.12087).

Guay, P.-J., CHESSER, R. T., MULDER, R. A, ArTON, A. D., PaTON, D. C. &
McCRACKEN, K. G. (2010). East-west genetic differentiation in Musk Ducks (Biziura
lobata) of Australia suggests late Pleistocene divergence at the Nullarbor Plain.
Conservation Genetics 11, 2105—2120.

789

HarBAUGH, D. & BALDWIN, B. G. (2007). Phylogeny and biogeography of the
sandalwoods (Santalum, Santalaceae): repeated dispersals throughout the pacific.
American Journal of Botany 94, 1028—1040.

Harwms, D. & HArRvVEY, M. S. (2013). Review of the cave-dwelling species of Pseu-
dotyrannochthonius Beier (Arachnida: Pseudoscorpiones: Pseudotyrannochthoniidae)
from mainland Australia, with description of two troglobitic species. Australian
Journal of Entomology 52, 129—143.

HAaRvEY, M. S. (1987). A revision of the genus Synsphyronus Chamberlin (Garypidae:
Pseudoscorpionida: Arachnida). Australian Journal of Soology Supplementary Series 126,
1-99.

Harvey, M. S. (1995). The systematics of the spider family Nicodamidae (Araneae:
Amaurobioidea). Tnvertebrate Taxonomy 9, 279—386.

Harvey, M. S. (1996). Small arachnids and their value in Gondwanan biogeographic
studies. In Gondwanan Heritage. Past Present and Future of the Western Australian Biota (eds
S. D. HOPPER, J. A. CHAPPILL, M. S. HARVEY and A. S. GEORGE), pp. 155-162.
Surrey Beatty & Sons, Chipping Norton.

HARvVEY, M. S. (1998). The Australian Water Mites: A Guide to Families and Genera. CSIRO
Publishing, Collingwood.

HARrVEY, M. S. (2002). Short-range endemism among the Australian fauna: some
examples from non-marine environments. Invertebrate Systematics 16, 555-570.

Harvey, M. S. (2011). Two new species of Synsphyronus (Pseudoscorpiones: Garypidae)
from southern Western Australian granite landforms. Records of the Western Australian
Museum 26, 11-22.

Harvey, M. S., Rix, M. G., FrRamENAu, V. W., HAMILTON, Z. R., JOHNSON,
M. S., TEALE, R. J., HumpHREYS, G. & HumpHREYS, W. F. (2011). Protecting
the innocent: studying short-range endemic taxa enhances conservation outcomes.
Invertebrate Systematics 25, 1—10.

HARVEY, M. S., SAMPEY, A., WEST, P. L. J. & WALDOCK, J. M. (2000). Arancomorph
spiders from the southern Carnarvon Basin, Western Australia: a consideration of
regional biogeographic relationships. Records of the Western Australian Museum Supplement
61, 295-321.

HarvEy, M. S. & STAHLAVSKY, F. (2009). A review of the pseudoscorpion genus
Oreolpium (Pseudoscorpiones: Garypinidae), with remarks on the composition of the
Garypinidae and on pseudoscorpions with bipolar distributions. Journal of Arachnology
38, 294-308.

Harvey, M. S., WALDOCK, J. M., GUTHRIE, N. A., DURRANT, B. J. & MCKENZIE,
N. L. (2004). Patterns of composition of ground-dwelling arancomorph spider
communities in the Western Australian wheatbelt. Records of the Western Australian
Museum Supplement 67, 257—-291.

HAWLITSCHEK, O., PorcH, N., HENDRICH, L. & BALKE, M. (2011). Ecological niche
modelling and nDNA sequencing support a new, morphologically cryptic beetle
species unveiled by DNA barcoding. PLoS ONE 6(c16662), 1-14.

Hearty, P. J. & O’LEary, M. J. (2008). Carbonate eolianites, quartz sands, and
Quaternary sea-level cycles in Western Australia: a chronostratigraphic approach.
Quaternary Geochronology 3, 26—55.

Hiir, A., Jounson, M. S. & MEeRrIFIELD, H. (1983). An eclectrophoretic and
morphological examination of Bothriembryon kendricki (Pulmonata: Bulimulidae), a
new species previously considered conspecific with B. bulla (Menke). Australian Journal
of Zoology 31, 227242,

Hings, B. & BYRNE, M. (2001). Genetic differentiation between mallee and tree forms
in the Eucalyptus loxophleba complex. Heredity 87, 566—572.

Hosss, R. J. (1993). Effects of landscape fragmentation on ecosystem processes in the
Western Australian wheatbelt. Biological Conservation 64, 193—201.

Hosgs, R. J. (2001). Synergisms among habitat fragmentation, livestock grazing, and
biotic invasions in southwestern Australia. Conservation Biology 15, 1522—1528.

HoLLENSHEAD, M. G., MEAD, J. I. & Swirt, S. L. (2011). Late Pleistocene Egernia
group skinks (Squamata: Scincidae) from Devils Lair, Western Australia. Alcheringa
35,31-51.

HOOKER, J. D. (1860). The Botany of the Antarctic Voyage of H. M. Discovery Ships Erebus
and Terror in the Years 1839—1843. Part I1I. Flora Tasmaniae, Volume 1. Dicotyledones.
Lovell Reeve, London.

HoprreRr, S. D. (1979). Biogeographical aspects of speciation in the southwest Australian
flora. Annual Review of Ecology and Systematics 10, 399—422.

HoppEr, S. D. (1992). Patterns of plant diversity at the population and species levels
in south-west Australian mediterranean ecosystems. In Biodiwersity of Mediterranean
Eicosystems in Australia (ed. R. J. HoBBSs), pp. 27—46. Surrey Beatty & Sons, Sydney.

HoppEgr, S. D. (2003). South-western Australia, Cinderella of the world’s temperate
floristic regions 1. Curtis’s Botanical Magazine 20, 101-126.

HoppPER, S. D. (2004). South-western Australia, Cinderella of the world’s temperate
floristic regions 2. Curlis’s Botanical Magazine 21, 132—180.

Hopper, S. D. (2009). OCBIL theory: towards an integrated understanding of the
evolution, ecology and conservation of biodiversity on old, climatically buffered,
infertile landscapes. Plant and Soil 322, 49—86.

HoprpPERr, S. D. & Gro1a, P. (2004). The Southwest Australian floristic region: evolution
and conservation of a global hot spot of biodiversity. Annual Review of Ecology, Evolution,
and Systematics 35, 623—650.

HoPPER, S. D., HARVEY, M. S., CHAPPILL, J. A., MAIN, A. R. & MAIN, B. Y. (1996).
The Western Australian biota as Gondwanan heritage — a review. In Gondwanan

Biological Reviews 90 (2015) 762—793 © 2014 The Authors. Biological Reviews © 2014 Cambridge Philosophical Society



790

Heritage. Past Present and Fulure of the Western Australian Biota (eds S. D. HOPPER, J. A.
CuappiLL, M. S. HARVEY and A. S. GEORGE), pp. 1-46. Surrey Beatty & Sons,
Chipping Norton.

HoppEr, S. D., CHASE, M. W. & Fay, M. F. (2006). A molecular phylogenetic study of
generic and subgeneric relationships in the south-west Australian endemics Conostylis
and Blancoa (Haemodoraceae). In Monocots: Comparative Biology and Evolution, Aliso 22,
527-538.

HopPERr, S. D., SmITH, R. J., FAY, M. F., MANNING, J. C. & CHAsE, M. W. (2009).
Molecular phylogenetics of Haemodoraceae in the Greater Cape and southwest
Australian floristic regions. Molecular Phylogenetics and Fvolution 51, 19— 30.

Horwirz, P. & Apams, M. (2000). The systematics, biogeography and conservation
status of species in the freshwater crayfish genus FEngaewa Riek (Decapoda:
Parastacidac) from south-western Australia. fnvertebrate Taxonomy 14, 655—680.

HowartHh, D. G., Gustarsson, M. H. G., Baum, D. A. & MoTLEY, T. J. (2003).
Phylogenetics of the genus Scaevola (Goodeniaceac): implications for dispersal patterns
across the Pacific Basin and colonization of the Hawaiian Islands. American Journal of
Botany 90, 915-923.

Hucngs, L. (2003). Climate change and Australia: trends, projections and impacts.
Austral Ecology 28, 423 —443.

HumpHRrEYs, W. F. & SHear, W. A. (1993). Troglobitic millipedes (Diplopoda:
Paradoxosomatidae) from semi-arid Cape Range, Western Australia: systematics
and biology. Invertebrate Taxonomy 7, 173—195.

HuNT, S. & CARTER, P. (1999). Terre Napoléon. Australia through French Eyes 1800—1804.
Historic Houses Trust of New South Wales, Sydney.

ILes, W. J. D., RupaLr, P. A., SokoLorF, D. D., REMizowa, M. V., MACFARLANE,
T. D., LocacHEvVA, M. D. & GraHAM, S. W. (2012). Molecular phylogenetics
of Hydatellaccac (Nymphaeales): sexual-system homoplasy and a new sectional
classification. American Journal of Botany 99, 663—-676.

1OCI (2002). Climate Variability and Change in South West Western Australia. Indian Ocean
Climate Initiative, Perth.

IPCC (2007). Climate Change 2007. Cambridge Press, New York.

IREDALE, T. (1939). A review of the land Mollusca of Western Australia. Records of the
Western Australian Museum and Art Gallery 2, 1-88.

JaBaiLy, R. S, SHEPHERD, K. A, GusTarssoN, M. H. G., SAcGE, L. W., Krauss,
S. L., HowarTH, D. G. & MoTLEY, T. J. (2012). Systematics of the Austral-Pacific
family Goodeniaceae: establishing a taxonomic and evolutionary framework. Taxon
61,419-436.

JENNINGS, W. B., PIaANKA, E. R. & DONNELLAN, S. (2003). Systematics of the lizard
family Pygopodidae with implications for the diversification of Australian temperate
biotas. Systematic Biology 52, 757—780.

Josepn, L., ApcocK, J., LINDE, C., OrRMLAND, K. E., HEINSOHN, R., CHESSER,
R. T. & ROsSHIER, D. (2009). A tangled tale of two teal: population history of the
grey Anas gracilis and chestnut teal A. castanea of Australia. Journal of Avian Biology 40,
430-439.

Joseph, L., TooN, A., NYARI, A. S., LoneMorE, N. W., Rowe, K. M. C.,
Haryoko, T., TRUEMAN, J. & GARDNER, J. L. (2014). A new synthesis
of the molecular systematics and biogeography of honeyeaters (Passeriformes:
Meliphagidae) highlights biogeographical complexity of a spectacular avian
radiation. Joologica Scripta 43, 235248,

Josepn, L. & WILKE, T. (2006). Molecular resolution of population history, systematics
and historical biogeography of the Australian ringneck parrots Bamardius: are we
there yet? Emu 106, 49—62.

Josepn, L. & Wik, T. (2007). Lack of phylogeographic structure in three
widespread Australian birds reinforces emerging challenges in Australian historical
biogeography. Journal of Biogeography 34, 612—624.

Jupbp, S. & Horwrrz, P. (2003). Diversity and biogeography of terrestrial isopods
(Isopoda, Oniscidea) from southwestern Australia: organic matter and microhabitat
utilization in seasonally dry landscapes. In The Biology of Terrestrial Isopods, V, Oniscidea
Rolling into the New Millennium: Proceedings of the 5th International Symposium on the
Biology of Terrestrial Isopods, Crustaceana Monographs, 2 (eds S. SFENTHOURAKIS,
P. B. pe Araujo, E. HorNUNG, H. ScuMmaLruss, S. Tarrt and K. SzLAVECZ),
pp. 191-215. Koninklijke Brill NV, Leiden.

KADEREIT, J. W., REPPLINGER, M., ScHMALZ, N., UHINK, C. H. & WORz, A. (2008).
The phylogeny and biogeography of Apiaceae subf. Saniculoideae tribe Saniculeae:
from south to north and south again. 7axon 57, 365—382.

KavaNaGH, J. R., BURK-HERRICK, A., WESTERMAN, M. & SPRINGER, M. S. (2004).
Relationships among families of Diprotodontia (Marsupialia) and the phylogenetic
position of the autapomorphic Honey Possum (7 arsipes rostratus). Journal of Mammalian
Evolution 11, 207—-222.

Kay, G. & KEOGH, J. S. (2012). Molecular phylogeny and morphological revision of the
Clenotus labillardier: (Reptilia: Squamata: Scincidae) species group and a new species
of immediate conservation concern in the southwestern Australian biodiversity
hotspot. Lootaxa 3390, 1-18.

KeArNs, A. M., JoserH, L., EDwARDS, S. V. & DousLg, M. C. (2009). Inferring
the phylogeography and evolutionary history of the splendid fairy-wren Malurus
splendens from mitochondrial DNA and spectrophotometry. Journal of Avian Biology 40,
7-17.

M. G. Rix and others

Keast, J. A. (1958). The genus Psophodes Vigors and Horsfield, and its significance
in demonstrating a possible pathway for the origin of Eyrean species from Bassian
ones. Fmu 58, 247-255.

Keast, J. A. (1961). Bird speciation on the Australian continent. Bulletin of the Museum
of Comparative Joology 123, 303 -495.

KeiGHERY, G. J., HALsE, S. A, HArRVEY, M. S. & McKenzie, N. L. (2004). 4
Biodiversity Survey of the Western Australian Agricultural Zone. Records of the Western
Australian Museum Supplement No. 67. Western Australian Museum, Perth.

KeppEL, G., VAN NIEL, K. P., WARDELL-JOHNSON, G. W., YATES, C. J., BYRNE, M.,
Mucina, L., ScHuT, A. G. T., HOPPER, S. D. & FRANKLIN, S. E. (2012). Refugia:
identifying and understanding safe havens for biodiversity under climate change.
Global Ecology and Biogeography 21, 393404,

Kocn, L. E. (1982). Taxonomy of the centipede Scolopendra lacta Haase
(Chilopoda: Scolopendridae) in  Australia. Joological Journal of the Linnean
Soctety 76, 125—140.

KocH, L. E. (1983a). A taxonomic study of the centipede genus Ethmostigmus Pocock
(Chilopoda: Scolopendridae: Otostigminae) in Australia. Australian Journal of Zoology
31, 835-849.

KocH, L. E. (1983h). Occurrence in Australia of the centipede genus Asanada Meinert
(Chilopoda, Scolopendridae, Scolopendrinac). Records of the Western Australian Museum
11,75-76.

Kocn, L. E. (1983¢). Revision of the Australian centipedes of the genus Cormocephalus
Newport (Chilopoda: Scolopendridae: Scolopendrinae). Australian Journal of Joology
31,799-833.

Koch, L. E. (1984a). A new species of Commocephalus centipede (Chilopoda:
Scolopendridae) from Philip Island in the South Pacific. Journal of Natural History 18,
617-621.

KocH, L. E. (19844). Australian species of the centipede genus Arthrorhabdus Pocock
(Chilopoda: Scolopendridae: Scolopendrinac). Journal of Natural History 18, 363—368.

Koch, L. E. (19854). A new genus and species of scolopendrid centipede from
south-western Australia (Chilopoda: Scolopendridae: Scolopendrinac). Journal of
Natural History 18, 191194,

KocH, L. E. (19855). The taxonomy of Australian centipedes of the genus Rhysida Wood
(Chilopoda: Scolopendridae: Otostigminae). journal of Natural History 19, 205—214.

KroscH, M. & CRANSTON, P. S. (2013). Not drowning, (hand)waving? Molecular
phylogenetics, biogeography and evolutionary tempo of the ‘Gondwanan’ midge
Stictocladius Edwards (Diptera: Chironomidac). Molecular Phylogenetics and Evolution 68,
595-603.

Lap1GES, P. Y., BayLy, M. J. & NELSON, G. J. (2010). East-west continental vicariance
in Eucalyptus subgenus Eucalyptus. In Beyond Cladistics: The Branching of a Paradigm (eds
D. M. WiLL1aMs and S. KNaPP), pp. 267-302. The Regents of the University of
California, Berkeley.

Lapices, P., BayLy, M. & NELsoON, G. (2012). Searching for ancestral areas and
artifactual centers of origin in biogeography: with comment on east-west patterns
across southern Australia. Systematic Biology 61, 703—-708.

LapiGes, P., PARRA-O, C., GiBBs, A., Upovicic, F., NeLson, G. & Bayry, M.
(2011). Historical biogeographical patterns in continental Australia: congruence
among areas of endemism of two major clades of eucalypts. Cladistics 27, 29—41.

Lampers, H., BRUNDRETT, M. C., RAVEN, J. A. & HoppEr, S. D. (2010). Plant
mineral nutrition in ancient landscapes: high plant species diversity on infertile soils
is linked to functional diversity for nutritional strategies. Plant and Soil 334, 11-31.

Lamont, B. B. & HE, T. (2012). Fire-adapted Gondwanan Angiosperm floras evolved
in the Cretaceous. BMC Evolutionary Biology 12(223), 1-10.

DE LANGE, P. J., SMISSEN, R. D., WAGSTAFF, S. J., KEELING, D. J., MURRAY, B. G. &
TorrLken, H. R. (2010). A molecular phylogeny and infrageneric classification for
Kunzea (Myrtaceae) inferred from rDNAITS and ETS sequences. Australian Systematic
Botany 23, 309—-319.

LanGranDs, P. R. & FrameNavu, V. W. (2010). Systematic revision of Hoggicosa
Roewer, 1960, the Australian ‘bicolor’ group of wolf spiders (Arancae: Lycosidac).
RLoological Journal of the Linnean Soctety 158, 83—123.

LEE, M. S. Y., SKINNER, A. & CAMACHO, A. (2013). The relationship between limb
reduction, body elongation and geographical range in lizards (Lerista, Scincidae).
Journal of Biogeography 40, 1290—1297.

Levy, E., KENNINGTON, W. J., TOMKINS, J. L. & LEBAS, N. R. (2010). Land clearing
reduces gene flow in the granite outcrop-dwelling lizard, Clenophorus ornatus. Molecular
Ecology 19, 41924203,

Levy, E.,, KENNINGTON, J. E., ToMKINS, J. L. & LEBAS, N. R. (2012). Phylogeography
and population genetic structure of the Ornate Dragon Lizard, Ctenophorus ornatus.
PLoS ONE 7(e46351), 1-11.

Lewis, S. E., Sross, C. R.,, Murray-WaLLACE, C. V., Woobprorre, C. D. &
SMITHERS, S. G. (2013). Post-glacial sea-level changes around the Australian
margin: a review. Quaternary Science Reviews 74, 115-138.

LinpERr, H. P. (2003). The radiation of the Cape flora, Southern Africa. Biological
Reviews 78, 597-638.

LrrrLejonN, M. J. (1981). The Amphibia of mesic southern Australia: a
zoogeographical perspective. In  Feological Biogeography of Australia, Monographiae
Biologicae, Volume 41 (ed. A. KEAsT), pp. 1301-1330. Dr W. Junk, The Hague.

Biological Reviews 90 (2015) 762—793 © 2014 The Authors. Biological Reviews © 2014 Cambridge Philosophical Society



Faunistic biogeography of south-western Australia

Lotz, L. N. (1996). Afrotropical Archaeidae (Araneae): 1. New species of Afiarchaea
with notes on Afrarchaea godfreyi (Hewitt, 1919). Navorsinge van die Nasionale Museum,
Bloemfontein 12, 141-160.

Lorz, L. N. (2003). Afrotropical Archaeidae: 2. New species of the genera Archaea and
Afrarchaea (Arachnida: Araneae). Navorsinge van die Nasionale Museum, Bloemfontein 19,
221-240.

Lotz, L. N. (2006). Afrotropical Archaeidae: 3. The female of Eriauchenius cornutus and
new species of Afrarchaea (Arachnida: Araneae) from South Africa. Navorsinge van die
Nasionale Museum, Bloemfontein 22, 113—127.

Loynes, K., JosepH, L. & KrogH, S. (2009). Multi-locus phylogeny clarifies the
systematics of the Australo-Papuan robins (Family Petroicidae, Passeriformes).
Molecular Phylogenetics and Evolution 53, 212-219.

MasLE, B. K. & RoBERTS, J. D. (1997). Mitochondrial DNA evolution of tetraploids
in the genus Neobatrachus (Anura: Myobatrachidae). Copeia 1997, 680—689.

MacHaDpo, R. J. P., Kawapa, R. & RAFAEL, J. A. (2013). New continental record
and new species of Austromerope (Mecoptera, Meropeidae) from Brazil. Jookeys 269,
51-65.

MaHONY, M., DONNELLAN, S. C. & RoBERrTS, J. D. (1996). An clectrophoretic
investigation of relationships of diploid and tetraploid species of Australian desert
frogs Neobatrachus (Anura: Myobatrachidae). Australian Journal of Joology 44, 639—650.

MaIn, B. Y. (1985). Further studies on the systematics of ctenizid trapdoor spiders: a
review of the Australian genera (Araneae: Mygalomorphae: Ctenizidae). Australian
Journal of Zoology Supplementary Series 108, 1-84.

MainN, B. Y. (1991). Occurrence of the trapdoor spider genus Moggridgea in Australia
with descriptions of two new species (Araneae: Mygalomorphae: Migidae). Journal of
Natural History 25, 383—397.

MaIN, B. Y. (1996). Terrestrial invertebrates in south-west Australian forests: the role
of relict species and habitats in reserve design. Journal of the Royal Sociely of Western
Australia 79, 277—280.

MaIN, A. R. & MAIN, B. Y. (1991). Report on the Southern Forest Region of Western
Australia. Unpublished report to the Australian Heritage Commission, Cianberra.
MaiIN, B. Y., HARVEY, M. S. & WALDOCK, J. M. (2002). The distribution of the Western
Australian pill millipede, Gynotelopus notabilis Jeekel (Sphaerotheriidae). Records of the

Western Australian Museum 20, 383—385.

MaiN, A. R., Leg, A. K. & LiTTLEJOoHN, M. J. (1958). Evolution in three genera of
Australian frogs. Fvolution 12, 224—233.

MarsHALL, D. C., HiLL, K. B. R., CooLEY, J. R. & SimoN, C. (2011). Hybridization,
mitochondrial DNA phylogeography, and prediction of the early stages of
reproductive isolation: lessons from New Zealand cicadas (genus Aikihia). Systematic
Biology 60, 482-502.

MARTIN, S. K. (2008). Hill River rediscovered: early Jurassic insects of the Perth Basin,
Western Australia. Alavesia 2, 7—14.

MARTIN, J., GURYEV, V., BLINOV, A. & Epwarp, D. H. D. (2002). A molecular
assessment of the extent of variation and dispersal between Australian populations
of the genus Archacochlus Brundin (Diptera: Chironomidae). fnvertebrate Systematics 16,
599-603.

MasT, A. R. (1998). Molecular systematics of subtribe Banksiinae (Banksia and Dryandra;
Proteaccac) based on cpDNA and nrDNA sequence data: implications for taxonomy
and biogeography. Australian Systematic Botany 11, 321342,

MasTt, A. R. & GivnisH, T. J. (2002). Historical biogeography and the origin of
stomatal distributions in Banksia and Dryandra (Proteaceae) based on their cpDNA
phylogeny. American Journal of Botany 89, 1311-1323.

Mast, A. R., Jongs, E. H. & HavVery, S. P. (2005). An assessment of old and
new DNA sequence evidence for the paraphyly of Banksia with respect to Dryandra
(Proteaceae). Australian Systematic Botany 18, 75—88.

Mast, A. R. & THieLE, K. (2007). The transfer of Dryandra R.Br. to Banksia L.f.
(Proteaceae). Australian Systematic Botany 20, 63—71.

MaxsoN, L. R. & RoBERTs, J. D. (1984). Albumin and Australian frogs: molecular
data a challenge to speciation model. Science 225, 957-958.

Maxson, L. R. & Roserts, J. D. (1985). An immunological analysis of the
phylogenetic relationships between two enigmatic frogs, Myobatrachus and Arenophryne.
Journal of Zoology 207, 289-300.

May, S. A. & NorTON, T. W. (1996). Influence of fragmentation and disturbance
on the potential impact of feral predators on native fauna in Australian forest
ecosystems. Wildlife Research 23, 387—-400.

*McKENZzIE, N. J., JACQUIER, D. W., AsHTON, L. J. & CRESSWELL, H. P. (eds) (2000).
Estimation of Soil Properties Using the Atlas of Australian Sotls. CSIRO Land and Water,
Canberra.

McLEAN, A. J., TooN, A., Scamipr, D. J,, JosepH, L. & HucHEs, J. M. (2012).
Speciation in chestnut-shouldered fairy-wrens (Malurus spp.) and rapid phenotypic
divergence in variegated fairy-wrens (Malurus lamberti): a multilocus approach.
Molecular Phylogenetics and Evolution 63, 668—-678.

McLouGHLIN, S. (2001). The breakup history of Gondwana and its impact on
pre-Cenozoic floristic provincialism. Australian Journal of Botany 49, 271-300.

McLouGHLIN, S. & HiLL, R. S. (1996). The succession of Western Australian
Phanerozoic floras. In Gondwanan Heritage: Past, Present and Future of the Western
Australian Biota (eds S. D. HOPPER, J. A. CHAppPILL, M. S. HARVEY and A. S.
GEORGE), pp. 61-80. Surrey Beatty & Sons, Chipping Norton.

791

MELVILLE, ]., SHOO, L. P. & DoucGHTy, P. (2008). Phylogenetic relationships of
the heath dragons (Rankinia adelaidensis and R. parviceps) from the south-western
Australian biodiversity hotspot. Australian Journal of Joology 56, 159—171.

MgesiBov, R. (2006). The millipede genus Lissodesmus Chamberlin, 1920 (Diplopoda:
Polydesmida: Dalodesmidae) from Tasmania and Victoria, with descriptions of a
new genus and 24 new species. Memoirs of Museum Victoria 62, 103—146.

MesiBov, R. (2009). Revision of Agathodesmus Silvestri, 1910 (Diplopoda, Polydesmida,
Haplodesmidae). ZooReys 12, 87—100.

MesiBov, R. (2010). Two new millipede genera from northwest Tasmania, Australia
(Diplopoda: Polydesmida: Dalodesmidae). Jootaxa 2571, 53-61.

MILLAR, M. A., BYRNE, M. & O’SuLLIvaN, W. (2011). Defining entities in the Acacia
saligna (Fabaceae) species complex using a population genetics approach. Australian
Journal of Botany 59, 137-148.

Moir, M. L., BRENNAN, K. E. C. & HARVEY, M. S. (2009). Diversity, endemism and
species turnover of millipedes within the south-western Australian global biodiversity
hotspot. Journal of Biogeography 36, 1958—-1971.

Moigr, M. L. & HARVEY, M. S. (2008). Discovery of the pill millipede genus Epicyliosoma
(Diplopoda: Sphaerotheriida: Sphaerotheriidae) in Western Australia, with the
description of a new species. Records of the Western Australian Museum 24, 113119,

MorcaN, D. L., GiLL, H. S. & POTTER, 1. C. (1998). Distribution, identification and
biology of freshwater fishes in south-western Australia. Records of the Western Australian
Museum Supplement 56, 1-97.

MORGAN, M. J., ROBERTS, J. D. & KEOGH, J. S. (2007). Molecular phylogenetic dating
supports an ancient endemic speciation model in Australia’s biodiversity hotspot.
Molecular Phyl ics and Evolution 44, 371—385.

Moritz, C. & Acupo, R. (2013). The future of species under climate change:
resilience or decline? Science 341, 504—508.

MouwLps, M. S. (1990). Australian Cicadas. New South Wales University Press, Sydney.

MuUNASINGHE, D. H. N., BURRIDGE, C. P. & AusTIN, C. M. (2004). Molecular
phylogeny and zoogeography of the freshwater crayfish genus Cherax Erichson
(Decapoda: Parastacidae) in Australia. Biological Journal of the Linnean Society 81,
553-563.

MURIENNE, J., DANIELS, S. R., BuCKLEY, T. R., MAYER, G. & GIRIBET, G. (2013).
A living fossil tale of Pangaean biogeography. Proceedings of the Royal Society Series B
281(20132648), 1-10.

MurpHy, S. A,, JosErH, L., BURBIDGE, A. H. & AUSTIN, J. (2011). A cryptic and
critically endangered species revealed by mitochondrial DNA analyses: the Western
Ground Parrot. Conservation Genetics 12, 595—600.

MvyERs, N., MITTERMEIER, R. A., MITTERMEIER, C. G., pA Fonseca, G. A. B.
& KENT, J. (2000). Biodiversity hotspots for conservation priorities. Nature 403,
853-858.

NeARr, T. J., EyTan, R. I, DORNBURG, A., KunN, K. L., MOORE, J. A., Davis,
M. P., WaINwrIGHT, P. C., FRiEDMAN, M. & SmiTH, W. L. (2012). Resolution
of ray-finned fish phylogeny and timing of diversification. Proceedings of the National
Academy of Sciences of the United States of America 109, 13698—13703.

NEeaves, L. E., ZENGER, K. R., PRINCE, R. I. T., ELDRIDGE, M. D. B. & COOPER,
D. W. (2009). Landscape discontinuitics influence gene flow and genetic structure

in a large, vagile Australian mammal, Macropus fuliginosus. Molecular Ecology 18,
3363-3378.

NELSON, G. & Prarnick, N. 1. (1981). Systematics and Biogeography: Cladistics and
Vicariance. Columbia University Press, New York.

NEviLL, P. G., BRADBURY, D., WiLLIAMS, A. & Krauss, S. L. (2014). Genetic
evidence for widespread persistence during the last glacial maximum in Eucalyptus
gomphocephala (Myrtaceae), a tree species with a narrow coastal distribution. Annals of
Botany 113, 55-67.

Ncuyen, T. T. T., MEEwAN, M., Ryan, S. & Austin, C. M. (2002). Genetic
diversity and translocation in the marron, Cherax tenuimanus (Smith): implications for
management and conservation. Fisheries Management and Ecology 9, 163—173.

NISTELBERGER, H., GiBsoN, N., MAcDONALD, B. M., TAPPER, S.-L.. & BYRNE, M.
(2014). Phylogeographic evidence for two mesic refugia in a biodiversity hotspot.
Heredity (in press) (doi: 10.1038/hdy.2014.46).

OLIVER, P. M., Apams, M. & DoucGHTy, P. (2010). Molecular evidence for ten
species and Oligo-Miocene vicariance within a nominal Australian gecko species
(Crenodactylus ocellatus, Diplodactylidae). BMC Evolutionary Biology 10(386), 1-12.

OLIVER, P. M., Apams, M., LEe, M. S. Y., HurcHINsON, M. N. & DouGHTY, P.
(2009). Cryptic diversity in vertebrates: molecular data double estimates of species
diversity in a radiation of Australian lizards (Diplodactylus, Gekkota). Proceedings of the
Royal Society Series B 276, 2001-2007.

OLIVER, P. M., HutcHiNsOoN, M. N. & COOPER, S. J. B. (2007). Phylogenetic
relationships in the lizard genus Diplodactylus Gray and resurrection of Lucasium
Wermuth (Gekkota, Diplodactylidae). Australian journal of Zoology 55, 197—210.

OrTHIA, L. A, Crisp, M. D., Cook, L. G. & pE Kok, R. P. J. (2005). Bush peas: a
rapid radiation with no support for monophyly of Pultenaea (Fabaceae: Mirbelicae).
Australian Systematic Botany 18, 133—147.

PesTELL, A. J. L., CooPER, S. J. B., Saint, K. M. & PeTIT, S. (2008). Genetic
structure of the western pygmy possum, Cercartetus concinnus Gould (Marsupialia:
Burramyidae) based on mitochondrial DNA. Australian Mammalogy 29, 191-200.

Biological Reviews 90 (2015) 762—793 © 2014 The Authors. Biological Reviews © 2014 Cambridge Philosophical Society



792

PuaiLLips, R. D, BRown, A. P., DixonN, K. W. & Hopper, S. D. (2011). Orchid
biogeography and factors associated with rarity in a biodiversity hotspot, the
Southwest Australian Floristic Region. Journal of Biogeography 38, 487 -501.

Prrman, A. J., Narisma, G. T., PIELKE, R. A. Sr. & HoLBROOK, N. J. (2004).
Impact of landcover change on the climate of southwest Western Australia. Journal
of Geophysical Research, [Atmospheres] 109(D18109), 1-12.

Prayroro, P. E. (1998). Voyage of Discovery to Terra Australis, by Willem de Viamingh.
Western Australian Museum, Perth.

POTTER, S., COOPER, S. J. B., METCALFE, C. J., TAGGART, D. A. & ELDRIDGE, M.
D. B. (2012). Phylogenetic relationships of rock-wallabies, Petrogale (Marsupialia:
Macropodidae) and their biogeographic history within Australia. Molecular
Phylogenetics and Evolution 62, 640—652.

PripeAUX, G. J., GuLLy, G. A,, Couzens, A. M., AvLirrg, L. K., JANKOwsKI, N.
R., Jacoss, Z., ROBERTS, R. G., HELLSTROM, . C., GAGAN, M. K. & HATCHER,
L. M. (2010). Timing and dynamics of Late Pleistocene mammal extinctions in
southwestern Australia. Proceedings of the National Academy of Sciences of the United States
of America 107, 22157 -22162.

PripeAUX, G. J., LoNe, J. A, Avrirre, L. K., HELLsTROM, J. C., PILLANS, B,
Bovres, W. E., HutcHINsON, M. N., ROBERTS, R. G., CUPPER, M. L.., ARNOLD, L.
J., DEVINE, P. D. & WARBURTON, N. M. (2007). An arid-adapted middle Pleistocene
vertebrate fauna from south-central Australia. Nature 445, 422-425.

PuILLANDRE, N., Mopica, M. V., ZHANG, Y., SIROVICH, L., BOI1SSELIER, M.-C.,
CruAauD, C., HoLFOrRD, M. & SAmADI, S. (2012). Large-scale species delimitation
method for hyperdiverse groups. Molecular Ecology 21, 2671—2691.

RaBosky, D. L., ApLIN, K. P., DONNELLAN, S. C. & HEDGES, S. B. (2004). Molecular
phylogeny of blindsnakes (Ramphotyphlops) from Western Australia and resurrection
of Ramphotyphlops bicolor (Peters, 1857). Australian Journal of Zoology 52, 531—548.

RAVEN, R. J. (1994). Mygalomorph spiders of the Barychelidae in Australia and the
western Pacific. Memoirs of the Queensland Museum 35, 291—-706.

Reap, K., KEoGH, J. S., ScorT, I. A. W, RoBERTS, J. D. & DouGHTY, P. (2001).
Molecular phylogeny of the Australian frog genera Crinia, Geocrinia, and allied taxa
(Anura: Myobatrachidae). Molecular Phylogenetics and Evolution 21, 294—308.

ReIp, A. (2002). Western Australian Onychophora (Peripatopsidae): a new genus,
Kumbadjena, for a southern species-complex. Records of the Western Australian Museum
21, 129-155.

RenTz, D. C. F. (1985). A4 Monograph of the Tettigoniidae of Australia, Volume 1. The
Tettigoniinae. CSIRO Publishing, Melbourne.

RenTz, D. C. F. (1993). Tettigoniidae of Australia, Volume 2. The Austrosaginae Zaprochilinae
and Phasmodinae. CSIRO Publishing, Melbourne.

Rentz, D. C. F. (2001). Tettigoniidae of Australia, Volume 3, The Listrosce-
lidinae, Tympanophorinae  Meconematinae and Microtettigoniinae. CSIRO  Publishing,
Melbourne.

Riex, E. F. (1969). The Australian freshwater crayfish (Crustacea: Decapoda:
Parastacidae), with descriptions of new species. Australian Journal of Joology 17,
855-918.

Rix, M. G. (2006). Systematics of the Australasian spider family Pararchacidae
(Arachnida: Araneae). Invertebrate Systematics 20, 203—254.

Rix, M. G. & Harvey, M. S. (2010). The spider family Micropholcommatidae
(Arachnida, Araneae, Araneoidea): a relimitation and revision at the generic level.
LooReys 36, 1-321.

Rix, M. G. & HARrvVEY, M. S. (2011). Australian Assassins, Part I: a review of the
assassin spiders (Araneae, Archaeidae) of mid-eastern Australia. Jookeys 123, 1-100.

Rix, M. G. & HARVEY, M. S. (2012q). Australian Assassins, Part II: a review of the new
assassin spider genus Jephyrarchaea (Arancae, Archaeidae) from southern Australia.
KLooKeys 191, 1-62.

Rix, M. G. & HARVEY, M. S. (20125). Australian Assassins, Part III: a review of the
assassin spiders (Araneae, Archacidae) of tropical north-eastern Queensland. JooAeys
218, 1-55.

Rix, M. G. & HARVEY, M. S. (2012¢). Phylogeny and historical biogeography of ancient
assassin spiders (Araneae: Archaeidae) in the Australian mesic zone: evidence for
Miocene speciation within Tertiary refugia. Molecular Phylogenetics and Fvolution 62,
375-396.

Rix, M. G., HARVEY, M. S. & ROBERTS, J. D. (2010). A revision of the textricellin
spider genus Raveniella (Araneae: Arancoidea: Micropholcommatidae): exploring
patterns of phylogeny and biogeography in an Australian biodiversity hotspot.
Invertebrate Systematics 24, 209—237.

Rix, M. G., ROBERTS, J. D. & HARVEY, M. S. (2009). The spider families Synotaxidae
and Malkaridae (Arachnida: Aranecae: Arancoidea) in Western Australia. Records of
the Western Australian Museum 25, 295—304.

RoserTs, J. D. (19970). Call evolution in Neobatrachus (Anura: Myobatrachidae):
speculations on tetraploid origins. Copeia 1997, 791-801.

RoBERrTsS, J. D. (1997h). Geographic variation in calls of males and determination
of species boundaries in tetraploid frogs of the Australian genus Neobatrachus
(Myobatrachidae). Australian Journal of oology 45, 95—112.

RoBERTS, J. D., HorwITZ, P., WARDELL-JOHNSON, G., MAXSON, L. R. & MAHONY,
M. J. (1997). Taxonomy, relationships and conservation of a new genus and species
of Myobatrachid frog from the high rainfall region of southwestern Australia. Copeia
1997, 373-381.

M. G. Rix and others

RoBERTS, J. D. & MaxsoN, L. R. (1985). Tertiary speciation models in Australian
anurans: molecular data challenge Pleistocene scenario. Evolution 39, 325334

RoBERTS, J. D. & Maxson, L. R. (1986). Phylogenetic relationships in the genus
Limnodynastes (Anura: Myobatrachidae): a molecular perspective. Australian Journal of
Loology 34, 561-573.

RoBERTS, J. D. & MaxsoN, L. R. (1989). A molecular perspective on relationships of
Australian Pseudophryne (Anura: Myobatrachidac). Systematic Zoology 38, 154—165.
RoBEerTs, J. D., Maxson, L. R. & PLUMMER, N. (1996). Recent speciation
in diploid-tetraploid burrowing frogs of the genus Newbatrachus (Anura:
Myobatrachidae): immunological evidence. In Gondwanan Heritage. Past, Present and
Future of the Western Australian Biota (eds S. D. HOPPER, J. A. CHAPPILL, M. S. HARVEY

and A. S. GEORGE), pp. 287-291. Surrey Beatty & Sons, Chipping Norton.

ROBERTS, J. D. & WARDELL-JOHNSON, G. (1995). Call differences between peripheral
isolates of the Geocrinia rosea complex (Anura: Myobatrachidae) in southwestern
Australia. Copeia 1995, 899—-906.

RoSAUER, D. F., FERRIER, S., WiLLiams, K. J., MaNION, G., KroGH, J. S. &
Larran, S. (2013). Phylogenetic generalised dissimilarity modelling: a new approach
to analysing and predicting spatial turnover in the phylogenetic composition of
communities. Feography 37, 21-32.

ROSAUER, D., LAFFAN, S. W., Crisp, M. D., DONNELLAN, S. C. & CooK, L. G. (2009).
Phylogenetic endemism: a new approach for identifying geographical concentrations
of evolutionary history. Molecular Ecology 18, 4061-4072.

SAARELA, J. M., RA1, H. S., DOYLE, J. A., ENDRESS, P. K., MATHEWS, S., MARCHANT,
A. D, BriGges, B. G. & GraHaM, S. W. (2007). Hydatellaceae identified as a new
branch near the base of the angiosperm phylogenetic tree. Nature 446, 312—315.

SALINAS, M., BuNCE, M., CANcCILLA, D., ALPERS, D. L. & SPENCER, P. B. S. (2009).
Divergent lineages in the heath mouse (Pseudomys shortridger) are indicative of major
contraction to geographically isolated refugia on the ecastern and western sides of
Australia during the early Pleistocene. Australian Journal of oology 57, 41-47.

Sanpers, K. L., LEg, M. S. Y., Leys, R., FosTER, R. & KeoGH, J. S. (2008).
Molecular phylogeny and divergence dates for Australasian elapids and sea snakes
(hydrophiinae): evidence from seven genes for rapid evolutionary radiations. Journal
of Evolutionary Biology 21, 682—695.

SCHLUTER, D. (2009). Evidence for ecological speciation and its alternative. Science
323,737-741.

ScHODDE, R. (2006). Australasia’s bird fauna today — origins and evolutionary
development. In Evolution and Biogeography of Australasian Vertebrates (eds J. R. MERRICK,
M. ARCHER, G. M. HickEY and M. S. Y. LEE), pp. 413-458. Australian Scientific
Publishing, Oatlands.

Scuun, R. T. & WEIraucH, C. (2010). Myrtaceae-feeding Phylinae (Hemiptera:
Miridae) from Australia: description and analysis of phylogenetic and host
relationships for a monophyletic assemblage of three new genera. Bulletin of the
American Museum of Natural History 344, 1-95.

Scuurtz, M. B., SmITH, S. A., HORWITZ, P., RicHARDSON, A. M. M., CRANDALL,
K. A. & AusTin, C. M. (2009). Evolution underground: a molecular phylogenetic
investigation of Australian burrowing freshwater crayfish (Decapoda: Parastacidae)
with particular focus on Engaeus Erichson. Molecular Phylogenetics and Evolution 50,
580-598.

SCHWEIZER, M., GUNTERT, M. & HERTWIG, S. T. (2012). Out of the Bassian
province: historical biogeography of the Australasian platycercine parrots (Aves,
Psittaciformes). Joologica Seripta 42, 13—27.

SCHWEIZER, M., SEEHAUSEN, O. & HEerTwWIG, S. T. (2011). Macroevolutionary
patterns in the diversification of parrots: effects of climate change, geological events
and key innovations. journal of Biogeography 38, 2176—-2194.

Scorr, J. K. & DELrossk, E. S. (1992). Southern African plants naturalized in
Australia: a review of weed status and biological control potential. Plant Protection
Quarterly 7, 70—80.

SEDDON, G. (1972). Sense of Place: A Response to an Environment, The Swan Coastal Plain,
Western Australia. University of Western Australia Press, Perth.

SERCUL Brochure (2013). Freshwater Macro-Fauna of South-Western Australia. South
East Regional Centre for Urban Lancare & Murdoch University Centre
for Fish & Fisheries Research, Perth. Available at http://www.sercul.org.au/
freshwater-fauna/Freshwater%20Fauna%20Brochure.pdf Accessed 25.06.2014.

SERVENTY, D. L. & WaITTELL, H. M. (1976). Birds of Western Australia. University of
Western Australia Press, Perth.

SHAFFER, H. B., MEYLAN, P. & McKNIGHT, M. L. (1997). Tests of turtle phylogeny:
molecular, morphological and paleontological approaches. Systematic Biology 46,
235-268.

SHEAR, W. A. (1996). Hesperopilio mainae, a new genus and species of harvestman from
Western Australia (Opiliones: Caddidae: Acropsopilioninae). Records of the Western
Australian Museum 17, 455-460.

SHEARER, B. L., CraNE, C. E. & COCHRANE, A. (2004). Quantification of the
susceptibility of the native flora of the South-West Botanical Province, Western
Australia, to Phytophthora cinnamomi. Australian Journal of Botany 52, 435—443.

SHEARER, B. L., CRANE, C. E., FAIRMAN, R. G. & DuNNE, C. P. (2009). Ecosystem
dynamics altered by pathogen-mediated changes following invasion of Banksia
woodland and Eucalyptus marginata forest biomes of south-western Australia by
Phytophthora cinnamomi. Australasian Plant Pathology 38, 417—436.

Biological Reviews 90 (2015) 762—793 © 2014 The Authors. Biological Reviews © 2014 Cambridge Philosophical Society



Faunistic biogeography of south-western Australia

SHEPHERD, K. A., PERKINS, A., COLLINS, J., BYyRNE, M. & THIELE, K. R. (2013).
Morphological and molecular evidence supports the recognition of a new subspecies
of the critically endangered Pityrodia scabra (Lamiaceae). Australian Systematic Botany
26,1-12.

SHEPHERD, K. A, WavcorT, M. & CALLADINE, A. (2004). Radiation of the
Australian Salicornioideae (Chenopodiaceae) — based on evidence from nuclear
and chloroplast DNA sequences. American Journal of Botany 91, 1387 -1397.

SHurtz, J. W. & Cexravrovic, T. (2006). First species of Hesperopilio (Opiliones,
Caddoidea, Caddidae) from South America. Journal of Arachnology 34, 46—50.

SINCLAIR, E. A. (2001). Phylogeographic variation in the quokka, Setonix brachyurus
(Marsupialia: Macropodidae): implications for conservation. Animal Conservation 4,
325-333.

SKINNER, A. (2010). Rate heterogeneity, ancestral character state reconstruction, and
the evolution of limb morphology in Lerista (Scincidae, Squamata). Systematic Biology
59, 723-740.

SKINNER, A., LEE, M. S. Y. & HuTcHINsON, M. N. (2008). Rapid and repeated limb
loss in a clade of scincid lizards. BMC Evolutionary Biology 8(310), 1-10.

SLATYER, C., ROSAUER, D. & LEMCKERT, F. (2007). An assessment of endemism and
species richness patterns in the Australian Anura. Journal of Biogeography 34, 583 —596.

SmitH, I. N., McINTOSH, P., ANseLL, T J., REason, C. J. C. & McINNEs, K. (2000).
Southwest Western Australia winter rainfall and its association with Indian Ocean
climate variability. International Journal of Climatology 20, 1913—1930.

SNIDERMAN, J. M. K., JOrDAN, G. J. & CowLING, R. M. (2013). Fossil evidence for
a hyperdiverse sclerophyll flora under a non-mediterranean-type climate. Proceedings
of the National Academy of Sciences of the United States of America 110, 3423 —3428.

SPENCER, P. B. S., RHIND, S. G. & ELDpRIDGE, M. D. B. (2001). Phylogeographic
structure within Phascogale (Marsupialia: Dasyuridae) based on partial cytochrome &
sequence. Australian Journal of Zoology 49, 369—377.

STEANE, D. A, WiLson, K. L. & Hivrr, R. S. (2003). Using matK sequence data
to unravel the phylogeny of Casuarinaceae. Molecular Phylogenetics and Evolution 28,
47-59.

STEBBINS, G. L. & MAJOR, J. (1965). Endemism and speciation in the California flora.
Ercological Monographs 35, 1—36.

STELBRINK, B., ALBrReECHT, C., HarLL, R. & voN RINTELEN, T. (2012). The
biogeography of Sulawesi revisited: is there evidence for a vicariant origin of
taxa on Wallace’s “Anomalous Island™? Evolution 66, 2252-2271.

TAPPER, S.-L., BYRNE, M., YAaTES, C. J., KEPPEL, G., HOPPER, S. D., VAN NIEL,
K., Scaut, A. G. T., MuciNa, L. & WARDELL-JOHNSON, G. W. (2014a). Isolated
with persistence or dynamically connected? Genetic patterns in a common granite
outcrop endemic. Diversity and Distributions (in press) (doi: 10.1111/ddi.12185).

TAPPER, S. L., BYyRNE, M., YATES, C. J., KEPPEL, G., HOPPER, S. D., VAN NIEL, K,
ScHuT, A. G. T., MucINA, L. & WARDELL-JoHNSON, G. W. (20144). Prolonged
isolation and persistence of a common endemic on granite outcrops in both mesic
and semi-arid environments in south-western Australia. Journal of Biogeography (in
press) (doi: 10.1111/jbi.12343).

TavLor, C. K. (2011). Revision of the genus Megalopsalis (Arachnida: Opiliones:
Phalangioidea) in Australia and New Zealand and implications for phalangioid
classification. ootaxa 2773, 1-65.

THEISCHINGER, G. & ENDERSBY, 1. (2009). Identification Guide to the Australian Odonata.
Department of Environment, Climate Change and Water NSW, Sydney.

Toon, A., HuGHgs, J. M. & Josepn, L. (2010). Multilocus analysis of honeyeaters
(Aves: Meliphagidae) highlights spatio-temporal heterogeneity in the influence of
biogeographic barriers in the Australian monsoonal zone. Molecular Ecology 19,
2980-2994.

Toon, A, Joseprh, L. & BURBIDGE, A. H. (2013). Genetic analysis of the Australian
whipbirds and wedgebills illuminates the evolution of their plumage and vocal
diversity. Zmu 113, 359-366.

Toon, A., MATHER, P. B., BAKER, A. M., DURRANT, K. L. & HUGHES, J. M. (2007).
Pleistocene refugia in an arid landscape: analysis of a widely distributed Australian
passerine. Molecular Ecology 16, 25252541,

TyLER, M. J. (1994). Australian Frogs, A Natural History. Reed Books, Chatswood.

UNMACK, P., BAGLEY, J. C., Apams, M., HAMMER, M. P. & Jounson, J. B. (2012).
Molecular phylogeny and phylogeography of the Australian freshwater fish genus
Galaxiella, with an emphasis on Dwarf Galaxias (G. pusilla). PLoS ONE 7(¢38433),
1-15.

UNMACK, P. J., HAMMER, M. P., ADAMSs, M. & DowLING, T. E. (2011). A phylogenetic
analysis of Pygmy Perches (Teleostei: Percichthyidae) with an assessment of the major
historical influences on aquatic biogeography in southern Australia. Systematic Biology
60, 797-812.

VINNERSTEN, A. & REEVES, G. (2003). Phylogenetic relationships within Colchicaceae.
American Journal of Botany 90, 1455—1462.

793

WALDOCK, J. & EpGECOMBE, G. D. (2012). A new genus of scolopendrid centipede
(Chilopoda: Scolopendromorpha: Scolopendrini) from the central Australian deserts.
Lootaxa 3321, 22-36.

WARDELL-JOHNSON, G. & CoATESs, D. (1996). Links to the past: local endemism in
four species of forest eucalypts in southwestern Australia. In Gondwanan Heritage. Past,
Present and Future of the Western Australian Biota (eds S. D. HOPPER, J. A. CHAPPILL,
M. S. HARVEY and A. S. GEORGE), pp. 137—154. Surrey Beatty & Sons, Chipping
Norton.

WARDELL-JOHNSON, G. & Horwitz, P. (1996). Conserving biodiversity and the
recognition of heterogeneity in ancient landscapes: a case study from south-western
Australia. Forest Feology & Management 85, 219—238.

WARDELL-JOHNSON, G. & ROBERTS, J. D. (1993). Biogeographic barriers in a subdued
landscape: the distribution of the Geocrinia rosea (Anura: Myobatrachidae) complex
in south-western Australia. Fournal of Biogeography 20, 95—108.

WartTs, P., POMFRETT, J. A. & MABBERLEY, D. (1997). An Exquisite Eye. Historic
Houses Trust of New South Wales, Sydney.

WHEELER, M. A. & BYRNE, M. (2006). Congruence between phylogeographic patterns
in cpDNA variation in Fucalyptus marginata (Myrtaceae) and geomorphology of the
Darling Plateau, south-west of Western Australia. Australian Journal of Botany 54,
17-26.

WHuirTE, N. E., PHILLIPS, M. J., GILBERT, M. T. P., ALFARO-NUNEZ, A., WILLERSLEV,
E., MAwsoN, P. R., SPENCER, P. B. S. & BuNcg, M. (2011). The evolutionary
history of cockatoos (Aves: Psittaciformes: Cacatuidae). Molecular Phylogenetics and
Evolution 59, 615—622.

Wojcieszek, J. M., Harvey, M. S. & Rix, M. G. (2011). Optimised captive
husbandry conditions for the Western Australian ‘Marri Millipede’ Antichiropus
variabilis (Diplopoda: Polydesmida: Paradoxosomatidae), with notes on natural
history and tissue preservation techniques. Records of the Western Australian Museum 26,
87-93.

Wojcieszex, J. M. & Simmons, L. W. (2011). Male genital morphology influences
paternity success in the millipede Antichiropus variabilis. Behavioral Ecology and Sociobiology
65, 1843-1856.

Wojcieszek, J. M. & Smmmons, L. W. (2012). Evidence for stabilizing selection
and slow divergent evolution of male genitalia in a millipede (Antichiropus variabilis).
Evolution 66, 1138—1153.

Woop, H. (2008). A revision of the assassin spiders of the Eriauchenius gracilicollis
group, a clade of spiders endemic to Madagascar (Araneae: Archacidae). Joological
Journal of the Linnean Society 152, 255—296.

Woob, H. M., GriswoLp, C. E. & SPICER, G. S. (2007). Phylogenetic relationships
within an endemic group of Malagasy ‘assassin spiders’ (Araneae, Archaecidae):
ancestral character reconstruction, convergent evolution and biogeography.
Molecular Phylogenetics and Evolution 45, 612—619.

YEsson, C. & CurHAM, A. (2006). Phyloclimatic modeling: combining phylogenetics
and bioclimatic modeling. Systematic Biology 55, 785—802.

Z0FKOVA, M. & Timms, B. V. (2009). A conflict of morphological and genetic patterns
in the Australian anostracan Branchinella longirostris. Hydrobiologia 635, 67—80.

Zwick, A., REGIER, J. C., MITTER, C. & CumMMINGS, M. P. (2011). Increased
gene sampling yields robust support for higher-level clades within Bombycoidea
(Lepidoptera). Systematic Entomology 36, 31—43.

IX. SUPPORTING INFORMATION

Additional supporting information may be found in the
online version of this article.

Fig. S1. Map showing rainfall in SWWA currently and
during the Last Glacial Maximum (LGM) 21,000 years
before present (ybp).

Fig. S2. Map showing temperature in SWWA currently
and during the Last Glacial Maximum (LGM) 21,000 years
before present (ybp).

Fig. S3. Map showing soil categories in SWWA.
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