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Abstract  

Molecular tools have expanded our knowledge of species responses to 

climate change during the late Quaternary. Australia was not subject to the 

expansion of ice-sheets, as in the northern hemisphere, but during Pleistocene 

glacial maxima the interior became progressively more arid and the geographic 

ranges of mesic-adapted contracted to the coastal fringes. Some 

phylogeographic studies suggest persistence during the heightened arid 

conditions of glacial maxima was due to contraction into multiple, localised 

refugia, whereas others have found evidence for population expansion. Species 

responses are driven by ecological requirements, dispersal potential, and 

reproductive abilities and patterns for Australian taxa tend to be species-

specific, contrasting to the widespread southern migration and subsequent 

northern expansion in glaciated regions of the northern hemisphere.  

Australia’s arid-adapted fauna includes many endemic species that are 

unique to the continent. One notable lineage includes the carnivorous dasyurid 

marsupials, representing an independent radiation in Australia and New 

Guinea. Dasyurids encompass many small, poorly known species with a few 

larger iconic species that are of conservation concern. Of the arid- and northern-

occurring dasyurids, many contain cryptic species and the phylogeography and 

population genetics of these taxa remain poorly understood. Molecular studies 

on other arid-occurring vertebrates such as reptiles and birds have shown 

historic patterns of isolation in Pleistocene refugia. Evolutionary refugia are 

geographically heterogeneous regions in the arid-zone which contain a 

multitude of available habitats and were considered to be more climatically 

stable during glacial maxima. One such area is the Pilbara region in WA, known 

to be a biodiversity ‘hotspot’ and contains a suite of endemic species. 

One prominent mammal species that occurs in the Pilbara is the 

endangered northern quoll (Dasyurus hallucatus). This species has undergone 
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population declines since European settlement and more recently experienced 

very high mortality due to poisoning from ingesting introduced cane toads 

(Rhinella marina). The four disjunct populations of northern quoll are not 

currently recognised as taxonomically distinct, but four subspecies; D. h. exilis 

(Kimberley, WA) D. h. hallucatus (NT), D. h. nesaeus (Groote Eylandt, NT) and D. 

h. predator (Qld), were originally described. There is mounting molecular 

evidence to suggest that northern quoll populations are genetically well-

structured and exhibit deep divergences that most likely predate the post-

European range contractions. The most genetically distinct population occurs in 

the Pilbara, which was not included in the original subspecies description. In 

chapter 2 I examined a suite of morphological characters of the skull and skins 

of specimens from the four northern quoll populations, including the types in 

the Natural History Museum (London). Using a statistical approach, I 

investigated the distinctiveness of each population and if they should be 

recognised as separate subspecies. The literature suggests that some well-

established biogeographic barriers have been important in separating 

populations of northern quoll. Morphological analysis showed size differences 

between populations, with the Northern Territory population having the largest 

animals and islands off the Pilbara and Kimberley coast having the smallest. 

Morphological differences likely relate to long-term adaptations to the different 

environmental conditions experienced by the four populations. 

In Chapter 3 I tested the relative importance of Pleistocene climate 

processes (expansion and contraction of habitats) in generating 

phylogeographic patterns in six species of Sminthopsinae (Sminthopsis and 

Planigale) across the Australian arid-zone, all of which occur in the Pilbara. I 

sequenced two mitochondrial (CR and cytb) and one nuclear (ω-globin) gene 

from over 830 individuals. From haplotype networks and coalescent skyline 

analysis, the Pilbara was identified as an important region harbouring unique 

mitochondrial haplo-groups for most species and evidence of population 
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expansion, suggesting that increasing aridity during the mid-late Pleistocene 

resulted in the expansion of suitable habitat. However, phylogeographic 

patterns were not congruent among the six species, illustrating the importance 

of species-specific habitat requirements in driving responses to past climate 

change.  

In Chapter 4 I used a next-generation sequencing approach to produce 

10000s of loci to examine the processes generating contemporary and fine scale 

patterns in arid-occurring dasyurids. I investigated the population-genetic 

structure of four dasyurid species, Sminthopsis ooldea, S. youngsoni and two 

endemic Pilbara Planigale species using ddRADseq. Tissues from 190 

individuals were chosen to give uniform sampling across the large distributions 

of each species. The ddRADseq SNP results were compared with the results 

from Chapter 3. Patterns of population structure included isolation-by-distance, 

landscape driven population differentiation, and Pleistocene-driven population 

expansion. These were also different for each species, reflecting the importance 

of species ecological requirements in determining species presence and 

dispersal in arid habitats and ddRADseq is shown to be a useful tool in 

marsupial population genetic studies. 

This thesis adds to the current phylogeographic knowledge of Australian 

arid-and northern-occurring species by including a group with dispersal 

abilities that are intermediate between two other well studied groups, geckos 

and birds. This work has shown that habitat specificity is important in driving 

species responses to past climate change, but also that Pleistocene-driven 

population expansion has homogenised gene pools within many dasyurid 

species. The continued presence of small dasyurids in arid environments, 

despite catastrophic extinction rates in other marsupial groups, demonstrates 

their adaptations to persist in unreliable, resource poor, arid habitats and also 

enables them to persist in the face of anthropogenic change. This study has also 

demonstrated the importance of museum collections in phylogeographic 
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studies, and continued collecting of tissue and voucher specimens is essential 

for future comparative genetic and morphological studies and their 

implications for conservation.  
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Chapter 1 – General Introduction 

 

1.1. How species populations respond to changing environments 

Species responses to changing environmental conditions vary depending 

on the biology of the organism and the scale of environmental change 

(Dynesius & Jansson, 2000; Lavergne et al., 2010). Changes over evolutionary 

time can lead to shifts in species distributions that reflect shifts in their 

preferred habitat, with extinctions of populations as previously occupied 

habitats become unsuitable. For example, many plant and animal species 

undertook mass southern migration and distributional shifts during ice cap 

expansion in the northern hemisphere during the Quaternary (Hewitt, 2000). 

Species dispersal ability has a marked impact on how they respond to change 

(Dynesius & Jansson, 2000), leading to some species with low dispersal capacity 

being restricted to isolated pockets of suitable habitat that are surrounded by 

unsuitable habitat. This is widespread in many poorly dispersing invertebrate 

species, which show distributions limited to areas of high topographic relief 

such as mountain range systems (Harvey, 2002; Rix et al., 2015; Yeates et al., 

2002). An extreme example is the Wollemi pine (Wollemia nobilis), a living fossil 

(Jones et al., 1995). Isolated habitats that remain climatically stable over time are 

considered evolutionary refugia. Unlike ecological refuges that provide shelter 

for species during their life time (Pavey et al., 2017), refugia allow lineages to 

persist over evolutionary time, resulting in the accumulation of intraspecific 

variation (Keppel et al., 2012). The location of evolutionary refugia in regions 

that did not have Pleistocene ice sheets are more localised and fragmented, 

compared to the major southern refugia during ice sheet formation in temperate 

Europe and North America. Examples of these are the ‘refugia within refugia’ 

patterns of species occurring in the Iberian and Italian Peninsulas (Canestrelli et 

al., 2007; Gómez & Lunt, 2007) and contraction to isolated inland mountain 
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range systems throughout the arid-zone in Australia during glacial maxima 

(Byrne, 2008; Pepper et al., 2011). The responses of species to Pleistocene climate 

change, such as contraction and fragmentation of populations into multiple 

refugia, or leading edge expansion during interglacial periods, may have 

occurred with each major climate cycle. This history of populations responding 

to climate change can impose highly contrasting patterns of intraspecific genetic 

structuring even among sympatric species, depending on their biology and 

ecological requirements (Byrne et al., 2008; Kearns et al., 2014), and this evidence 

lies cryptic and hidden without the appropriate tools to uncover it.  

 

1.1.1. Tools to study species evolutionary responses to environmental 

change 

Two of the main ways to assess intraspecific variation resulting from 

past environmental change are by examining comparative morphology 

throughout species distributions, or by using molecular sequencing techniques. 

As populations experience range contractions this can lead to fragmentation 

and isolation over time which may manifest as morphological differences that 

arise from local adaptation, or genetic drift and mutation. Studies into the 

geographical basis for intraspecific genetic variation gained prominence when 

Avise et al., (1987) described how phylogeographic studies using mitochondrial 

genes could bridge the gap between the somewhat disparate fields of 

phylogenetics and biogeography (Hickerson et al., 2010). This seminal work has 

led to an explosion of the number of studies exploring intraspecific variation 

across species distributions and contributed to our understanding of how 

microevolutionary processes shape and drive macroevolution (Bermingham & 

Moritz, 1998; Knowles, 2009). By examining the congruence of phylogeographic 

patterns among multiple taxa, common processes that drive evolution can be 

identified as well as unique species-specific responses (Avise et al., 1987; 
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Bermingham & Moritz, 1998; Knowles, 2009). This has led to the widely 

accepted importance of northern hemisphere glaciations in driving population 

contraction and expansion events during the Pleistocene (Hickerson et al., 2010), 

as well as developing knowledge of mesic-adapted species range contractions 

(Byrne et al., 2011; Rix et al., 2015), and arid-adapted species expansions (Byrne 

et al., 2008; Fujita et al., 2010; Kearns et al., 2014) in Australia. The location of 

evolutionary refugia can be determined by a high degree of endemism and 

highly differentiated populations when compared to non-refuge areas that tend 

to be populated by widespread species with low levels of intraspecific variation 

and high dispersal abilities. Developments in the statistical models used to test 

different phylogeographic hypotheses have seen a shift from focussing on few 

mitochondrial markers to including multiple independent nuclear loci 

(Hickerson et al., 2010; Knowles, 2009). 

Recent developments with genomic level datasets have unleashed the 

full potential for phylogeography and population genetics to be studied 

concurrently, allowing investigation into the complex interplay of abiotic and 

biotic factors that drive differentiation (Hand et al., 2015). As such we can now 

untangle the effects of historical demographic processes, such as population 

expansion, from contemporary restricted gene flow, which is often difficult to 

differentiate in widespread species (Schmidt et al., 2018; Van Wyngaarden et al., 

2017) as non-equilibrium processes such as population expansion events can 

override signals of restricted gene flow (Slatkin, 1987). Typically, tests to 

explore demographic history, including population size changes (e.g., Tajima’s 

D, Fu’s FS; Ramos-Onsins & Rozas 2002), used mitochondrial sequence data, 

while tests for restricted gene flow (e.g., FST and population assignment) used 

microsatellite sequence data, which are difficult to integrate. Now with more 

powerful genomic datasets we can integrate these analyses, to simultaneously 

explore evidence of restricted gene flow and the presence and origin of 

population expansion throughout landscapes (Peter & Slatkin, 2013, 2015). 
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When the study of species morphological variation and genetics are 

combined these tools are integral for conservation as they can delineate species 

boundaries, document cryptic diversity and identify evolutionary significant 

units (ESUs) requiring special management (Moritz & Potter, 2013). In the face 

of global biodiversity loss, assessing cryptic diversity at both the morphological 

and molecular levels is integral for the conservation and management of natural 

ecosystems into the future. 

 

1.2. Biogeography in Australia: evolution in the face of aridity 

Red dirt, clear blue skies and warm weather are ubiquitous features of 

the Australian outback. Over 75% of the continent is classified into arid climate 

categories (Stern et al., 2000; Figure 1.1), with most areas of the arid zone 

experiencing highly unpredictable rainfall, averaging just 100-250 mm per year 

(Dunkerley, 2010). The arid-zone is surrounded by the monsoonal-tropics to the 

north and temperate fringes of the south-west, east and south-east. Two-fifths 

of the arid zone comprises nutrient-poor sand dune systems stabilised by 

scattered plants (hummock grassland interspersed with open mulga woodland) 

that result from extensive historical weathering. This has led to a generally flat 

landscape, especially in Western Australia (Byrne et al., 2008). Despite the 

extreme dryness and unpredictable seasonal variation, the arid zone contains 

remarkably high diversity of invertebrate and vertebrate fauna, many of which 

exist in spinifex hummock grasslands (Dickman, 2003).  
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Figure 1.1: map of Australia showing areas considered to experience arid climates in dark and 
pale orange (Stern et al 2000). The location and direction of major dune systems are shown (after 
Hesse 2010), and deserts and refugia labelled. The historical coastline at the last glacial maxima 
(LGM) is shown with a broken line (from Byrne et al. 2008). 

 

The Australian arid zone began forming 20 Mya during the Miocene, a 

process that was initiated by the creation and strengthening of the Antarctic 

circumpolar current during the late Cenozoic (McGowran et al., 2004). As 

Australia drifted towards the equator over the past 10-15 Mya, warm and wet 

habitats and extensive inland lakes contracted, while dry sclerophyllous forests 

and woodlands became more prominent (Martin, 2006). Low precipitation due 

to rapid global cooling in the late Miocene further contributed to aridity 

(Fujioka & Chappell, 2010), resulting in further contraction of rainforest habitats 

to the fringes, and the expansion of dry open woodlands and shrublands in the 

centre of the country (Martin, 2006).  
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Due to the reduction of mesic environments during the Miocene, many 

species existing in central Australia underwent range contractions into the more 

climactically stable fringes (Byrne et al., 2011) or, alternatively, went extinct 

(Cramb et al., 2009). The birth and expansion of the arid zone created new 

habitats which were colonised by species that were pre-adapted to aridity and 

that, subsequently, diversified into new species and genera during the late 

Miocene and Pliocene (Mitchell et al., 2014; Westerman et al., 2016a). Today’s 

arid biota may have adapted to aridity in situ, where a single origin of arid 

lineages from mesic ancestors is evident, such as in the Agamid lizards (Hugall 

et al., 2008). Alternatively, adaptation to aridity may have arisen multiple times 

from mesic ancestors that dispersed from the fringes into the arid centre, 

leading to individual arid zone lineages embedded within phylogenies of 

otherwise mesic-adapted sister groups. This is evident in the lizard genus 

Ctenotus (Rabosky et al., 2007) and the dasyurid marsupials (García-Navas et al., 

2018; Krajewski et al., 2000a), both of which have particularly high diversity in 

the arid zone. 

Pleistocene climate changes, causing ice ages in the northern hemisphere, 

rapidly escalated the process of aridity in Australia, with fluctuations in the 

rates of evaporation and sea level decline (Williams et al., 1998). These climate 

oscillations peaked over the last 0.4 Mya, when during glacial maxima the 

minimum precipitation thresholds of vegetation occurring in exposed areas was 

exceeded (Williams et al., 1998), resulting in the expansion of sand deserts 

(Fujioka & Chappell, 2010). Active dune systems are thought to have effectively 

isolated patches of rocky and mesic habitats that acted as refugia for terrestrial 

species within the dry inhospitable landscape (Byrne, 2008; Ford & Johnson, 

2007; Pepper et al., 2011). 

Many arid-occurring species persisted during the Pleistocene through 

contraction into multiple localised refugia, such as inland mountain ranges 

(Byrne et al., 2008). This pattern has been observed for arid zone gecko lineages 
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where species persisted within refugial habitat during the Pleistocene (Pepper 

et al., 2011, 2013). During interglacial periods, it is thought that species re-

colonised the relatively young, and topographically homogeneous sand dune 

habitats outside of the mountain refuges and these lineages tend to have 

shallow divergence times and low genetic diversity (Pepper et al., 2011). This 

suggests that current patterns of intraspecific variation are a result of historical 

responses to environmental change during the Pleistocene and disjunct 

populations are the result of isolation within refugia (Byrne, 2008). This is 

similar to the ‘refugia within refugia’ patterns of species occurring in the Iberian 

and Italian Peninsulas (Canestrelli et al., 2007; Gómez & Lunt, 2007) and is more 

complex than the widespread contraction of species to major southern refugia 

during ice sheet formation in temperate Europe and North America (Hewitt, 

2000). Phylogeography of Northern hemisphere systems is much more widely 

studied than those in the Southern hemisphere (Beheregaray, 2008) and due to 

the unique lineage histories of Australian species it is important to investigate 

their particular responses to past environmental change.  

 

1.2.1. Phylogeography of arid occurring mammals 

While phylogeographic studies of Australian arid-occurring mammal 

species are few, work on other species illustrates the importance of Pleistocene 

climate oscillations in causing population contraction, vicariance and expansion 

from refugia. Western grey kangaroos, a highly vagile large marsupial 

occurring in the southern and semi-arid regions of Australia, have experienced 

eastwards expansion following dune stabilisation after Pleistocene glacial 

maxima (Neaves et al., 2012). Disjunct populations of the heath mouse that 

occur in the south west of WA and in Victoria, represent vicariance caused by 

the Nullarbor Plain which formed an impassable arid barrier to dispersal 

during the Pleistocene, with the diverging lineages dating to 1.43 Mya (Salinas 
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et al., 2009). The disjunct distributions of pebble-mound mice species, which are 

highly specialised rodents that only occur on loose stony soils, point to 

vicariance induced by the relatively recent formation of sandy deserts (Ford & 

Johnson, 2007). Two distinct clades of the fat-tailed dunnart, a southern arid 

species, spilt near the Murray Basin and diverged about 1.3-2.1 Mya and could 

be due to range contraction and population isolation during the Pleistocene 

(Cooper et al., 2000). The Kimberley and Top End monsoonal tropics contain 

multiple highly structured refugial areas within which Petrogale brachyotis rock 

wallaby populations have contracted into, and have subsequently become 

isolated from one another during Plio-Pleistocene glacial cycles (Potter et al., 

2012). High levels of intraspecific differentiation in northern occurring Planigale 

and Pseudantechinus species could also result from population contractions and 

isolation within localised refugia in this region (Umbrello et al., 2017; 

Westerman et al., 2016b). These studies show common responses from 

mammals to Pleistocene climate oscillations as contraction of ranges into 

refugia have led to intraspecific differentiation followed by population 

expansion during interglacial periods. 

 

1.2.2. Refugia from aridity – the Pilbara in north-west WA 

Major mesic refugia have been identified in Australia and include the 

south-west (Rix et al., 2015) and south-east coastal regions (Byrne et al., 2011), 

the Pilbara in north-west WA (Byrne et al., 2008; Pepper et al., 2013) and the 

Australian Monsoonal Tropics which include the Kimberley, Top End of the NT 

and tropical northern Queensland (Bowman et al., 2010; Pepper & Keogh, 2014). 

The Pilbara region in the north-west of WA (Figure 1.2) has been identified as 

an area of high endemism and regional diversity and is recognised as a 

biodiversity hotspot (Cracraft, 1991; Doughty et al., 2011a; McKenzie et al., 2009; 

Pepper et al., 2013). Like many parts of WA, the Pilbara has an ancient 
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geological history (McKenzie et al., 2009). However, it is unique in that the 

landscape is deeply structured and incised, as a result of past glaciations and 

years of weathering, and provides a multitude of different habitats compared to 

the surrounding deserts (reviewed by Pepper et al. 2013). This heterogeneous 

landscape has acted as an important refugium for mesic adapted species during 

the Pleistocene when vast areas surrounding the Pilbara became active sand 

dunes during glacial maxima (Fujioka & Chappell, 2010) while the Pilbara 

ranges remained climatically buffered (Byrne et al., 2008; Pepper et al., 2011). 

After each glacial maximum, dune systems were stabilised by flora, primarily 

hummock grasslands, allowing vertebrate species to recolonise and diversify 

into the sandy deserts (Pepper et al., 2011), while mesic-preferring and rock 

adapted lineages within the Pilbara were able to diversify into the wealth of 

different habitats available without the repeated disturbance from active dunes 

(Doughty et al., 2011a).  

 

 
Figure 1.2: Map showing the Pilbara bioregion in north-west Western Australia, the four IBRA 
subregions are shown and labelled. 
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Since the 1960s the Pilbara has been the centre of iron ore mining in WA 

and in order to obtain comprehensive baseline data with which to assess 

biodiversity ahead of future development the State Department of Biodiversity, 

Conservation and Attractions and Western Australian Museum conducted the 

Pilbara Biological Surveys during 2002 - 2007 (see McKenzie et al. 2009). These 

surveys resulted in thousands of terrestrial vertebrate specimens being 

collected, including the addition of 1047 mammal DNA samples to the 

Museum’s collection. Although several reptile groups have been the focus of 

recent vertebrate phylogenetic research in the Pilbara (Doughty et al., 2011b; 

Pepper et al., 2013; Shoo et al., 2008), until recently the small ground-dwelling 

mammals had not yet received the same attention (Hayes, 2018; Levy et al., 

2018).  

The Pilbara bioregion is divided into four subregions as part of the 

Interim Biogeographic Regionalisation for Australia (IBRA) (Department of the 

Environment and Energy, 2012). These subregions include the sandy coastal 

plains of the Roebourne, granite and greenstone terrain of the Chichester 

(which includes several range systems and alluvial plains), the alluvial plains of 

the Fortescue (including the Fortescue River), and the sedimentary and volcanic 

Hamersley Range (that is rich in banded ironstone formations) (McKenzie et al., 

2009, Figure 1.2). Within the Pilbara, different underlying geologies have driven 

genetic structuring of mesic gecko lineages (Pepper et al., 2013), and the 

distribution of particular substrates causes genetic differentiation in spinifex 

grasses (Anderson et al., 2016), and clay-preferring agamid lizards (Shoo et al., 

2008). The Pilbara craton boundary is also an important barrier for multiple 

species of geckos, with distinct lineages existing on either side, a result of 

climate/landscape induced vicariance and habitat specialisation (Pepper et al., 

2008, 2006, 2013). Of the mammal species studied so far, including two native 

mice, three small dasyurids and one large dasyurid, all show a similar lack of 

historical isolation processes within Pilbara populations (Levy et al., 2018; 
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Umbrello et al., 2017), but genetic differentiation may occur at local scales 

(Hayes, 2018; Spencer et al., 2013).  

 

1.3. Australian dasyurid marsupials and adaptations to aridity 

One mammal group that has diversified successfully into the arid zone is 

the dasyurid marsupials (Dickman, 2003; García-Navas et al., 2018; Mitchell et 

al., 2014). Dasyurids are an endemic group to Australia and New Guinea, and 

feed on invertebrates and small vertebrates, occupying the niches of small felids 

and eutherian insectivores on other continents. Dasyurids exhibit the highest 

species diversity of all mammal families in the arid zone, accounting for 45% of 

the species (Morton, 1982), compared to other continental deserts, particularly 

in North America, where herbivorous rodents dominate (Kelt et al., 1996). 

Australia’s arid-zone mammals have suffered catastrophic extinction rates since 

European settlement (Woinarski et al., 2015), with the exception of the small 

dasyurids, which are thought to still represent the pre-European assemblage 

(Morton & Baynes, 1985). 

Dasyurids tend to occur at low but stable densities throughout the arid 

zone and can disperse over large distances to locate food (Dickman et al., 1995; 

2001; Haythornthwaite & Dickman, 2006). While they may be more common 

after rain, their population sizes do not fluctuate to the same extent as the 

highly-fecund rodents (Dickman et al., 2001, 1999). Arid adapted dasyurids can 

conserve energy and water loss in unpredictable environments with fat stored 

in heavily incrassated tails, they have generalist diets requiring no extra water, 

and they exhibit heterothermy as they undergo torpor on a daily basis (Geiser, 

1994; Morton, 1982). They have also evolved successful breeding strategies to 

exploit the unpredictable conditions of the arid zone, with extended breeding 

seasons, polyoestry and increased nipple number in arid species compared to 

non-arid species (Cardillo et al., 2003; Krajewski et al., 2000b; Morton, 1982). 
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These traits have allowed arid zone dasyurids to persist while resources are low 

and rapidly re-colonise habitats when conditions are favourable, which also 

would have occurred episodically throughout the Pleistocene.  

Evolution into different habitat niches is thought to have driven the 

diversity of small mammals in the arid zone (Bino et al., 2013), partially due to 

the multitude of complex, structured habitats occurring in this area (Dickman, 

2003). Within small dasyurid genera there is phylogenetic conservatism for 

body size and diet, and where species occur in sympatry, they tend to be 

separated by habitat partitioning, which reduces the instance of interspecific 

competition (Crowther & Blacket, 2003; Mitchell et al., 2014). Habitat 

partitioning occurs in small mammals in the Pilbara and Little Sandy Desert 

where species occurrences strongly correlated with substrate type (Gibson & 

McKenzie, 2009; Start et al., 2013). Competitive exclusion appears to have driven 

evolution of dasyurid sister species at the habitat level as body, and 

subsequently prey size have been conserved (Bino et al., 2013). Competition for 

prey items between unrelated taxa is reduced as larger species preferentially 

consume larger arthropods and smaller species eat smaller prey items (Bino et 

al., 2013). This has occurred within the subfamily Sminthopsinae, where sister 

species are generally isolated from each other at local scales as they occupy 

different habitats throughout their distributions (Lanier et al., 2013), and also 

avoid interactions with similar species where they co-occur (Blacket et al., 2008; 

Warnecke et al., 2012). Species responses to factors driving evolution differ 

depending on their individual lineage histories, dispersal capabilities and 

habitat preferences (Lanier et al., 2013). Genetic data can be useful in 

quantifying the realised dispersal of species by measuring gene flow occurring 

among populations. 
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1.4. Pilbara dasyurids – study species 

The Pilbara is home to several endemic mammals, and some isolated 

populations of more widespread species, whose ranges are centred within the 

craton but which also extend outside of the craton boundary into surrounding 

areas. These areas were probably inhospitable during glacial maxima (the last 

was 18~20 kya; Byrne et al., 2008), therefore, it is likely that populations outside 

of the Pilbara represent recent colonisations from older lineages originating 

within the Pilbara. There are 11 extant dasyurid species occurring in the Pilbara, 

including an isolated population of the endangered northern quoll, Dasyurus 

hallucatus (Gibson & McKenzie, 2009). This has been selected for a 

morphological analysis of variation throughout the species distribution in light 

of recent molecular data (Woolley et al., 2015). Of the smaller Pilbara species, 

the Sminthopsis and unnamed Planigale species are particularly well represented 

among the WA Museum tissue collection. Gibson and McKenzie (2009) 

assessed the habitat preferences for small mammals captured during the Pilbara 

Biological Surveys, and using this information, along with the samples 

available, I have selected six species which occupy different substrate types in 

the Pilbara and surrounding areas for molecular components of this thesis 

(Table 1.1). 

Six dasyurid species chosen for molecular and phylogeographic analysis 

in this study are in the subfamily Sminthopsinae and represent two sister 

lineages, the polyphyletic genus Sminthopsis and genus Planigale. Sminthopsis 

macroura is the most common species, occurring throughout the arid zone and 

monsoonal tropics. It is known to be a species complex, with the population in 

the Kimberley representing a distinct lineage and possibly another separate 

lineage in the Pilbara and Western deserts (Blacket et al., 2001). The two 

undescribed Planigale species have previously been identified through 

molecular analysis (Blacket et al., 2000), and appear to be common where they 

occur (Gibson & McKenzie, 2009), but otherwise little is known about their 
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biology (Westerman et al., 2016b). Planigale sp. 1 and S. macroura are the most 

generalist species found in a variety of habitats, whereas S. longicaudata and 

Planigale sp. 2 are specialists and potentially have poor dispersal capabilities 

(Table 1.1). 

 
Table 1.1: Summary of attributes of the six mammal species chosen for this molecular 
components of this study. Information from Van Dyck & Strahan, (2008) unless otherwise 
stated. Pilbara endemic species marked with *. 
Species Habitat/specialisations. Reproduction Dispersal potential 

Sminthopsis 
longicaudata 

Spencer, 1909 

Specialist. Exposed rock/stony soils, flat-
topped hills, lateritic plateaus, sandstone 
ranges, and breakaways. Striated foot 
pads for climbing rocky surfaces. Tail 2 
times head-body length. 

Breed Aug- Dec, young 
disperse in March-
April, 6 teats, Females 
polyoestrous1 

Potentially poor, due 
to patchiness of 
preferred habitat 
type. 

Sminthopsis  
macroura 

(Gould, 1845) 

Generalist. (WA lineage) clay/loam soil. 
Abundant in hummock grassland where 
stock is absent. Shelters in cracks in soil, 
under rocks, logs or burrows of other 
animals. 

Two litters from Jun-
Feb 11 day gestation 8 
young2. Qld population 
4 months to breeding 
age3 

Good, quickly 
colonises areas after 
rainfall and can move 
0.3-2 km in a night. 

Sminthopsis 
youngsoni 

McKenzie & 
Archer, 1982 

Specialist. Sand dunes, inter-dune swale, 
red desert sand plains. Shelters in 
burrows often dug by lizards. Hairy feet 
for traversing sand. 

Young born in Sep-Jan, 
up to 6 pouch young 
which are independent 
from Nov-Feb.  

Good on sandy 
substrates. 

Locally common. 

Sminthopsis 
ooldea 

Troughton, 
1965 

Generalist. Mulga woodlands with 
hummock grass understory. Less 
common on dunes, sandplains, clay soils, 
and Mallee woodland.  

Potentially 
polyoestrous, young 
born– Sep-Jan, 8 teats4. 
Breeds Oct-Nov in 
central Australia5 

Good-moderate 
uncommon where it 
occurs. 

Planigale sp. 1* 

Generalist. Uplands and some sandy 
lowlands. Hummock grasslands, rocky 
scree slopes, cobbled creek beds and 
sandy plains. 

Pouch development 
and young in Sep-Oct 
12 teats6 

Potentially good as 
common where they 
widely occur. 

Planigale sp. 2* 

Specialist. Exclusively on cracking clay 
soils, avoiding rocky habitats. Extremely 
depressed cranium for squeezing in 
fissures of cracking clays. 

Pouch development in 
Nov 12 teats6 

Potentially poor, 
perhaps only on clay 
substrates. 

1(Woolley & Valente, 1986) 2(Woolley, 1990) 3(Godfrey, 1969) 4(Aslin, 1983) 5(Bennison et al., 2013) 6Personal observation 

 

The seventh dasyurid study species, the northern quoll (Dasyurus 

hallucatus), was not included in the molecular study but rather a detailed 

morphological analysis was undertaken to complement existing molecular 

analyses (How et al., 2009; Woolley et al., 2015). This species has an isolated 
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population in the Pilbara region but is otherwise distributed in the monsoonal-

tropics in the Kimberley, Top End of the Northern Territory and north and 

eastern Queensland (Oakwood, 2008). Recent molecular studies (Hohnen et al., 

2016; How et al., 2009; Woolley et al., 2015) have suggested older divergences 

between the four disjunct populations than has previously been proposed 

through ecological and conservation research (Braithwaite & Griffiths, 1994). 

Additionally, historical taxonomic descriptions exist of four distinct subspecies 

(Thomas, 1909, 1926), three of which are supported by molecular sequence data 

(Woolley et al., 2015), but are currently not recognised (Burbidge et al., 2012). 

This species faces significant survival threats, by consuming toxic introduced 

cane toads, altered fire regimes, competition with feral cats, and habitat 

degradation due to European colonisation (Burnett, 1997; Hernandez-Santin et 

al., 2016; Hill & Ward, 2010). In the face of these threatening processes current 

conservation measures include translocating populations to offshore islands 

(Cardoso et al., 2009; Rankmore et al., 2008), training taste aversion to toads 

(O’Donnell et al., 2010), and cross-breeding toad aversion inheritance between 

disjunct NT and Qld populations (Kelly & Phillips, 2017). It is essential to re-

evaluate the morphological variation of this species to complement current 

molecular studies, revise the taxonomy, and provide direction to present 

conservation management practices. 

 

1.5. Research questions and Thesis outline 

The broad aim of my thesis is to understand intraspecific variation in 

Australian arid zone dasyurid populations using morphological and molecular 

data. This is broken down into the following key questions: 

1. Does morphological variation among the four currently disjunct populations 

of Dasyurus hallucatus support molecular evidence for population divergence, 

and how does this variation relate to historical subspecies descriptions? 
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2. What are the processes (landscape, climate, and habitat) that generate 

phylogeographic patterns of small arid-occurring dasyurids, and was the 

Pilbara an important refugium for mammals during the Pleistocene? 

3. How do differing ecological niches affect the contemporary genetic structure 

of broadly sympatric dasyurid species, using ddRADseq?  

4. How can these emerging phylogeographic patterns of Pilbara dasyurids be 

used to inform conservation management in this region? 

 

In chapter 2 I examine a suite of qualitative morphological characters of 

the skull and skins of specimens from each of the four northern quoll 

populations held in museums, including the types in the Natural History 

Museum (London). Using a statistical approach, I investigate the patterns of 

variation across the species range of each population and if there is evidence to 

support the claim for separate subspecies status of one or more populations. 

The location of geographical records and genetic differentiation among 

populations suggest that some well-established biogeographic barriers have 

been important in separating populations of northern quoll, such as the Ord 

Arid Intrusion and Carpentaria barriers (Edwards et al., 2017; Eldridge et al., 

2011). Morphological analyses show size differences between populations, with 

the Northern Territory population having the largest animals and islands off 

the Pilbara and Kimberley coast having the smallest. Morphological differences 

likely relate to adaptations to the different environmental conditions 

experienced by the four defined populations, and likely have occurred over a 

longer time-scale than the past 200 years. This suggests that biogeographic 

breaks that are important for other vertebrate groups have had a similar effect 

in limiting dispersal between northern quoll populations (Potter et al., 2012). 

In Chapter 3 I test the relative importance of Pleistocene climate 

processes (expansion and contraction of habitats) in generating 

phylogeographic patterns in arid-adapted dasyurid marsupials. I focus on six 
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species of Sminthopsinae (Sminthopsis and Planigale) across the Australian arid 

zone, all of which occur in the Pilbara. I sequenced two mitochondrial (CR and 

cytb) and one nuclear (ω-globin) gene from over 830 individuals using tissue 

held in museum collections. I use haplotype networks and coalescent skyline 

analysis, to test for phylogeographic structure and signals of recent population 

expansions. I identify the Pilbara as an important region harbouring unique 

mitochondrial haplo-groups for most species and show evidence of population 

expansion, suggesting increasing aridity during the mid-late Pleistocene 

resulted in the expansion of suitable habitat. However, phylogeographic 

patterns were not congruent among the six species, illustrating the importance 

of specific habitat requirements in driving responses to past climate change.  

In Chapter 4 I use a next-generation sequencing approach to further test 

the processes generating contemporary and fine scale patterns in arid-occurring 

dasyurids. In the past, obtaining enough samples from remote regions for 

population genetic studies has been difficult, but the rise in high-throughput 

sequencing technologies means fewer individual samples are required and can 

produce tens of thousands of loci in a single analysis. I investigate the 

population-genetic structure of four dasyurid species, Sminthopsis ooldea, S. 

youngsoni and two endemic Pilbara Planigale species using ddRADseq using 

tissues from 190 individuals held in museum collections to give uniform 

sampling across the large distributions of each species. I compare the 

ddRADseq SNP results with the results from Chapter 3. Patterns of population 

structure included isolation-by-distance, landscape driven population 

differentiation, and Pleistocene-driven population expansion, but patterns were 

also different between each species. These results indicate the importance of 

species ecological requirements in determining small dasyurid presence and 

dispersal in arid habitats and that ddRADseq is a useful tool in marsupial 

population genetic studies. 
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Collectively, this thesis adds to the current phylogeographic knowledge 

of Australian arid-adapted species by including a group with dispersal abilities 

that are intermediate between two other well studied vertebrate groups, geckos 

and birds (Kearns et al., 2010; Pepper et al., 2013). Studies on widely distributed 

species, that include multiple potential refugia within their distributions, are 

important in furthering our understanding of species responses to Quaternary 

environmental change and future conservation measures. This work has shown 

that habitat specificity is important in driving species responses to past climate 

change, but also that Pleistocene-driven population expansion has 

homogenised gene pools within many dasyurid species. The continual presence 

of small dasyurids in arid environments, despite catastrophic extinction rates in 

other mammal groups, demonstrates their adaptations to persist in unreliable, 

resource poor, arid habitats, which presumably also enable them to persist in 

the face of anthropogenic change. This study has demonstrated the importance 

of museum collections in marsupial genetic studies, and that continued 

collecting of tissue and voucher specimens from remote arid regions is essential 

for future comparative morphological and genetic studies. 
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Chapter 2 – Biogeography of the northern quoll Dasyurus 

hallucatus in Australia: revisiting the case for subspecies 

status of divergent populations 

 

2.1. Abstract 

Australian native mammal species have suffered catastrophic extinction 

rates since European settlement of the continent. The northern quoll is a 

carnivorous marsupial that is native to northern Australia and has undergone 

severe declines. This is due to habitat degradation by introduced herbivores 

and altered fire regimes, predation and competition with introduces carnivores 

and more recently through predating on toxic introduced cane toads. This 

species was previously classified into four subspecies, D. h. hallucatus from the 

Northern Territory, D. h. exilis from the Kimberley, WA, D. h. nesaeus from 

Groote Eylandt, NT and D. h. predator from the Cape York Peninsula, 

Queensland, but these subspecies names are not currently recognised. Recent 

molecular evidence has suggested marked distinctions between the four 

disjunct populations of northern quolls that includes the Pilbara region, WA. 

Here we re-examine the morphological variation in northern quolls utilising 

specimens from throughout the species’ known distribution. We find evidence 

for distinct morphology between some of the disjunct populations, which 

correlates with sequence data, rather than the original subspecies descriptions. 

This pattern is more apparent when comparing male specimens. Given current 

conservation management practices include translocations and cross-breeding 

programs, these findings have significant implications for the management of 

genetically and morphologically distinct populations. 
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2.2. Introduction 

The decline of Australia’s native mammal species since European 

Settlement has been well documented, with over 30 species now considered 

extinct, a further 56 meeting the IUCN Red List criteria as Threatened, and 

another 52 classified as Near Threatened (Woinarski et al., 2015). Intensified 

disturbance of the landscape by European settlers through land clearing, altered 

fire regimes, introduced plants and herbivores, and introduced predators have 

all contributed to the contraction of ranges and fragmentation of native 

mammal populations over the past 230 years (Woinarski et al., 2015). The 

isolated evolutionary history of Australian mammals has led to them being 

naïve to predation by introduced mammals, such as foxes and cats. The most 

devastating impacts have been seen in ‘critical weight range’ mammals (35 g – 

5.5 kg – preferred prey size for foxes and cats) that are also ground dwelling 

and don’t live in complex habitats that provide the opportunity for predator 

evasion (Johnson & Isaac, 2009; McKenzie et al., 2007). This naivety is also an 

issue when native predators attempt to consume a novel prey species that is 

toxic, as in the case of the cane toad (Rhinella marina) (Burnett, 1997). The cane 

toad was introduced as a biological control agent in the 1930s in Queensland. It 

has successfully colonised habitats along the east coast of Australia and has 

been steadily spreading west across the tropical north of the country, with the 

western front now in the Kimberley, WA (Pizzatto et al., 2017). Consumption of 

adult cane toads, which possess poison glands, is often fatal and is thought to 

be a primary cause of the rapid decline of several native predators, including 

the northern quoll (Dasyurus hallucatus) (Burnett, 1997; Hill & Ward, 2010; 

Woinarski et al., 2008). 

The smallest of the six species of quoll, the northern quoll, occurs in the 

arid and tropical north of Australia in disjunct populations in the Pilbara, 

Kimberley, Top End and Groote Eylandt of the Northern Territory (NT) and 

Queensland (Qld) (Figure 2.1) (Oakwood, 2008). Northern quolls are the largest 
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marsupial predator in these areas and declines in their populations due to 

eating cane toads have been significant, particularly in Kakadu National Park 

(Burbidge et al., 2012; Woinarski et al., 2011). This has led to the implementation 

of translocation of mainland animals to establish island conservation 

populations (Cardoso et al., 2009; Rankmore et al., 2008), as well as the 

experimental method of training quolls to avoid eating toads (O’Donnell et al., 

2010) and assessing the inheritance of such a trait in Queensland northern 

quolls (Kelly & Phillips, 2017). 

 
Figure 2.1: Distribution of northern quolls after Oakwood (2008), contemporary distribution in 
dark grey, historical distribution (since European settlement) in medium grey. Location of 
important island populations shown, including translocated populations onto islands in the 
Northern Territory, marked with a red asterisk. The broken line indicates Braithwaite and 
Griffiths (1994) estimated ‘pre-1900’ distribution. 

 

Northern quolls are believed to have been declining throughout their 

historical range since European settlement, well before the spread of cane toads 

across the north-west of Qld and into the NT, and these declines have been 

attributed to the degradation of habitats by cattle and predation from cats 

(Braithwaite & Griffiths, 1994; Burbidge et al., 2012). Braithwaite and Griffiths 

(1994) made the first attempt at quantifying northern quoll declines by 

comparing historical with then-present records. This resulted in a possible 75% 

reduction in the pre-1900 distribution (Figure 2.1). However, this was believed 
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to be an over-estimation of declines in WA, as there had been only two targeted 

surveys at that time, one in the north-east Kimberley and the other in the 

central-northern Pilbara, so that the lack of widespread records more likely 

reflected a lack of appropriate survey effort (How et al., 2009). Since then, 

northern quolls have been frequently captured in targeted surveys in the 

Pilbara (Cramer et al., 2016; Molloy et al., 2017), and the south-west Kimberley 

(Austin et al., 2017; Hohnen et al., 2013), and have also been detected in the east 

Kimberley (Doody et al., 2012) and Adolphus Island (Gibson & McKenzie, 

2012). Recently, a small isolated population was discovered in the Little Sandy 

Desert at Karlamilyi NP (Turpin & Bamford, 2015), where northern quolls were 

believed to be locally extinct. There is fossil evidence of northern quolls from 

caves in the Cape Range (Baynes & Jones, 1993), Barrow Island (Veth et al., 

2017) and the Montebello Islands (Manne & Veth, 2015) off the Pilbara coast, 

and in the Little Sandy desert (Baynes, 1994), indicating that the Pleistocene-

Holocene distribution is likely to have been much larger. 

Braithwaite and Griffiths (1994) postulated that northern quolls once 

occupied a continuous distribution at the time of European settlement from 

West Cape (WA) to south-east Queensland. However, there have been no fossil, 

or modern records of northern quolls from the Great Sandy Desert between the 

Pilbara and Kimberley, suggesting that this split may not have been so recent 

(Morton & Baynes, 1985). Most recent distribution maps of northern quoll have 

suggested a pre-European settlement range from the Kimberley to Qld (Figure 

2.1). Other studies conducted on the phylogeography of northern Australian 

fauna and flora suggest that strong biogeographic breaks are present between 

the Pilbara and Kimberley (Great Sandy Desert), between the Kimberley and 

NT (several different biogeographic barriers exist in this area) and in the gulf of 

Carpentaria between the NT and the Cape York Peninsula (Edwards et al., 

2017).  



Chapter 2 – Biogeography and morphology of D. hallucatus 

23 
 

Northern quolls, are the sister clade to all other quoll species, and are 

thought to have shared a common ancestor with all quolls approximately 11 

Mya (Westerman et al., 2016). They were previously classified into the 

monotypic genus Satanellus by Pocock (1926), who also classified each of the 

other currently recognised species of quoll into their own separate genera. 

However, Satanellus was the only one later recognised by other authors (Archer, 

1982; Tate, 1947) due to the retention of plesiomorphic characters, including an 

enlarged hallux and completely striated footpads, suggesting a more arboreal 

lifestyle, as well as dental characters and penis morphology. The genus name 

Satanellus is not currently recognised as it is thought to have little taxonomic 

benefit (Burbidge et al., 2012; Woolley et al., 2015). 

Gould, (1842) described Dasyurus hallucatus from two specimens 

collected from Port Essington, NT. Thomas (1909, 1926) later described three 

subspecies, D. h. exilis (from the Kimberley, Figure 2.2), D. h. predator (Cape 

York Peninsula, Qld) and D. h. nesaeus (Groote Eylandt, NT), with the D. 

hallucatus named by Gould from NT into central Qld as the type subspecies. As 

with many early descriptions they are brief and based mostly on relative size of 

the specimens and on width of the skull at the nasals. Thomas (1926) did not 

examine many specimens for each of these subspecies and did not have access 

to any specimens from the Pilbara. Tate (1947) reviewed the morphology of the 

type specimens, along with important collections from far-north Qld at the 

American Museum of Natural History, and could not find any “important 

differences between the skulls of the four races” leading him to postulate that 

the marked difference in size in Thomas’s types were due to age and sex with 

D. h. hallucatus being a female and D. h. nesaeus being a young male. He also 

stated that the marked size difference in D. h. predator and others would need to 

be reassessed when more specimens were available. However, Tate (1947) 

focused on a small number of dental characters, namely the morphology of 

incisors and premolars, which tend to be morphologically conserved in 
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dasyurids (Archer & Clayton, 1984), and did not physically examine all the type 

material (only photographs of them). Tate (1947) also did not examine any 

Pilbara specimens, the first specimens from that region were collected in 1929 

and 1932 and retained at the WA Museum. His work was primarily about 

addressing the deeper phylogenetic relationships among dasyurid genera 

rather than variation within Dasyurus hallucatus.  

 
Figure 2.2: The collection locations of specimens examined by Thomas (1909, 1926) used in the 
subspecies descriptions. Red asterisks show the locations of the type specimens. Dotted lines 
indicate the subspecies distributions according to Thomas (1926). Note the absence of Pilbara 
material. 

 

Several molecular studies have found that each of the northern quoll 

populations in the Pilbara, Kimberley, Top End, and Qld are genetically distinct 

(Hohnen et al., 2016; How et al., 2009; Spencer et al., 2017; Woolley et al., 2015). 

This genetic structuring has implications for the interpretation of the present 

and past distributions of northern quolls as well as the translocation of animals 

as part of conservation efforts to mitigate further population declines. A recent 

phylogeny of Dasyurus has shown that Pilbara northern quolls are a sister clade 

to the other populations, implying they have been separated from the three 

populations in the north of the continent for a much longer period of time 

(Woolley et al., 2015). Several authors have mentioned that these genetic 

divergences need to be investigated further, particularly given that they 
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occurred earlier than those divergences identified within some other species of 

Dasyurus (Burbidge et al., 2012; Jackson & Groves, 2015; Woolley et al., 2015). 

Woolley et al. (2015) found support for three of Thomas’ (1926) subspecies, D. h. 

hallucatus, D. h. predator and D. h. exilis, and found that Groote Eylandt samples 

(D. h. nesaeus) nested within D. h. hallucatus. None of the four subspecies are 

currently recognised (Burbidge et al., 2012). 

This study reappraises the morphological and geographic variation in 

the northern quoll, using many more museum specimens and all available 

literature records. We also evaluate the sub-specific structure within the taxon, 

with reference to Thomas’ (1926) subspecies classification, the molecular clades 

described by Woolley et al. (2015), and Tate’s (1947) hypothesis of no 

subspecies. We also interpret the species distribution in light of known 

biogeographic barriers in the north of Australia. Our findings are discussed 

with reference to emerging molecular studies on this species and comparative 

phylogeographic trends for other species across the north of Australia.  

 

2.3. Methods 

 

2.3.1. Assessing distribution 

To assess the modern distribution of northern quolls locality data from 

specimens held in Australian and international museums was obtained from 

the Atlas of Living Australia (ALA), Online Zoological Collections of Australian 

Museums (OZCAM), WA Museum (WAM) tissue databases, Department of 

Biodiversity and Attractions (DBCA) Naturemap (naturemap.dpaw.wa.gov.au), 

various international museum online databases, as well as physically 

examining the locality information written on specimen labels held at the 

Natural History Museum, London (NHMUK). These data were grouped by 

type of record (i.e. observation or museum voucher specimen) and outliers 
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were screened for accuracy, particularly in the case of observation records (see 

Supplementary Material). These data were mapped using the program QGIS, 

and gaps in the distribution were compared with potential biogeographic 

breaks in northern Australia that have been reported for a wide range of other 

taxa (Edwards et al., 2017). 

 

2.3.2. Morphological variation 

To assess the morphological variation within northern quoll populations 

we examined specimens from a range of Australian and international 

institutions. Specimens examined were from the Western Australian Museum, 

Perth (prefix WAM M), the Museum and Art Gallery of the Northern Territory, 

Darwin and Alice Springs (MAGNT U), the South Australian Museum, 

Adelaide (SAMA M), the Australian National Wildlife Collection, Canberra 

(ANWC), the Queensland Museum, Brisbane (QM J or JM), which included two 

paratype specimens, and the Natural History Museum, London, UK (NHMUK) 

including the holotype specimens. Additional specimens collected from Groote 

Eylandt, NT were examined at the School of Biological Sciences, University of 

Queensland, Brisbane (UQ). 

External measurements on wet preserved specimens were taken using 

digital Vernier callipers (mm) and include: head length from tip of the rostrum 

to nuchal crest, ear length, long pes from the base of heel to the tip of toes with 

foot stretched out to greatest possible extent, and length of the hallux from the 

inside to tip. The latter has been found to be a useful character in discriminating 

between Dasyurinae species (S. Gomez, pers. comm.). The head-vent length and 

tail length were measured using a 40 cm clear ruler. Due to the quality of 

preserved specimens, the ability to obtain an accurate head-vent measurement 

was not always possible and was excluded in some specimens. External 

measurements recorded on museum specimen labels and electronic specimen 
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databases were examined, and though these data were less consistent than my 

measurements, we included the information for skeletal specimens that did not 

have complete bodies to be measured in this study. This was important to 

increase the data available for the NT population as we were only able to 

directly measure two wet specimens from this population. To ensure only 

mature adults were included in the analyses, age and sexual maturity were 

determined by the development of the pouch (including number of teats), size 

of testes and checked against the collection date. Since northern quolls have 

clearly defined breeding seasons it is possible to identify young and sub-adult 

specimens from the collection date (How et al., 2009). Post-mating body 

condition changes in males were recorded, such as lesions on the feet, hair and 

weight loss, resulting from immunosuppression from semelparity (Oakwood et 

al., 2001). Morphology of the footpads was examined for possible variation (as 

there is distinct morphology between the five species of Dasyurus, Pocock, 

1926). Skin and wet specimens were also examined for qualitative differences in 

the colour of pelage, spot size and numerousness, presence of spots on the tail, 

darkness and overall ‘bushiness’ of the tail. 

All cranial and dental measurements were taken with digital Vernier 

callipers, and measurements and terminology follow Aplin et al., (2010) and 

Travouillon (2016), with additional measurements adapted from Aplin et al., 

(2015) (Figure 2.3; Table 2.1). Where possible, only complete skulls were 

measured, but some partial skulls from WA island localities were also included. 

We did not include measurements of the incisors and canines due to the 

frequent loss of these teeth in some specimens. Age of skeletal specimens was 

determined by the degree of dental wear, as teeth are worn down as the animal 

ages, and the date of collection for specimens with little dental wear was 

checked to ensure they were not subadults recruiting into the population. A 

total of 28 dental and 40 cranial measurements were taken on each skull, 

depending on completeness (Figure 2.3; Table 2.1). 
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 2.3.3. Data analysis 

In order to test levels of intraspecific variation within quoll populations 

we grouped specimens according to the three hypotheses, i.e. Thomas (1926) 

subspecies, the molecular hypotheses following Woolley et al. (2015), where 

each mainland population is distinct, and no significant variation between the 

populations as observed by Tate (1947). The groups according to Thomas (1926) 

were D. h. exilis from the Kimberley, D. h. hallucatus from mainland NT and into 

central Qld, D. h. nesaeus from Groote Eylandt (excluded from model due to 

sample size of n = 1) and D. h. predator from the Cape York Peninsula (CYP) 

north of an area around Cooktown. We also included Pilbara specimens in this 

analysis though Thomas had no access to material from there. There was 

uncertainty in assigning specimens between Cooktown and Inkerman to either 

Thomas’s D. h. hallucatus or D. h. predator as there were no specimens from this 

area available at the time for him to examine. We assigned them to D. h. predator 

due to being on the CYP and being closer to the Cooktown specimens than the 

Inkerman specimens. To test if morphological variation matched the molecular 

clades proposed by Woolley et al. (2015), we grouped specimens into Pilbara, 

Kimberley, NT or Qld.  

As we were interested primarily in testing the differences in the 

mainland populations we did not include island specimens in the analysis on 

either cranial and skull datasets, which also had much lower small sample sizes, 

this included skull specimens from Groote Eylandt as only one available to be 

measured. Island dwarfism has previously been reported for WA populations 

(How et al., 2009) and the degree of dwarfism and sexual dimorphism on 

islands is related to the permanency of sea channels between the island and 

mainland. The differences in the raw means for these specimens is reported in 

the Supplementary Material. 
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We examined the cranial, dental and external datasets separately. We 

used many more dental measurements than are usually included in cranial 

morphometric studies as they have been found to be diagnostic in other 

marsupial species (Travouillon, 2016). We did not analyse dental and cranial 

characters together in order to test the usefulness of these characters and 

because Tate (1947) primarily looked at dentition and did not find this 

informative in discriminating between the subspecies. Most of the external 

measurements were taken on different individuals than the cranial 

measurements so these necessarily were kept separate. All three datasets were 

scaled by subtracting the mean and dividing by 1 s.d. for each measurement to 

remove the effect of larger measurements driving patterns in the analysis as the 

length of some measurements such as total skull length (onl) were much greater 

than others such as anterior width of nasals (anw). 

To test the hypotheses statistically we used several multivariate analyses 

which were performed in the program ‘PAST 3.0’ (Hammer et al., 2001). The 

scaled data was first run in an unconstrained Principal Component Analysis 

(PCA) to visualise the data with samples coloured according to population and 

sex. As sexual dimorphism has previously been widely reported for D. 

hallucatus populations (Begg, 1981; Braithwaite & Griffiths, 1994; Schmitt et al., 

1989), we included sex as a factor along with the population grouping 

according to subspecies or molecular hypotheses in the following analysis. We 

ran two-way non-parametric Multivariate Analysis of Variance (PERMANOVA) 

on the two population scenarios with sex as a factor. We used PERMANOVA 

instead of MANOVA due to the large number of measurement variables as this 

first analysis is able to handle more variables than samples (Anderson 2001) 

and the MANOVA tests failed when we included the entire dataset, due to the 

small sample size for some groups. We compared the three models (Thomas, 

Woolley and Tate) statistically using an AIC comparison approach, and then 

ran subsequent analysis on the most suitable model. To identify which 
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particular measurements were important for discriminating between the 

statistically significant population groupings we ran Discriminant analysis, also 

called Canonical Variate Analysis (CVA). The variation in the raw data for the 

measurements that contributed more to discriminating between the groupings 

are shown in the Supplementary Material, as well as the mean ± s.d. for each 

measurement by sex and population. 

External measurement data are useful to distinguish between species in 

the field and body weight/ hind-foot length is commonly reported as a measure 

of overall body size and condition in wild populations of marsupials. We found 

weight data in museum databases to be too inconsistent to include in our 

analysis, so instead examined variation in hind-foot, head-body and head 

length between the four populations by sex. These data are reported in the 

supplementary material along with the mean ± s.d. for all external measured. 
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Table 2.1: Abbreviations used in tables, figures and in the text adapted from (Aplin et al., 2010, 
2015; Travouillon, 2016). 

aIL length of anterior upper incisor series (I1-
4), measured at crown bases 

M1-4L length of M1-4, measured at crown 

apl length of incisive (anterior palatal) 
foramen 

M1-
4W 

width of M1-4, measured at crown 

anw combined anterior width of the nasal 
bones 

mf mental foramen 

apw combined width across the paired 
anterior palatal foramina 

mw maximum width across braincase 

bcl condylobasal length nl maximum length of nasal bone 

bh height of bullae nps length of sutural contact between nasal 
bone and premaxilla 

biw inside bullae width onl greatest skull length 
(occipitopremaxillary length) 

bl length of bullae oP3 palatal width, measured across 
posterobuccal corner of each P3 

bol length of basioccipital bone p2-3L length of p2-3, measured at crown 

bow outer bullae width p2-3W width of p2-3, measured at crown 

bsl length of basisphenoid bone P2-3L length of P2-3, measured at crown 

bw width of bullae P2-3W width of P2-3, measured at crown 

ctl length of cheektooth series (premolars + 
molars) 

paw palatal width across M3, measured 
across outer surface of M3 

cctl length of cheektooth series (canine + 
premolars + molars) 

pnw combined posterior width of the nasal 
bones, measured at intersection with 

cw combined width of occipital condyles pow width across outside of paroccipital 
process 

fs length of midline suture of frontal ppl length of maxillopalatine fenestra 

lct combined length of lower tooth series (i1-
m4), measured at crowns 

ppw maximum width across postorbital ridge 

iow width of greatest constriction of 
orbitotemporal fossa 

rwc anterior rostral width, measured across 
outer surface of each canine 

lmr combined length of lower molar series 
(m1-4), measured at crowns 

rwi posterior rostral width, measured across 
medial surface of each infraorbital 

lpr combined length of lower premolar series 
(p1-3), measured at crowns 

rwl posterior rostral width, measured from 
each lacrimal foramina 

jh height of jaw measured between m2 and 
m3 

uML combined length of M1-3, measured at 
crowns 

jl length of jaw, from anterior most point of 
dentary (excluding incisors) to condyle 

uMR combined length of M1-4, measured at 
crowns 

m1-4L length of m1-4, measured at crown uPR combined length of upper premolar 
series (P2-3), measured at crowns 

m1-
4AW 

width of m1-4, measured at crown across 
trigonid 

zw maximum width of cranium, measured 
across zygomatic arches 

m1-
4PW 

width of m1-4, measured at crown across 
talonid 
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Figure 2.3: Cranial measurements taken on northern quoll skulls in this study. 

 

2.3.4. Evidence of morphological subspecies in Thomas (1926) 

Thomas (1909, 1926) described various aspects of the external and cranial 

morphology of the four subspecies, though only included the size of the type 

specimens rather than type series, and not all characters were listed for each 

group. Generally, D. h. predator was considered to be the largest and darkest of 

the four subspecies, D. h. nesaeus was notably smaller and had less brushed tail 

than the mainland counterparts, and D. h. exilis was the smallest and palest of 

the subspecies (Table 2.2; Figure 2.4). Of the skull, he noted posterior width of 

the nasals to be an important defining character, largest in D. h. predator and 

narrow in D. h. exilis and D. h. nesaeus. The largest skulls examined were in the 

D. h. predator series collected from the tip of Cape York Peninsula. 
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Table 2.2: Summary of the differences in the four northern quoll subspecies as described in 
Thomas (1909, 1926) terminology transcribed verbatim. 

Subspecies Character 

 
size colour tail skull 

hallucatus 
fairly 
large 

general colour of medium 
intensity 

long, of medium 
bushiness, its terminal half 
above blackish brown, the 
proximal half drabby 

nasals comparatively 
little expanded behind, 
their posterior breadth 
rarely exceeding 9 mm 

predator rather 
larger 

ground colour darker 

long, more bushy, and 
very dark brown or black 
for its terminal three-
fourths, only the base 
being drabby 

nasals more expanded 
behind, their posterior 
breadth often attaining 
12 mm 

exilis smaller 

paler than hallucatus, 
ground colour very pale. 
Spots very numerous and 
less well-defined. Ears, 
sides of neck, under surface, 
and upper sides of hands 
and feet white or whitish 

thinner and less heavily 
pencilled, upper side 
slightly grizzled drabby 
for three-fourths. With but 
little terminal dark colour, 
this being brown, not black 

small, with broadly 
expanded zygomata and 
narrow nasals. Teeth 
distinctly smaller than 
hallucatus 

nesaeus small 

dark, but the sides are pale, 
more strongly contrasted 
than usual. Crown dark 
with white spots between 
ears. Muzzle, forelimbs hind 
feet, and sides of neck 
drabby. Under surface 
drabby whitish 

decidedly shorter than in 
other forms, both actually 
and proportionally; 
comparatively short 
haired, not bushy; its basal 
three-fifths above drab, the 
end whole under surface 
black 

small, comparatively 
narrow, but little 
expanded posteriorly. 
Postorbital projections 
little salient. Bullae of 
medium size. Teeth 
proportionally rather 
large 

 

 
Table 2.3: Measurements, in mm, taken by Thomas (1909, 1926) on the skulls of the subspecies 
type specimens 

 

basal 
length (bcl) 

greatest 
breadth 
(zw) 

nasal 
length 
(nl) 

combined 
length of 
M1-3 
(uML) 

posterior 
nasal 
breadth 
(pnw) 

hallucatus  ♀ 
- - - - 

rarely 
exceeding 9 

predator     ♂ 

68.5 
(largest is 

72) 
41.5 24 - 

11 (often 
attaining 12) 

exilis          ♂ 58 39 - 11.6 - 

nesaeus      ♂ 61 35 22 13 9 
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Figure 2.4: Dorsal view of the four subspecies type specimens. A) Dasyurus hallucatus hallucatus 
NHMUK 1842.5.26.16, B) D. h. exilis NHMUK 1909.4.23.8, C) D. h. predator NHMUK 1915.3.5.77, 
D) D. h. nesaeus NHMUK 1926.3.11.125. 

 

The measurements Thomas took of the type skulls indicate that D. h. 

predator is the largest subspecies, although no measurements from any D. h. 

hallucatus specimens were included in the description, except for the statement 

that the posterior breadth of nasals was usually less than 9 mm. The D. h. 

hallucatus specimens that Thomas examined were collected in February, May, 
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June, July, October and November, D. h. nesaeus in March, and D. h. predator 

January, July, August and September, and D. h. exilis September. 

2.4. Results 

 

2.4.1. Distribution and biogeography 

The map of combined museum voucher and observation distribution 

records of northern quolls exhibit several gaps (Figure 2.5). From west-east the 

first occurs between the Pilbara and Kimberley in the Great Sandy Desert, there 

are then three possible gaps between the west-Kimberley and Top End of the 

NT, with some isolated samples in the east-Kimberley and near the Victoria 

River in the western Top End. In the eastern NT there is a gap in the records in 

the Central Arnhem region and a large gap between the NT and eastern 

Queensland over the Carpentaria. In Queensland there are two distinct gaps on 

the CYP, one that separates records at the very northern tip with those further 

south and another that occurs just south of Cape Melville.  

 
Figure 2.5: The distribution of northern quolls based on museum vouchers (black diamonds), 
observation records (blue circles) and recent (< 10kyr) fossil sites in WA (red crosses). The 
location of known biogeographic breaks for other taxonomic groups which also match gaps in 
the northern quoll distribution are shown. 1. Great Sandy Desert, 2. East-West Kimberley 
Divide, 3. Ord Arid Intrusion, 4. Victoria River/Daly River Drainage Barrier, 5. Central Arnhem, 
6. Carpentaria, 7. Northern CYP and 8. Torresian. 
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2.4.2. Qualitative descriptive variation in external anatomy 

A total of 179 wet specimens were examined in this study from the 

NHMUK, QM, WAM, SAMA, MAGNT, ANWC and UQ. We found that the 

size of spots was extremely variable as was the presence of spots on the face of 

specimens. The presence of one or more spots on the tail occurred in 10% of wet 

specimens examined, and these usually occurred on the base of the tail but 

could also be present as far as half-way down. Foot-pad morphology was 

extremely conserved throughout the specimens examined, with the exception of 

occasional fusion of the two post-haluccal pads, which was observed in 

specimens from Kimberley Islands, Dolphin Island, Qld, Pilbara and Groote 

Island. The tail was noticeably bicoloured laterally for the proximal portion, 

such that it is darker underneath and paler above and a distinct line between 

these two can be seen on the side. The strength of this bicolour pattern varied a 

lot between specimens. The darkness of the upper coat appeared to vary 

depending on the age of specimens, younger ones were often darker, and the 

moult that the animals were going through. Hair loss due to 

immunosuppression following mating in males can also drastically alter the 

appearance of the coat colour. Signs of post mating immunosuppression were 

seen in male specimens collected during June (Hidden Island, Kimberley), July 

(Pilbara), August (Kimberley), September (Groote Eylandt) and November 

(Koolan Island). These signs included, hair loss and overall body condition loss 

– thin tails and lesions on the fore and hind feet. Females usually had eight 

teats, although some Pilbara females had six or seven teats, and all Dolphin 

Island females examined only had six teats. 

We could not detect any marked difference in the pelage between NT 

and Qld animals, and there was a high degree of variation in the size and 

number of spots present. However, WA animals are paler, in particular those 

from the Pilbara.  
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2.4.3. Morphological variation - cranial 

The unconstrained PCA on the cranial dataset showed principal 

component 1 explained 58.63% of the variation in the data, principally 

separating Pilbara (orange) and Kimberley (green) individuals to the left of PC1 

from Qld (magenta) and NT (blue) specimens to the right of PC1, and principal 

component 2 explained 9.04% of the variation, principally separating females 

(circles) from males (triangles) within population groupings along PC2 (Figure 

2.6). PC1 The five trait variables that were most highly correlated with sample 

scores on PC1 were condylobasal length (bcl, r = 0.206), jaw length (JL, r = 

0.204), greatest skull length (onl, r = 0.203), posterior rostral width between each 

infraorbital foramen (rwi, r = 0.197), and posterior rostral width between each 

lacrimal foramen (rwl, r = 0.194) (see Supplementary Material). The PC1 axis 

indicates an increase in skull size from the left to right.  

The PERMANOVA results for the three different hypotheses showed that 

grouping the samples according to the molecular model of Woolley et al. (2015) 

was the best way to explain the variation in the data (Table 2.4). There was no 

significant interaction between sex and subspecies (p = 0.999) or between sex 

and molecular population (p = 0.997).  

 

Table 2.4: Comparison of the three models, Woolley, Thomas and Tate. Number of parameters 
(k), residual sum of squares (RSS), residual degrees of freedom (d.f.), and Akaike Weight (w) 

Model 
name k RSS d.f. AIC ∆AIC w 

Woolley 
model 7 1804 92 584.31 0.0 0.956 

Thomas 
model 7 1920 92 590.48 6.17 0.044 

Tate 
model 1 3065 98 624.78 40.47 < 0.0001 
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Figure 2.6 : Unconstrained PCA on scaled cranial dataset for males (triangles) and females 
(circles) four northern quoll populations. Blue - NT, Orange - Pilbara, Green - Kimberley and 
magenta – Qld. Holotype specimens indicated by asterisks. 

 

The pairwise comparisons between each molecular population, split into 

the two sexes showed that Pilbara, NT and Qld males are the most significantly 

different to all other groups, and that Kimberley females are similar to Pilbara 

and Qld females and Kimberley males, Pilbara females are similar to Qld 

females and Kimberley males, and Qld and NT females are similar (Table 2.5). 

The CVA on the cranial dataset grouped by the four regions these groupings 

showed that CV axis 1 explained 48.36% of the variation in the data 

discriminating NT males to the right, and CV axis 2 explained 28.94 % of the 

variation discriminating Pilbara males. The five trait variables that were most 

highly correlated with sample scores on CVA axis 1 were jaw length (JL, r = 
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0.280), condylobasal length (bcl, r = 0.267), greatest skull length (onl, r = 0.266), 

palatal width across M3 (paw, r = 0.265) and posterior rostral width between 

each infraorbital foramen (rwi, 0.261). The five trait variables that were most 

highly correlated with sample scores on CVA axis 2 were length of lower molar 

series (Imr, r = 0.179), length of upper molar row (uMR, r = 0.174), width of 

greatest constriction of orbitotemporal fossa (iow, r = 0.166), length of upper M1-

3 (uML, r = 0.165) and length of upper cheek-tooth series (ctl, r = 0.110) (plots of 

these key variables are shown in the Supplementary Material). The trait that 

contributed the least to the PCA and CVA axis 1 loadings was the size of the 

mental foramen (fm). 

While the overall skull size of the Groote Eylandt individual measured 

was smaller than the NT mainland counterparts, the combined length of the 

molar tooth rows (uPR, uMR and uML) were most similar to the NT 

population, and larger than the other three mainland populations 

(Supplementary Material Table 2.12). 

 

Table 2.5: PERMANOVA pairwise significance values for the cranial dataset of males and females 
from each population of northern quoll. Significant Bonferroni corrected p values are shown in 
bold font. 

  
Pilbara Kimberley NT Qld 

  
♀ ♂ ♀ ♂ ♀ ♂ ♀ ♂ 

Pilbara 
♀ -        

♂ 0.0028 -       

Kimberley 
♀ 0.999 0.0028 -      

♂ 0.112 0.0224 0.0672 -     

NT 
♀ 0.0028 0.0028 0.0028 0.0056 -    

♂ 0.0028 0.0028 0.0028 0.0028 0.0028 -   

Qld 
♀ 0.3276 0.0028 0.1428 0.999 0.999 0.0028 -  

♂ 0.0028 0.0028 0.0028 0.0112 0.0028 0.0028 0.0112 - 
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Figure 2.7: CVA plot on scaled cranial dataset for males (triangles) and females (circles) four 
northern quoll populations. Blue - NT, Orange - Pilbara, Green - Kimberley and magenta – Qld. 
Holotype specimens indicated by asterisks.  

 

2.4.4. Morphological variation - dental 

The unconstrained PCA on scaled dental measurements showed 

principal component 1 explained 41.2% of the variation in the data principally 

separating Pilbara (orange) and Kimberley (green) individuals to the left of PC1 

from Qld (magenta) and NT (blue) specimens to the right of PC1, and principal 

component 2 explained 7.6% of the variation (Figure 2.8). The five trait variables 

that were most highly correlated with sample scores on PC1 were the width of 

the lower first (m1PW, r = 0.229), second (m2PW, r = 0.247) and third molars 
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(m3AW, r = 0.244, m3PW, r = 0.226) and the length of lower third premolar 

(p3L, r = 0.238).  

 

 
Figure 2.8: Unconstrained PCA plot on scaled dental dataset for males (triangles) and females 
(circles) four northern quoll populations. Blue - NT, Orange - Pilbara, Green - Kimberley and 
magenta - Qld 

 

The two-way PERMANOVA between population and sex showed no 

significant interaction (p = 0.825) and the pairwise comparisons showed that 

Pilbara males and NT males were the most different from the other groups, and 

the females from each population are most similar to each other (Table 2.6). The 

CVA showed that CVA axis 1 explained 48% of the variation in the data and 

CVA axis 2 explained 21% of the variation. The five trait variables that were 
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most highly correlated with sample scores on axis 1 were width of the first 

(M1W) and second (M2W) upper molars, length of upper (P3L) and lower (p3L) 

third premolar and width of the second lower molar (m2PW). 

Table 2.6: PERMANOVA pairwise significance values for the dental dataset of males and females 
from each population of northern quoll. Significant Bonferroni corrected p values are shown in 
bold font. 

  
Pilbara Kimberley NT Qld 

  
♀ ♂ ♀ ♂ ♀ ♂ ♀ ♂ 

Pilbara 
♀ -        

♂ 0.0056 -       

Kimberley 
♀ 0.7644 0.0028 -      

♂ 0.0896 0.0028 0.999 -     

NT 
♀ 0.0028 0.0028 0.0028 0.0084 -    

♂ 0.0028 0.0028 0.0028 0.0028 0.999 -   

Qld 
♀ 0.0224 0.0028 0.042 0.378 0.336 0.0028 -  

♂ 0.0028 0.0028 0.0028 0.0028 0.2716 0.028 0.3472 - 
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Figure 2.9: CVA plot on scaled dental dataset for males (triangles) and females (circles) four 
northern quoll populations. Blue - NT, Orange - Pilbara, Green - Kimberley and magenta - Qld 
 

2.4.5. Morphological variation – external 

The PERMANOVA tests on the external data showed significant differences 

between all of the pairwise comparisons except between the Kimberley male 

and Qld females, NT females and Pilbara males, and NT females and Qld males 

(Table 2.7). 
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Table 2.7: PERMANOVA pairwise significance values for the external dataset of males and 
females from each population of northern quoll. Significant Bonferroni corrected p values are 
shown in bold font. 

  
Pilbara Kimberley NT Qld 

  
♀ ♂ ♀ ♂ ♀ ♂ ♀ ♂ 

Pilbara 
♀ -        

♂ 0.0028 -       

Kimberley 
♀ 0.0364 0.0028 -      

♂ 0.014 0.1372 0.0028 -     

NT 
♀ 0.0028 0.999 0.0028 0.0028 -    

♂ 0.0028 0.014 0.0028 0.0028 0.0644 -   

Qld 
♀ 0.21 0.7224 0.0028 0.999 0.042 0.0056 -  

♂ 0.0028 0.6048 0.0028 0.0084 0.999 0.5768 0.9128 - 

 
 

 
Figure 2.30: Head-body length data for males and females from the four mainland populations, 
Pilbara (Pil), Kimberley (Kim), NT and Qld, and from Dolphin Island (DI), Kimberley Islands 
(KI) and Groote Eylandt (GE). 
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Figure 2.41: Hind-foot length data for males and females from the four mainland populations, 
Pilbara (Pil), Kimberley (Kim), NT and Qld, and from Dolphin Island (DI), Kimberley Islands 
(KI) and Groote Eylandt (GE). 

 

2.5. Discussion 

In this study, we have examined a wider range of northern quoll 

specimens for morphological variation than in any previous study. We can now 

show, based on a far more comprehensive dataset of the distribution and 

morphology of northern quolls, that Thomas’ (1926) series for D. h. hallucatus 

does not correlate with the clear geographic breaks in their distribution across 

the Carpentaria Gap. Our morphological analysis show that the molecular 

model of Woolley et al., (2015) is the best explanation for the observed variation 

in northern quoll morphology, over the original subspecies classification and 
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Tates’ (1947) hypothesis of now clear morphological differences. Our 

measurements showed significant size differences between the four mainland 

populations that are more apparent for male specimens than female specimens. 

We discuss these results in reference to the literature on northern quoll declines 

and timing of population separation, and conclude that it is likely that the four 

populations were disjunct well before the arrival of Europeans ~200 years ago. 

 

2.5.1. Biogeography of northern quolls 

The disjunct distribution of northern quoll populations aligns to well 

established biogeographic breaks that also serve to divide the major sandstone 

uplands in northern Australia (Bowman et al., 2010). The largest of these 

disjunctions occur in the Great Sandy Desert in north-west WA, separating the 

Pilbara and Kimberley biogeographic regions, and the Carpentaria Gap, a vast 

area of low-lying clay plains between the NT and eastern Qld (Bowman et al., 

2010). The gaps present in the Kimberley-NT parts of the distribution are less 

obvious, but there are some that do align well with known biogeographic 

breaks in other taxa. There appears to be an east-west Kimberley break, which 

has also been reported for rock wallabies (Potter et al., 2012), but in this case 

could reflect sparse sampling. East of this is a gap that is located near the WA-

NT border and aligns to the Ord Arid Intrusion while the third gap in this area 

could be aligned to either the Victoria or the Dally River barriers (Eldridge et al., 

2011). In the NT there is a gap in the records that occurs in Central Arnhemland 

separating records in the north-west and the south-east of the Top End. This 

could relate to lack of sampling effort as there are no previously described 

biogeographic breaks known from this area (Edwards et al., 2017). In 

Queensland, there is a gap in the records just south of the tip of the CYP, and a 

further small gap south of Cape Melville which is known as the Torresian 

Barrier (Edwards et al., 2017). It has been postulated that due to isolated records 



Chapter 2 – Biogeography and morphology of D. hallucatus 

47 
 

of northern quolls on the fringes of their present distribution (e.g. Alexandria in 

the NT) that their distribution was once much larger and continuous from the 

Pilbara in WA to eastern Qld (Braithwaite & Griffiths, 1994). However, we 

believe that these isolated populations likely represent refugial habitats for 

relictual northern quoll populations occurring in the more arid and seasonally 

variable parts of their species range. They are likely remnants of a much 

broader distribution that pre-dates the arrival of European settlement and are 

the result of increasing aridity during the Pleistocene fragmenting suitable 

habitat for this species. Such a hypothesis can be tested by the molecular studies 

currently being undertaken. 

Environmental change during the Pleistocene has driven intraspecific 

variation, and separated populations of many species that are not well adapted 

to sandy and seasonally unreliable environments (Byrne et al., 2008). This has 

resulted in a high degree of endemism in the Pilbara region in WA, an area that 

contains a multitude of rocky habitats surrounded by sand dunes to the north 

and east, and that has relatively reliable precipitation due to seasonal cyclonic 

rains (McKenzie et al., 2009). It has been hypothesised that mesic-

adapted/preferring species that require climactically stable and wetter habitats 

have persisted in the Pilbara refugium (Byrne et al., 2008; Pepper et al., 2013), 

and is the reason why several endemic mammal species only occur in the 

Pilbara (Gibson & McKenzie, 2009). This also includes the disjunct population 

of northern quolls, which do not occur in the longitudinal dune systems of the 

Great Sandy Desert to the north. These dune systems formed during low 

precipitation glacial cycles of the Pleistocene and have been dated to 200-300 

kya (Fujioka & Chappell, 2010). It is possible that this could also indicate a 

likely time that the Pilbara and Kimberley northern quoll populations were last 

continuous through this area. There are fossil records of northern quolls from 

Cape Range and Barrow Island, where they are now extinct, which show that 

their distribution was once larger, likely when Barrow Island was last in contact 
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with the mainland some 7-8 kya (Lewis et al., 2013). It is unknown whether 

northern quolls were able to disperse along the less arid coastline between the 

Pilbara and Kimberley, which was larger during lower sea levels of the last 

glacial maxima (before 18-20kya; Williams et al., 1998). However, dispersal 

inland would have been prevented as dune systems became more extensive 

during the late Pleistocene. 

The smaller gap in northern quoll distribution between the Kimberley 

and NT, aligns with the Ord Arid Intrusion, an area of more arid lowland 

habitat that has long been implicated as a distributional break in species 

preferring the wetter habitats on either side (Bowman et al., 2010; Eldridge et al., 

2011). The area that separates the Kimberley and Top End has been found to 

contain multiple different biogeographic barriers that also influenced the 

distribution of genetic diversity in rock wallabies (Petrogale brachyotis group) 

that are restricted to sandstone habitats throughout this area (Potter et al., 2012). 

Northern quolls are not as restricted to rocky habitats as Petrogale species, as 

they can also occupy lower-lying savannah habitats and likely have greater 

dispersal abilities, but the marked morphological difference we observed 

between Kimberley and NT populations suggests this area is also an important 

barrier to dispersal. An assessment of the genetic variation of northern quoll 

populations on either side of this barrier, expanding the current available 

sequence data to use east Kimberley samples, would also shed light on the 

timing of the population sub-division. This timing could then be compared to 

Petrogale brachyotis, where estimates from molecular data range from 0.4-0.49 

Mya (Potter et al., 2012). Other dasyurid species shown to have strong 

intraspecific genetic differentiation across this area are Pseudantechinus ningbing 

(Umbrello et al., 2017), and Planigale maculata species complex (Westerman et al., 

2016).  

The third major gap in northern quoll records is across the Carpentaria 

Gap. This is also a well-known biogeographic barrier for a range of species 
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resulting from the discontinuity of the monsoonal tropics habitat through this 

area (Bowman et al., 2010; Catullo et al., 2014; Wadley et al., 2016). With the 

exception of an unidentified, undated cave specimen of Dasyurus from the 

Boodjamullah National Park, situated near the border of NT and Qld (White & 

Mason, 2011), there have been no modern records of northern quolls from the 

Carpentaria area. Therefore, we propose it is unlikely that Thomas’ D. h. 

hallucatus would have occurred from the Top End continuously through into 

‘central Qld’, but rather was restricted to NT.  

There are multiple biogeographic breaks, such as the Normanby Basin, 

Torresian Barrier and Black Mountain Corridor identified in tropical northern 

Qld (Edwards et al., 2017) that could explain why Thomas observed such stark 

differences in the morphology between northern and central Qld specimens. 

However, these observations were based on few records collected over a variety 

of months and with our larger dataset, confined just to adults we fail to 

distinguish between the northern and southern Qld specimens. Molecular data 

would help to elucidate the role of any biogeographic breaks in this area. 

 

2.5.2. Morphological variation/subspecies 

Our morphological results are in conflict with Thomas (1926) subspecies 

descriptions in several instances. We have found that NT animals are the largest 

of the four disjunct populations, rather than from northern Qld as proposed by 

Thomas (1926), therefore we do not support D. h. predator as it was described. 

We also do not observe any marked difference in the diagnostic pelage between 

NT and Qld specimens. While they were found to be reasonably dark in 

colouration, the extent of dark hairs on the tail is not consistent and there are 

cases of individuals with paler tails in contrast with Thomas’ descriptions. 

Similarly, the amount of bushiness of the tail tip varies substantially and 

appears less bushy in immature individuals, first proposed by Tate (1947). 
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Specimens from the Kimberley are often paler, although they can also be quite 

dark, while individuals from the Pilbara tend to be lighter than those in the 

east. Therefore, we do not think that general colouration of the body or tails are 

useful characters for defining the groups or subspecies, as has been postulated. 

Our most significant finding was the larger size of animals from the Top 

End of the NT. We also found that the size of teeth, and thereby the length of 

tooth rows were largest in NT and then Qld animals, and can be used to define 

these NT population from the WA populations which generally have smaller 

teeth. However, there is some overlap between larger Pilbara and Kimberley 

specimens and smaller Qld specimens based on tooth row length. The 

proportionally large size of the teeth in the Groote Eylandt population was 

noted by Thomas (1926) and also observed in this study on the type specimen of 

D. h. nesaeus (Supplementary Material Table 2.12). Dental morphology tends to 

be phylogenetically conserved and in this case shows that the Groote Eylandt 

population is closely associated with their mainland counterparts, something 

that was also shown using molecular data (Woolley et al., 2015). This population 

has likely been isolated for around 7 - 8 kya when sea levels rose (Lewis et al., 

2013). The proportionally large size of the teeth of Groote Eylandt specimens, 

despite overall dwarfism for body size, is an important contrast with the much 

smaller teeth of Kimberley mainland compared to NT mainland specimens. 

This is further evidence to suggest a longer time since dispersal occurred 

between these two populations, given the 7 - 8 kya since Groote was connected 

to the mainland and it still retains the conservative character of tooth size over 

that timeframe. 

We found three of the populations show strong sexual dimorphism, 

which has been reported in ecological studies on northern quolls (Begg, 1981; 

Braithwaite & Griffiths, 1994; Schmitt et al., 1989). There was less defined sexual 

dimorphism in Kimberley specimens, with smaller males than observed in 

other populations, which was mainly the males collected in the east Kimberley, 
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near the type locality for D. h. exilis. How et al. (2009) found that average body 

mass during June-July varied for northern quolls depending on location, 

showing there is variation in body size throughout the west Kimberley. 

Demographic studies on northern quolls inhabiting different habitats on Groote 

Eylandt have shown that body size is smaller for northern quolls in rocky rather 

than savannah habitat (S. Cameron pers. comm.). How et al. (2009) also showed 

that all Kimberley subpopulations exhibited sexual dimorphism, but that the 

degree differed. Island populations separated by permanent water barriers 

from the mainland had the smallest males and least sexual dimorphism. We 

have found a similar pattern, with animals from islands being much smaller 

than those on the mainland. This is most extreme in the Dolphin Island 

population off the Pilbara coast, where animals are not only smaller than those 

from the Pilbara mainland but all females were recorded with six instead of the 

standard eight teats. Dolphin Island is not particularly large (3203 ha) and 

experiences a much drier climate than similar sized Kimberley islands, the 

reduction in teat number could be a response to low resource availability 

reducing the reproductive potential of northern quolls since their time in 

isolation on the island. We also note that several Pilbara mainland females also 

had less than the standard eight teats (6: n = 2, 7: n = 3), so this trait may be 

more plastic in populations occurring in more arid, seasonally unreliable 

environments.  

 

2.5.3. Future genetic studies 

One limitation to our morphological dataset was the lack of available 

skulls from Groote Eylandt and the tip of Cape York Peninsula. Molecular data 

has clearly shown that the Groote Eylandt population is more closely associated 

with NT mainland than the other three geographic populations (Woolley et al., 

2015). However, molecular studies have not included any genetic sequences for 
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animals north of Cooktown, probably because no tissue samples exist (Hohnen 

et al., 2016). It is now believed that northern quoll populations from north of 

Cooktown have undergone substantial recent population declines since the 

collections obtained for the NHMUK and AMNH in the early 20th century, as 

there have been few contemporary records from this area (Woinarski et al., 

2008). Obtaining genetic material from museum specimens may now remain the 

only way to assess the genetic variation and presence of potential 

biogeographic barriers in far north Qld. This may be possible as part of the OZ 

Mammal Genomics Initiative (www.bioplatforms.com/oz-mammals) which 

utilises technology that is able to align informative DNA from degraded 

material such as museum skins, bones and teeth. 

There have been comprehensive population genetic studies on 

Kimberley (Hohnen et al., 2016; How et al., 2009; Spencer et al., 2017), and 

Pilbara northern quoll populations (Spencer et al., 2013), as well as a study on 

the genetics of translocated NT island populations (Cardoso et al., 2009), but 

there is a real need to increase the coverage of this work to include the entire 

species distribution. This will allow assessment of the levels of differentiation 

between the four mainland populations, but also in identifying important 

biogeographic breaks along northern Australia that may be important in 

limiting the dispersal of northern quolls. It is essential that such work would 

include tissue from the type localities, none of which so far have been included 

in past genetic studies with the exception of Groote Eylandt (Woolley et al., 

2015). Such a study would complement this morphological examination and 

help to elucidate the distinction between Kimberley and NT populations and 

provide estimates of the time since the disjunct populations last experienced 

gene flow. 
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2.5.4. Conservation implications 

Our results have implications for the management of endangered 

northern quoll populations. It has already been suggested, based on molecular 

differences, that the disjunct northern quoll populations and key island 

populations should be managed individually as Evolutionary Significant Units 

(How et al., 2009). In WA the isolated Pilbara population, the last remaining 

population not in contact with cane toads, is of high conservation value and 

research priorities are currently being implemented to better understand the 

demography and key threats to that population (Cramer et al., 2016). In other 

parts of the northern quoll’s range, conservation actions are more focussed in 

response to severe declines due to the spread of cane toads. These include 

translocating northern quolls to offshore islands where they were previously 

absent, to establish insurance populations free from access by toads (Rankmore 

et al., 2008), as well as training northern quolls to avoid eating toads through 

condition taste aversion experiments (Cremona et al., 2017) and, most recently, 

breeding Qld northern quolls that have survived the toad invasion with naïve 

NT northern quolls in the hope they will inherit an aversion to eating toads 

(Kelly & Phillips, 2017). Conditioned taste aversion trials have been successful 

and are promising, but when translocated island animals were brought back to 

the mainland after several generations they had lost predator avoidance 

behaviour and were heavily predated upon by dingos (Jolly et al., 2018). 

Currently Qld ‘toad smart’ northern quolls have been released into one such 

island population to breed in toad aversion traits, but as these animals are 

growing up in the absence of mammalian predators it seems unlikely that this 

would be a feasible long-term solution to enabling northern quolls to co-exist 

with toads on the mainland. 

As we have found NT northern quoll populations to be the most 

morphologically distinct of the three, we would urge a more considered 

approach to conservation management practices in order to avoid interbreeding 
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of distinct populations in the future. A detailed molecular investigation into the 

genetic differentiation and presence of phylogeographic breaks between the NT 

and Qld populations should be undertaken before further mixing of these 

populations is conducted. While there is no doubt that northern quoll 

populations have declined drastically in the Top End, we are unsure if they are 

at the level where ‘genetic rescue’ from disparate populations should be 

attempted as a conservation measure. 

 

2.5.5. Conclusion 

Our study has identified unique morphology in NT northern quoll 

populations, that is at odds with Thomas’ (1926) findings, when he stated that 

the northern Qld population was the most distinct, while his proposed sub-

specific groupings cannot be sustained by the present morphological results 

covering the entire species range. A more detailed molecular study is required 

to investigate the presence of phylogeographic breaks throughout the species 

distribution, and the timing since the four geographic populations have been 

separated by the Great Sandy Desert, Ord Arid Intrusion and the Carpentaria 

Gap. Our findings of morphological separation between geographic 

populations aligns with several well-known biogeographic breaks, which also 

match molecular sequence data by Woolley et al., (2015), suggesting that the 

modern distribution of northern quolls remains similar to that 200 years ago, at 

the time of European arrival. We have found compelling evidence for 

morphological distinction between populations of northern quolls which can be 

built upon to further classify the populations for future management. This 

would involve including more skeletal material from Groote Eylandt and whole 

body measurements from the NT population. A full morphological assessment 

combined with comprehensive molecular sequence data would greatly improve 

our understanding of this endangered species and how areas in the landscape 

could be important to conserving this variation within the species. 
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2.6. Supplementary Material 

 

A note on Alexandria  

The specimens collected by W. Stalker from Alexandria have previously 

been considered an imprecise collection locality, as the historical station 

boundaries encompassed hundreds of kilometres in the eastern NT. 

Investigations into the type locality of Pseudantechnus mimulus, also collected by 

Stalker during the same expeditions, have shown that the Mittiebah Range is 

most likely the area in which he collected these rock-preferring species 

(Woolley, 2011). This is because the area Stalker travelled through is described 

in detail in Ingram, (1907) and information on specimen labels in the NHMUK 

note elevations of 1600 ft, and name areas such as ‘the spring’, and a permanent 

spring is known to occur in the Mittiebah Range.  

 
Figure 2.52: Topographic map Alexandria Station where W. Stalker collected specimens of D. 
hallucatus in 1905-1906 that were sent to the NHMUK. The location of Alexandria Homestead 
and Spring Creek and Cliff Creek are indicated by arrows. These are the location names on the 
specimen data labels. 
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Table 2.8: List of skeletal specimens examined in this study. 
Specimen # sex State Locality Latitude Longitude Date 

NTM U7541 F WA Kunmunya Area 15.4333 124.7000 00/10/1939 
WAM M10355 F WA Anjo Point -13.9500 126.5667 03/07/1973 
WAM M12410 F WA Prince Regent National Park -15.6255 125.3011 26/08/1974 
WAM M21063 F WA Mitchell Plateau -14.8916 125.7500 11/10/1982 
WAM M6155 F WA Kunmunya Hill -15.4777 124.5250 - 
WAM M7164 F WA Inglis Gap -17.1166 125.1833 17/06/1965 
WAM M7165 F WA Kalumburu Mission -14.3000 126.6333 20/01/1966 
WAM M7166 F WA Kalumburu Mission -14.3000 126.6333 21/12/1965 
WAM M7168 F WA Kalumburu Mission -14.3000 126.6333 02/01/1966 
WAM M15817 M WA Mitchell Plateau -14.5583 125.8417 28/10/1976 
WAM M16041 M WA Wyndham -15.6055 128.2778 10/10/1908 
WAM M16042 M WA Pago Mission -14.1250 126.7222 27/03/1910 
WAM M3023 M WA Kunmunya Hill -15.4333 124.7000 17/06/1954 
WAM M4180 M WA Kalumburu Mission -14.2833 126.6500 03/07/1960 
WAM M4181 M WA Kalumburu Mission -14.2833 126.6500 03/07/1960 
WAM M4184 M WA Kalumburu Mission -14.2833 126.6500 30/06/1960 
WAM M60961 M WA Thurburn Bay -14.5288 127.9436 28/12/2008 
WAM M7167 M WA Kalumburu Mission -14.3000 126.6333 20/01/1966 
ANWC M1035 F NT Smith Point, Port Essington, -11.1167 132.1333 19/07/1965 
ANWC M1223 F NT Caiman Creek, Cobourg Peninsula -11.2667 132.2333 4/03/1966 
ANWC 
M15494 

F NT Darwin -12.4500 130.8333 25/09/1978 

ANWC 
M15496 

F NT Darwin -12.4500 130.8333 21/09/1978 

ANWC M6317 F NT Mt Brockman, Arnhem Land -12.8333 132.8333 20/06/1966 
ANWC M7009 F NT Nourlangie Rock area, Kakadu NP -12.8667 132.8000 23/06/1971 
ANWC M7288 F NT Deaf Adder Creek, Arnhem Land -13.1000 132.9500 8/07/1972 
ANWC M7886 F NT UDP Falls, Arnhem Land -13.4611 132.4333 14/07/1973 
ANWC M7924 F NT Deaf Adder Creek , Arnhem Land -13.1000 132.9500 19/07/1973 
ANWC M8877 F NT 10 km N of Kapalga Homestead -12.5500 132.3833 16/09/1974 
NHMUK 
1842.5.26.16 F NT Port Essington -11.3752 132.1474 - 

NTM U2259 F NT Cobourg Peninsula -11.1333 132.3333 - 
WAM M49643 F NT Oenpelli Mission -12.3166 133.0500 14/10/1968 
WAM M6966 F NT Harriet Creek -13.7000 131.9667 09/09/1964 
ANWC 
M10005 

M NT S of Adelaide River Township -13.3333 131.1167 27/01/1972 

ANWC M1022 M NT Black Point, Port Essington -11.1500 132.1500 9/07/1965 
ANWC M1219 M NT Smith Point, Port Essington -11.1167 132.1333 27/02/1966 
ANWC 
M15495 

M NT Darwin -12.4500 130.8333 25/09/1978 

ANWC M7001 M NT Mudginbarry Station -12.6000 132.8667 1/04/1971 
ANWC M7007 M NT 17 mi south of Darwin on Stuart hwy -12.5500 131.0667 24/05/1971 
ANWC M7028 M NT 8km NW Pine Creek -13.7667 131.7667 19/07/1971 
NHMUK 
1909.1.8.2 M NT Alexandria -18.9106 136.7962 23/03/1906 

NTM U0306 M NT Kapalga, Kakadu National Park -12.4500 132.3000 13/05/1979 
NTM U0419 M NT Batchelor -13.0333 131.0833 23/12/1986 
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Specimen # sex State Locality Latitude Longitude Date 

NTM U0455 M NT Pine Creek -13.8333 131.8667 30/05/1977 
NTM U0457 M NT Pine Creek -13.8167 131.8333 24/08/1982 
NTM U0458 M NT Kapalga, Kakadu National Park -12.6000 132.4167 - 
NTM U0459 M NT Batchelor -13.0333 131.0833 23/12/1986 
NTM U0489 M NT Lake Bennett -12.9667 131.1500 4/07/1980 
NTM U2248 M NT Tabletop Range, Stapleton Station -13.1167 130.6667 1/08/1954 
NTM U2249 M NT Edith River, Katherine Area -14.0667 132.3167 4/06/1956 
NTM U2250 M NT Tabletop Range, Stapleton Station -13.1167 130.6667 23/08/1954 
NTM U2255 M NT Marrakai Homestead -12.7833 131.1500 11/06/1959 
NTM U2261 M NT Deaf Adder Creek, Kakadu -13.0333 132.9333 28/09/1969 
NTM U2263 M NT Kakadu National Park -12.9500 132.5500 3/09/1969 
NTM U5775 M NT McMinns Lagoon, Outer Darwin -12.5167 131.0833 24/05/1998 
SAM M13906 M NT Jabiru -12.6667 132.8833 - 
WAM M7863 M NT Mount Basedow -12.9833 132.7833 00/07/1968 
WAM M27275 F WA Mungowarra Pool -21.3000 116.2500 13/09/1987 
WAM M29233 F WA Millstream-Chichester -21.6500 117.0500 08/01/1988 
WAM M60755 F WA Port Hedland -20.7863 118.7150 18/09/2008 
WAM M63361 F WA Unknown, Pilbara - - 4/07/1905 
WAM M63485 F WA Indee Station Village, Turner River -20.8796 118.5883 26/08/2014 
WAM M63488 F WA Indee Station Village, Turner River -20.8796 118.5883 26/08/2014 
WAM M13970 M WA Wickham -20.6800 117.1399 26/03/1975 
WAM M1663 M WA Tambrey  -21.6333 117.6000 25/10/1932 
WAM M19595 M WA Wyloo -22.6888 116.2333 24/03/1976 
WAM M22480 M WA Abydos Homestead -20.8333 118.9000 02/11/1982 
WAM M23220 M WA Red Hill Homestead -21.9833 116.0667 - 
WAM M3291 M WA Mardie Homestead -21.1833 115.9833 31/10/1957 
WAM M3354 M WA Talga Talga Homestead -20.9805 120.1125 15/06/1958 
WAM M3462 M WA Marble Bar -21.1166 119.6833 25/05/1959 
WAM M3501 M WA Woostock Station -21.6166 118.9500 - 
WAM M3502 M WA Woostock Station -21.6166 118.9500 - 
WAM M3571 M WA Woostock Station -21.6166 118.9500 - 
WAM M3651 M WA Woostock Station -21.6166 118.9500 - 
WAM M3989 M WA Woostock Station -21.6166 118.6167 28/09/1960 
WAM M3993 M WA Woostock Station -21.6166 118.6167 00/09/1960 
WAM M43362 M WA Roebourne -20.7833 117.1500 00/04/1994 
WAM M62857 M WA De Grey -20.3311 119.1361 05/01/2013 
QM J3544 F Qld Forest Hills, Torrens Ck -22.1000 146.7500 29/09/1921 
QM J3611 F Qld Inkerman -19.7667 147.4500 - 
QM J4578 F Qld Kissing Point Townsville -19.2333 146.8000 - 
QM J6506 F Qld Coen NE Qld -13.9500 143.2000 - 
QM J9486 F Qld Shipton's flats -15.8000 145.2667 - 
QM JM15024 F Qld Tichum Creek Bridge -16.9667 145.5333 29/09/2001 
NHMUK 
1915.3.5.77 M Qld Utingu, Cape York -10.7885 142.4158 26/06/1912 

NHMUK 
1925.8.1.116 

M Qld Torrens Creek -20.7718 145.0094 23/10/1923 

NTM U7515 M Qld Lower Fitzroy Valley, Rockhampton -23.5167 150.6667 00/07/1934 
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Specimen # sex State Locality Latitude Longitude Date 

QM J3853 M Qld Maroochy R, Yandina -26.5833 153.0000 26/07/1923 
QM J4820 M Qld Townsville -19.2667 146.8000 12/11/1928 
QM J6411 M Qld Clermont -22.8333 147.6333 4/07/1930 
QM J7038 M Qld Goomeri West SE Qld -26.1833 152.0667 - 
QM JM10581 M Qld W of Cape Melville FNQ  -14.2667 144.2000 24/06/1994 
QM JM15131 M Qld Mount Ball -23.317 147.6667 30/07/1975 
QM JM18941 M Qld Kairi, Atherton Tableland -17.2157 145.5434 1/04/2008 
QM JM20236 M Qld Ravenshoe Area 17.6097 145.4828 - 
QM JM20259 M Qld Herberton 17.3867 145.3781 6/06/2007 
QM JM7188 M Qld Spencer Ck, Mt Windsor Tableland -16.3000 145.0833 2/04/1976 

  



Chapter 2 – Biogeography and morphology of D. hallucatus 

59 
 

Table 2.9: PC1-4 loadings for the cranial dataset 

 PC 1 PC 2 PC 3 PC 4 
aIL 0.07341 0.1555 0.4313 0.0677 
anw 0.1101 -0.0965 0.3634 -0.2873 
apl 0.0955 0.0225 0.0452 0.2030 
apw 0.0767 0.0448 0.0159 -0.0037 
bcl 0.2059 -0.0322 0.0370 -0.0370 
BH 0.1470 -0.0621 -0.1766 -0.0941 
BL 0.1344 -0.0786 -0.3780 -0.0474 
bol 0.1842 -0.1334 0.0336 0.0238 
bsl 0.1797 -0.1610 -0.0318 0.0115 
BW 0.1287 -0.0445 -0.3599 0.0473 
bow 0.1811 -0.0806 -0.1622 -0.0268 
cctl 0.1905 0.1739 -0.0598 0.0201 
ctl 0.1708 0.2575 -0.0804 0.0448 
cw 0.1378 -0.1882 0.0310 0.4152 
biw 0.1462 -0.1051 0.2291 0.0257 
fm 0.0013 -0.2260 0.1062 0.6579 
fs 0.1411 -0.0328 0.0502 0.0587 
paw 0.1926 0.0528 0.0554 0.0008 
iow 0.0285 0.2876 0.2291 0.2004 
Ipr 0.1624 0.1589 -0.0824 0.1105 
rwl 0.1944 -0.0429 0.0734 -0.0224 
JH 0.1737 -0.1315 -0.0381 -0.1918 
JL 0.2038 -0.0308 0.0142 -0.0426 
lmr 0.1394 0.3333 0.0035 0.0509 
mw 0.1839 -0.1679 -0.0267 -0.0114 
nl 0.1763 -0.0089 -0.0728 -0.1231 
nps 0.1191 -0.0594 -0.0216 -0.0534 
onl 0.2035 -0.0167 0.0261 -0.0473 
oP3 0.1883 -0.0215 0.0754 0.0634 
lct 0.1860 0.2100 -0.0015 0.0414 
pnw 0.1368 0.0059 0.3594 -0.1827 
pow 0.1837 -0.1531 -0.0358 0.0456 
ppl 0.0434 -0.1362 -0.0650 0.2438 
ppw 0.1889 -0.0911 0.1061 -0.0643 
rwc 0.1906 -0.1384 0.0085 -0.0060 
rwi 0.1968 -0.0294 0.0372 -0.0140 
uML 0.1282 0.3554 -0.0654 0.0717 
uMR 0.1380 0.3509 -0.0465 0.1074 
uPR 0.1493 0.2198 -0.1784 -0.0292 
zw 0.1933 -0.1375 0.0316 -0.0824 
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Table 2.10: CVA loadings for the cranial dataset 

 Axis 1 Axis 2 Axis 3 Axis 4 
onl 0.2656 -0.0360 0.0592 0.1060 
bcl 0.2670 -0.0351 0.0570 0.1222 
JL 0.2798 -0.0363 0.0940 0.0591 
pnw 0.2015 0.0224 -0.0538 0.0349 
zw 0.2602 -0.1010 0.0820 0.1480 
mw 0.2381 -0.1576 0.0600 0.1456 
rwi 0.2612 -0.0287 0.0897 0.0904 
rwl 0.2594 -0.0295 0.0578 0.1114 
ppw 0.2563 -0.0667 0.0503 0.1570 
bow 0.2388 -0.0469 0.0615 0.0499 
nps 0.1449 -0.0906 -0.0187 -0.0282 
nl 0.2334 -0.0597 0.0698 0.0233 
fs 0.2043 -0.0267 0.0072 -0.0037 
apl 0.1065 -0.0150 0.0698 0.0593 
ppl -0.0135 0.0223 0.1360 0.1381 
cctl 0.2596 0.0652 0.0592 0.0239 
uPR 0.2273 0.0866 -0.0218 -0.0059 
bsl 0.2166 -0.1000 0.0971 0.1945 
BH 0.1922 -0.0934 0.0286 0.1040 
lct 0.2361 0.0714 0.0652 0.0431 
JH 0.2375 -0.1326 0.0945 0.1205 
anw 0.1454 -0.0681 0.0518 -0.0373 
iow 0.0633 0.1656 -0.2631 0.1627 
apw 0.0929 -0.0083 -0.0345 0.0397 
rwc 0.2571 -0.1336 0.0765 0.1503 
ctl 0.2547 0.1097 0.0143 -0.0781 
uMR 0.2140 0.1737 -0.0040 0.0279 
uML 0.1887 0.1651 0.0291 0.0278 
oP3 0.2412 -0.0103 -0.0365 0.2301 
paw 0.2646 0.0311 0.0050 0.1096 
bol 0.2453 -0.1022 0.0140 0.0870 
cw 0.1633 -0.1180 -0.0205 0.1860 
pow 0.2317 -0.1089 0.1018 0.1135 
biw 0.1794 0.0197 0.2064 0.0972 
BL 0.1774 -0.0655 -0.0087 0.1211 
lmr 0.2194 0.1789 0.0030 -0.0085 
Ipr 0.2177 0.0653 0.0032 0.0570 
aIL 0.0651 0.0759 -0.1040 0.1454 
mf -0.0437 -0.0613 0.0722 -0.0150 
BW 0.1803 -0.0538 -0.1129 0.0606 
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Figure 2.6: Plots of raw cranial measurement data (in mm) that had high loadings in the PCA 
and/or CVA analysis for the four mainland population separated into males and females 
  



  

62 
 

Table 2.11: PCA loadings for the dental measurement dataset 

 PC 1 PC 2 PC 3 PC 4 
m2PW 0.2467 -0.1397 -0.0750 -0.0057 
m3AW 0.2442 -0.1285 -0.0711 0.0235 
p3L 0.2376 0.0663 0.0186 0.0409 
m1PW 0.2290 -0.0878 -0.1545 -0.0629 
m3PW 0.2257 -0.1338 0.0596 -0.0477 
M1L 0.2238 -0.0564 -0.0892 0.1834 
m1L 0.2219 -0.0162 0.0017 -0.0847 
m1AW 0.2083 0.0373 -0.0874 -0.0076 
m2AW 0.2070 -0.0655 -0.1895 0.0267 
P3L 0.2056 0.0295 0.0066 -0.0620 
M2L 0.1986 -0.0045 -0.1339 0.3050 
m4AW 0.1947 0.0652 0.1086 0.0521 
m2L 0.1943 -0.0474 -0.1694 0.2020 
M2W 0.1941 -0.2970 -0.0821 -0.3126 
P3W 0.1926 0.3085 -0.0178 -0.1795 
p2L 0.1912 0.1038 0.0468 -0.1492 
p3W 0.1896 0.2940 -0.0571 -0.1709 
M4W 0.1871 -0.0162 0.4072 0.0479 
M1W 0.1841 -0.2632 -0.0873 -0.2293 
P2L 0.1797 0.2529 -0.0422 -0.1000 
M3W 0.1780 -0.2534 0.2294 -0.2266 
m3L 0.1764 -0.0192 -0.1750 0.2475 
m4L 0.1407 0.0761 0.1795 0.4283 
M3L 0.1148 -0.0608 0.1909 0.4907 
M4L 0.1103 0.0716 0.5424 -0.0581 
p2W 0.0919 0.4330 -0.1582 -0.0986 
P2W 0.0840 0.4860 0.0450 -0.0182 
m4PW 0.0685 -0.0198 0.4367 -0.1136 
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Table 2.12: CVA loadings for the dental dataset 

 Axis 1 Axis 2 Axis 3 Axis 4 
P2L 0.2480 0.0768 -0.2560 0.1383 
P2W 0.0095 0.3459 0.1185 0.2463 
P3L 0.3562 0.1330 0.1203 0.0529 
P3W 0.3209 0.2282 -0.1839 -0.0221 
M1L 0.3433 -0.0711 0.1294 0.0821 
M1W 0.3820 -0.2024 0.1043 -0.0306 
M2L 0.2452 -0.1224 0.1152 0.1883 
M2W 0.3634 -0.1240 0.1023 -0.1205 
M3L 0.0988 -0.0372 0.3682 -0.0876 
M3W 0.3355 0.0191 0.2825 -0.2433 
M4L 0.2420 0.3180 0.0046 0.2217 
M4W 0.2910 0.0961 0.1291 0.3512 
p2L 0.2930 -0.0445 -0.0449 0.2765 
p2W 0.0375 0.2072 -0.0941 -0.0390 
p3L 0.3547 0.0495 -0.0115 0.0299 
p3W 0.2626 0.1582 -0.1523 -0.0786 
m1L 0.3197 0.0930 0.1447 0.1320 
m1AW 0.2750 0.0909 0.1343 0.0101 
m1PW 0.3193 -0.1193 0.1350 0.0186 
m2L 0.2206 -0.2123 -0.0509 0.0635 
m2AW 0.2361 -0.1890 0.1510 0.1052 
m2PW 0.3519 -0.1555 0.1172 0.1175 
m3L 0.2043 -0.1904 -0.0523 0.0840 
m3AW 0.3378 -0.1575 0.0543 0.0838 
m3PW 0.3123 -0.1032 0.0731 0.1563 
m4L 0.1045 0.0358 0.1171 -0.1239 
m4AW 0.2497 -0.0347 0.0223 0.1267 
m4PW 0.0440 0.1345 0.0301 -0.0152 
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Chapter 3 - Comparative phylogeography of arid-zone 

Sminthopsinae (Marsupialia: Dasyuridae) reveals that 

habitat preferences drive evolutionary responses to 

Quaternary change 

 

3.1. Abstract 

Molecular tools have expanded our knowledge of species responses to 

climate changes during the late Quaternary. Although Australia was not subject 

to the glacial expansion of the northern hemisphere, the interior became 

progressively more arid and mesic-adapted species may have largely 

contracted to the coastal fringes. However, the responses of most arid-adapted 

species to late Quaternary climates remains poorly understood. Some theories 

suggest that persistence during glacial maxima was due to contraction into 

multiple, localised refugia, whereas others have found evidence for widespread 

population expansion. Here we tested the relative importance of these 

processes in generating phylogeographic patterns in arid-adapted dasyurid 

marsupials. We sequenced two mitochondrial (CR and cytb) and one nuclear (ω-

globin) gene from six species of Sminthopsinae (Sminthopsis and Planigale) across 

the Australian arid zone using tissue held in museum collections. Using 

haplotype networks and coalescent skyline analysis, we tested for 

phylogeographic structure and any signal of recent population expansion. The 

Pilbara was identified as an important region harbouring unique mitochondrial 

haplo-groups for most species. Evidence of population expansion was detected, 

suggesting increasing aridity during the mid-late Pleistocene resulted in the 

expansion of suitable habitat. However, phylogeographic patterns were not 

congruent among the six species, illustrating the importance of specific habitat 

requirements in driving responses to past climate change. This study adds to 
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the current phylogeographic knowledge of Australian arid-adapted species by 

including a group with dispersal abilities that are intermediate between two 

other well studied groups, geckos and birds. Studies on widely distributed 

species, that include multiple potential refugia within their distributions, are 

important in furthering our understanding of species responses to Quaternary 

environmental change and future conservation measures. 

 

3.2. Introduction 

Comparative phylogeography studies are integral to understanding 

species responses to Quaternary evolutionary processes (Bermingham & 

Moritz, 1998; Hewitt, 2000). Such studies have revealed how climate cycling 

during the Pleistocene has shaped intraspecific genetic variation through the 

contraction, isolation and subsequent expansion of populations with changes in 

the availability of their preferred habitats (Hewitt, 2000). These processes have 

been widely implicated in the phylogeographic structuring of many species in 

glaciated regions of the northern hemisphere, which have either contracted into 

southern refugia during repeated glacial maxima (GM), or, experienced range 

expansion in the case of cold-tolerant species (Galbreath et al., 2009; Hewitt, 

2000). In non-glaciated regions, population contraction and expansion events 

occurred in the absence of ice-sheets and tend to be more species-specific, 

suggesting multiple, localised refugia throughout the landscape (Byrne, 2008; 

Byrne et al., 2011). An increasing effort to understand the phylogeography of 

the southern hemisphere systems, particularly the Australian biota, has 

revealed a complex array of species responses to Quaternary changes, including 

the role played by the expansion and contraction of arid habitats that are 

considered analogous to spreading ice-sheets in the northern hemisphere 

(Byrne et al., 2008; Byrne et al., 2011; Kearns et al., 2014).  
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The aridification of the Australian continent, beginning in the Miocene 

(~20 Mya) and exacerbated during Plio-Pleistocene glacial cycles, led to the 

contraction of inland forest and woodland habitat to the more mesic coastal 

fringes, and the reciprocal extensive expansion of previously patchy arid 

habitats (Byrne et al., 2008; Byrne et al., 2011). This led to the rapid 

diversification of existing arid-adapted lineages that included squamate reptiles 

(Brennan & Oliver, 2017; Rabosky et al., 2007), and dasyurid marsupials (García-

Navas et al., 2018; Mitchell et al., 2014). Today over 75% of Australia is classified 

as having an arid climate according to the Köppen Climate Classification 

(modified by Stern et al., 2000 to include desert and grassland climate regions, 

Figure 3.1). The arid region is dominated by hummock grassland and patchy 

open woodland, that occur on ancient eroded ranges, stony plains, and more 

recently formed dune deserts (Fujioka & Chappell, 2010). Species level 

diversification mostly occurred during the Miocene to Pliocene with 

intraspecific evolutionary processes occurring during the Pleistocene, mainly in 

the form of population expansion and contraction events that shaped the 

phylogeographic patterns observed today (Byrne et al., 2008; Pepper et al., 2011).  

Pleistocene glacial cycles resulted in extremes in precipitation and sea 

levels during GM, most recently the last GM (~ 20 kya) when Australia’s sea 

level was 120 m below the present levels (Williams et al., 1998). Low 

precipitation rates and high wind erosion during GM caused the formation of 

vast mobile dune systems from the mid-late Pleistocene, most of which were 

active during the last two GM (Fujita et al., 2010). It is likely that mobile dune 

systems were inhospitable to terrestrial species which are thought to have 

contracted into evolutionary refugia; i.e. those geographically heterogeneous 

regions that were more climatically stable such as inland ranges (Byrne et al., 

2008; Ford & Johnson, 2007). During inter-glacial periods, species re-colonised 

habitats outside of refugia as conditions became more favourable, and post-GM 

range expansion can be detected with molecular data where populations 



  

72 
 

outside of refugia have lower levels of diversity and younger lineage age 

(Byrne, 2008; Pepper et al., 2011). This pattern has been observed in rock-

adapted geckos (Pepper et al., 2011) and western grey kangaroos (Neaves et al., 

2012). In contrast, some species experienced range expansion during GM as 

heightened aridity caused their preferred habitats to shift, analogous to range 

expansion in cold-adapted species in the northern hemisphere, and this has 

been proposed for a range of arid-adapted birds that retain signals of historical 

hybridisation and introgression (Joseph & Wilke, 2007; Kearns et al., 2014). 

Without glaciers forcing widespread southern migration in Australia, 

intraspecific variation results from multiple population contraction and 

expansion events, that occurred throughout the Pleistocene, from multiple 

localised refugia, and these tend to not be congruent among taxa due to specific 

ecological requirements (Byrne et al., 2008; Neaves et al., 2012; Wadley et al., 

2016).  

One important arid-adapted group that has received little 

phylogeographic attention is the diverse dasyurid marsupials. These small 

carnivores diversified into arid habitats during the Miocene (Dickman, 2003; 

Krajewski et al., 2000a; Mitchell et al., 2014), and remain relatively abundant, 

despite catastrophic extinction rates amongst other arid-occurring mammal 

lineages (McKenzie et al., 2007; Woinarski et al., 2015). Their success can be 

linked to remarkable adaptations to persist in harsh environments, such as high 

mobility, allowing large movements each night, and by utilising burrows dug 

by other animals (Haythornthwaite & Dickman, 2006). They exhibit extended 

breeding seasons (6-8 months) during which polyoestrous females can produce 

two litters of multiple offspring (6-10), the young of which either reach 

reproductive maturity in the season of their birth or the following season 

(Krajewski et al., 2000b; Lee et al., 1982). Persistence during drought is enhanced 

by physiological adaptations, such as caudal fat storage and daily periods of 

torpor, reducing energy requirements and water loss (Geiser, 1994; Morton, 
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1982). Some 30 dasyurid species occur in arid habitats and Sminthopsis, Planigale 

and Ningaui (subfamily Sminthopsinae) are particularly diverse with over 20 

species (Van Dyck & Strahan, 2008). Sminthopsinae species occupy a variety of 

arid habitats, they have large distributions, which allows for comparisons of 

phylogeographic patterns across multiple bioregions and habitat types, and 

they are also more vagile than geckos, but less vagile than birds and large 

mammals that have been studied previously. 

Most phylogeographic studies of Australian mammals have focussed on 

macropod marsupials that occur in the mesic fringes or monsoonal-tropics 

(Neaves et al., 2012; Potter et al., 2012; Wadley et al., 2016). Emerging work on 

small, arid-adapted mammals is revealing populations that do not exhibit 

geographic genetic structure over a wide range of arid habitats (Cooper et al., 

2000; Umbrello et al., 2017), including species endemic to the Pilbara region 

(Levy et al., 2018; Spencer et al., 2013).  

The Pilbara bioregion is a major geological unit located in the north-west 

of Western Australia and exhibits a wide range of habitats that are divided into 

four main subregions under the Interim Biogeographic Regionalisation for 

Australia (IBRA) (Department of the Environment and Energy, 2012). These 

subregions include the sandy coastal plains of the Roebourne, granite and 

greenstone terrain of the Chichester (which includes several range systems and 

alluvial plains), the alluvial plains of the Fortescue (including the Fortescue 

River), and the sedimentary and volcanic Hamersley Range (that is rich in 

banded ironstone formations) of the Hamersley (McKenzie et al., 2009; Figure 

3.1). The geological complexity and resulting array of available habitats has led 

to the Pilbara being long-recognised as a hotspot of diversity and endemism 

(Cracraft, 1991) and acting as an important evolutionary refugia for many rock- 

and mesic-adapted species (Byrne et al., 2008; Pepper et al., 2013). 

Phylogeographic patterns within the Pilbara tend to be closely associated with 

substrate types, particularly rocky habitats, and many endemic species show 
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limited dispersal into the sandy desert regions surrounding it to the north and 

east (Anderson et al., 2016; Doughty et al., 2011a; Pepper et al., 2008, 2006, 2013). 

However, recent genetic work on Pilbara endemic mammal species has 

revealed low population differentiation within the Pilbara, suggesting that 

some mammals readily disperse outside of preferred habitats (Levy et al., 2018). 

This study aims to determine the processes that generate 

phylogeographic patterns of arid-occurring dasyurids by using molecular data 

to test whether persistence in refugia and/or population expansion have caused 

intraspecific variation. To examine congruence among co-occurring taxa, six 

species were selected from within the Sminthopsinae, two Pilbara-endemic 

Planigale, and four Sminthopsis species, which occupy a range of different 

habitats in the western and central arid regions of Australia. Species responses 

to evolutionary processes are determined by their individual lineage histories, 

demographic profiles, dispersal capabilities and habitat preferences (Lanier et 

al., 2013). As such, we have included species within the same lineage 

(Sminthopsinae) but with different habitat preferences and dispersal potential 

(Gibson & McKenzie, 2009), with the goal of testing the role of habitat 

availability and dispersal on phylogeographic structure. By examining 

phylogeographic processes in an important endemic Australian group, this 

study makes a valuable contribution to the growing phylogeographic literature 

of southern hemisphere arid systems.  

 

3.3. Methods 

 

3.3.1. Study species 

Six dasyurid species from the sub-family Sminthopsinae, Sminthopsis 

longicaudata, S. macroura, S. ooldea, S. youngsoni, Planigale sp. 1 and Planigale sp. 

2, were selected for this study. The taxonomy of these species is well resolved, 
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including the two unnamed Planigale species (Westerman et al., 2016b; K.P. 

Aplin pers. comm.). However, relationships within the S. macroura species 

complex are uncertain with five previously named taxa being synonymised by 

Archer (1981) and molecular evidence suggesting at least three distinct species 

should be recognised (Blacket et al., 2001). Blacket et al. (2001) also identified 

three lineages within the ‘true’ S. macroura, one of which occurs in the north-

west of WA. We first analysed genetic variation across the range of the S. 

macroura group to identify the geographic extent of the WA lineage, then 

focussed on intraspecific variation within the WA lineage for the 

phylogeographic analysis.   

The six species were selected as they each have different habitat 

preferences, including habitat specialists and generalists, and exhibit with a 

range of potential dispersal abilities (Table 3.1). These species also had 

extensive numbers of tissue samples available in the WA Museum (WAM) 

Tissue Collection. Based on current distribution data, the two Planigale species 

are endemic to the greater Pilbara region, Planigale sp. 1 occurs commonly 

throughout the Pilbara on a variety of substrates, while Planigale sp. 2 occurs 

strictly on cracking clay habitats in Pilbara lowlands associated with alluvial 

regions (Gibson & McKenzie, 2009). The four Sminthopsis have wide 

distributions in the Pilbara that also extend into adjacent arid regions (Figure 

3.1B). Sminthopsis macroura is common in the Pilbara, where it has broad habitat 

preferences but is most commonly captured on clay and loam soils (Gibson & 

McKenzie, 2009), and it also occurs in the Gascoyne and mid-west regions. 

Sminthopsis ooldea only occurs in the south-eastern corner of the Pilbara and 

prefers mulga woodland from the Pilbara through to the Great Victoria Desert 

in central South Australia (Bennison et al., 2013). Sminthopsis youngsoni is a sand 

dune specialist, with hair bristles on the footpads for traversing sandy 

substrates, and is common in dune habitats from the north-west coast to the 

Northern Territory. Sminthopsis longicaudata is a substrate specialist and is 
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captured only on rocky surfaces. It was once thought to be uncommon, but 

targeted survey work has shown they can be locally common where they occur. 

 
Table 3.1: Summary of attributes of the six mammal species chosen for this study information 
from Van Dyck & Strahan (2008) unless otherwise stated. 
Species Habitat/specialisations. Reproduction Dispersal potential 

Sminthopsis 
longicaudata 

Spencer 1909 

Specialist. Exposed rock/stony soils, 
flat-topped hills, lateritic plateaus, 
sandstone ranges, and breakaways. 
Striated foot pads for climbing rocky 
surfaces. Tail two times head-body 
length. 

Breed Aug- Dec, 
young disperse in 
March-April, 6 teats, 
Females 
polyoestrous1 

Potentially poor, due to 
patchiness of preferred 
habitat type. 

Sminthopsis  
macroura 

(Gould 1845) 

Generalist. (WA lineage) clay/loam 
soil. Abundant in hummock 
grassland where stock is absent. 
Shelters in cracks in soil, under rocks, 
logs or burrows of other animals. 

Two litters from Jun-
Feb 11 day gestation 8 
young2. Qld 
population 4 months 
to breeding age3 

Good, quickly 
colonises areas after 
rainfall and can move 
0.3-2 km in a night. 

Sminthopsis 
youngsoni 

McKenzie and 
Archer 1982 

Specialist. Sand dunes, inter-dune 
swale, red desert sand plains. Shelters 
in burrows often dug by lizards. 
Hairy feet for traversing sand. 

Young born in Sep-
Jan, up to 6 pouch 
young which are 
independent from 
Nov-Feb.  

Good on sandy 
substrates. 

Locally common. 

Sminthopsis 
ooldea 

Troughton 
1965 

Generalist. Mulga woodlands with 
hummock grass understory. Less 
common on dunes, sandplains, clay 
soils, and Mallee woodland.  

Potentially 
polyoestrous, young 
born– Sep-Jan, 8 
teats4. Breeds Oct-
Nov in central 
Australia5 

Good-moderate 
uncommon where it 
occurs. 

Planigale sp. 1 

Generalist. Uplands and some sandy 
lowlands. Hummock grasslands, 
rocky scree slopes, cobbled creek beds 
and sandy plains. 

Pouch development 
and young in Sep-
Oct. 12 teats6 

Potentially good as 
common where they 
widely occur. 

Planigale sp. 2 

Specialist. Exclusively on cracking 
clay soils, avoiding rocky habitats. 
Extremely depressed cranium for 
squeezing in fissures of cracking 
clays. 

Pouch development 
in Nov. 12 teats6 

Potentially poor, 
perhaps only on clay 
substrates. 

1Woolley & Valente (1986) 2Woolley (1990) 3Godfrey (1969) 4Aslin (1983) 5Bennison et al. (2013) 6Personal observation 
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Figure 3.1: A) map of Australia showing arid regions labelled as Desert and Grassland (after 
Stern et al. 2000), location and directions of major dune systems (after Hesse 2010), approximate 
location of Last Glacial Maxima (LGM) shoreline (after Byrne et al. 2009), and the Pilbara 
bioregion is outlined in black, inset map shows digital elevation model and detail of IBRA 
subregions within the Pilbara. B) Distribution maps of the six species (grey circles indicate 
vouchered specimens in Australian museums), and tissues sequenced in this study (black 
circles). Non-WA records accessed from Atlas of Living Australia and the Australian Biological 
Tissue Collection (ABTC) database.  

 

3.3.2. DNA extraction and amplification of mitochondrial and nuclear loci 

Total genomic DNA was obtained from 833 tissues held at the WA 

Museum Terrestrial Vertebrates collection, the WA Department of Biodiversity, 

Conservation and Attractions, and the Australian Biological Tissue Collection at 

the South Australian Museum (Supplementary Material: Table 3.5). These were 

either preserved in 70-100% ethanol, DMSO (dimethyl sulfoxide) or ultra-frozen 

at -75 to - 80°C, and included samples of liver, muscle, heart, ear, tail, and toe. 
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DNA extractions were archived at -80°C after being used in the WA Museum 

Molecular Systematics Unit. 

Approximately 5 – 25 mg of tissue was used for DNA extractions using 

Qiagen DNeasy tissue and blood kits, of either individual tubes or 96 well 

plates, according to manufactures’ instructions. DNA was eluted into 120 µL 

tris buffer and extractions stored at 4°C until required for analysis. Several 

mitochondrial and nuclear loci were screened for suitable intraspecific variation 

across the six study species. Two mitochondrial loci, control region (CR) and 

cytochrome b (cytb), and one nuclear, omega globin (ω-globin) were chosen. 

Genes that did not exhibit suitable intraspecific variation or were difficult to 

amplify/sequence/align were; CR right domain, Protamine1, bfib7 and 16s 

(Supplementary Material Table 3.6). Primers used for CR, cytb and ω-globin are 

listed in Table 3.2.  

All regions were amplified via polymerase chain reaction (PCR) in 25 µL 

reaction volumes containing 1 µL of template DNA, 1× PCR buffer containing 

1.5 mM MgCl2 (Applied Biosystems, Branchburg, NJ, USA), 0.2 µM of each 

primer (source ITD) and 0.8 U of MyTAQ DNA polymerase (Applied 

Biosystems). PCR reactions were performed at the following conditions for all 

three loci; 95°C for 3 min, then 35 cycles of denaturation of 95°C for 30 s, 

annealing at 50°C for 30 s, extension at 72°C for 45 s, and followed by a final 

extension at 72°C for 10 min. For amplification of the CR for S. youngsoni 

annealing temperature was increased to 57°C due to the presence of large 

repeat regions at the 5’ end (see Blacket et al., 1999) leading to the amplification 

of multiple non-target sequences when 50°C annealing temperature was used. 

To obtain the complete cytb gene (1146 bp) three fragments were amplified 

using primer pairs; MVZ-05/H15149, L15131/H15767 and L15656/H15915, 

giving reads of about 450 bp, 620 bp and 400 bp respectively. 
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Table 3.2: Primers used for PCR amplification and sequencing 
Name Direction Sequence Source 

  Control region (left domain)  
L15999M FWD 5'-ACCATCAACACCCAAAGCTGA-3' Fumagalli et al. (1997) 

H16498M REV 5'-CCTGAAGTAGCAACCAGTAG-3' Fumagalli et al. (1997) 

  ω-globin intron 2  

G314 FWD 5'-GGAATCATGGCAAGAAGGTG-3' Wheeler et al. (2001) 

G424 REV 5'-CCGGAGGTGTTYAGTGGTATTTTC-3' Wheeler et al. (2001) 

  Cytochrome b  

MVZ-05 FWD 5'-CGAAGCTTGATATGAAAAACCATCGTTG-3' Da Silva & Patton (1993) 

MVZ-16 REV 5'-AAATAGGAARTATCAYTCTGGTTTRAT-3' Da Silva & Patton (1993) 

L15311 FWD 5'-CTACCATGAGGACAAATATC-3' Helm-Bychowski & 
Cracraft (1993) 

L15656 FWD 5'-AACCTACTAGGAGACCCAGA-3' Helm-Bychowski & 
Cracraft (1993) 

CytBf FWD 5'-TGAGGTGCAACAGTNATTAC-3' Nekola et al. (2015) 

H15149 REV 5'-AAACTGCAGCCCCTCAGAATGATATTTGTCCTCA-3' Kocher et al. (1989) 

H15767 REV 5'-ATGAAGGGATGTTCTACTGGTTG-3' Edwards et al. (1991) 

H15915A REV 5'-AACCTTCGTTGTTGGCTTACAAGAC-3' Krajewski et al. (1997) 

 

PCR products were visualised on the E-Gel® Electrophoresis system 

(Life Technologies, Melbourne, Australia), on pre-cast 2% agarose gels, with 

ethidium bromide, where 3 µL of PCR product was loaded with 17uL H20 into 

each well and run for 11 min. DNA purification and bi-directional sequencing 

was carried out at the Australian Genome Research Facility (AGRF).  

 

3.3.3. Sequence data quality control and alignment 

Sequence data returned from AGRF was imported into the Geneious 

software package (version 9.1.7; Kearse et al., 2012) and workflows managed 

using the LIMS Biocode plug-in (3.0.1; http://www.mooreabiocode.org). 

Assembly, editing and alignment of sequences also occurred in Geneious and 

only sequence reads of higher than 70% quality were used. Ambiguous base 

pairs in the forward-reverse assemblies for heterozygous sites (including 

indels) in the ω-globin assemblies were checked and scored accordingly. Primer 

regions were trimmed from the consensus sequences before alignments were 
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created using the MAFFT plug-in in Geneious (Katoh et al., 2002). Species 

identification and potential contaminants were compared with Genbank BLAST 

library using the sequence search tool in Geneious.  

Final sequence length for CR ranged from 560-800 bp, and ω-globin from 

770-790 bp. Only the first ~1000 of the 1146 bp of cytb could be amplified for 

Planigale sp. 1, Planigale sp. 2, and WA S. macroura samples. The entire gene was 

sequenced successfully for the other three Sminthopsis species and non-WA 

samples of S. macroura, lengths of final trimmed alignments for each species are 

listed in Table 3.3. The number of heterozygous indels in the ω-globin 

alignments varied for each species and led to reads failing to assemble in the 

rare cases that there were two heterozygous indel sites in the same individual. 

 

3.3.4. Species/lineage boundaries in S. macroura 

To determine the distributional extent of the WA lineage of S. macroura, 

previously identified from three samples by Blacket et al. (2001), a maximum 

likelihood tree was built on the concatenated mitochondrial and nuclear DNA 

sequences of a sub-set of S. macroura samples using the RAxML plug-in in 

Geneious (Stamatakis, 2006). Two additional samples from this study were used 

as outgroups; Planigale sp. 1 (WAM M57732) and S. longicaudata (WAM 

M52415). The nucleotide model selected was GTR + G, as recommended by the 

model selecting program PartitionFinder v. 1.1.1. (Lanfear et al., 2012), with the 

alignment partitioned by gene, plus codon position for cytb, and run for 1000 

bootstrap replicates. Based on the tree analysis, only the WA lineage was 

considered for the subsequent phylogeographic and population level analysis. 
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3.3.5. Phylogeographic structure analysis 

Neighbourhood-joining haplotype networks were built using the 

software program PopART (Population Analysis with Reticulate Trees; Leigh & 

Bryant, 2015; http:/popart.otago.ac.nz). PopART excludes gaps and unknown 

bases (N, ?, and -) from the analysis, so alignments with difficult to resolve 

indel regions (most notably the 5’ end of CR) were cleaned using the online 

program GBlocks 0.19b (Castresana, 2000), available through the website 

phylogeny.fr (Dereeper et al., 2008); other regions were scored or removed from 

the alignments prior to building networks. Diploid nuclear sequences must be 

converted into haploid sequences to be used in population network analysis 

and this was done using the statistical haplotyping program PHASE (Stephens 

et al., 2001). PHASE input files were created using the online web-tool 

seqPHASE (http://seqphase.mpg.de/seqphase/; Flot, 2010) and the allele 

combination with the highest probability was chosen for the network analysis. 

The final length of the cleaned and trimmed alignments used for analysis is 

given in Table 3.3 as L. Statistical parsimony TCS networks (Clement et al., 2000) 

were built for each single gene alignment and the concatenated mtDNA 

alignments of each species and the major haplo-groups were then mapped 

geographically to identify any obvious patterns of genetic structure.  

 

3.3.6. A priori groupings for geographical analysis 

To calculate equilibrium genetic differentiation summary statistics, such 

as FST, we needed to cluster individuals that were continuously distributed 

across the landscape into sub-populations. To test for population differentiation 

across the Pilbara boundary, we grouped each species into a Pilbara population 

(i.e. those samples that fall within the Pilbara bioregion), and non-Pilbara 

population (i.e those outside of the Pilbara). This gave two populations, except 

for S. youngsoni which had three populations as the distribution of this species 
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is disjunct across the south of the Pilbara (Figure 3.1). The two Planigale species 

were excluded from this level of analysis due to low sample numbers outside of 

the Pilbara.  

To test for population differentiation within the major regions of the 

Pilbara, samples were grouped into sub-populations based on the four IBRA 

subregions; Roebourne, Chichester, Fortescue and Hamersley (Figure 3.1A). 

Sminthopsis ooldea and S. longicaudata were not included in this level of analysis, 

due to low numbers of samples within the Pilbara that were predominantly 

found in just one IBRA subregion. We also tested river basins (Onslow Coast, 

Port Hedland Coast, De Grey, Fortescue and Ashburton) as sub-populations for 

Planigale sp. 2 to reflect the distribution of cracking-clay habitats that are closely 

associated with alluvial areas. These aforementioned groupings were then used 

to run global FST and pairwise FST tests and on the cytb alignments for each 

species (only cytb was used due to the low coverage of CR for S. longicaudata) in 

the program Arlequin v. 3.5.2.2 (Excoffier & Lischer, 2010). 

 

3.3.7. Tests for historical population size changes 

Molecular variation indices and expansion statistics were calculated in 

DNAsp v5 (Librado & Rozas, 2009) on the FASTA alignments used in the 

network analysis of each gene for each species. Significance values for Ramos-

Onsins R2 and Fu’s Fs were obtained under coalescent simulations with 

segregating sites. Rates and timing of population expansion were investigated 

using the extended Bayesian skyline model (EBSP; Heled & Drummond, 2008) 

in BEAST 2 (Bouckaert et al., 2014). Skyline analysis assumes sampling is from a 

panmictic population (Ho & Shapiro, 2011), so species with structured 

populations, identified from the network analysis, were analysed separately. 

PartitionFinder was used to estimate substitution models for each of the three 

genes and codons for cytb, however most models failed to converge when cytb 
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was partitioned by codon, so it was not partitioned for any analyses except S. 

ooldea. Site models from PartitionFinder were selected, with the exception of 

estimating the portion of invariable sites (+ I) as it can overcomplicate the model 

and is not considered biologically meaningful for intraspecific datasets (Jia et al., 

2014). For Sminthopsis species a substitution rate of 0.0105 substitutions/site/Myr 

and standard deviation (sd) of 0.001 was used to capture the range in Krajewski 

et al. (2000a) using a normal prior, and a rate of 0.0095 substitutions /site/Myr 

and sd of 0.0005 for Planigale species. A uniform prior was used for CR and ω-

globin with substitution rates estimated. The EBSP analysis was run for 100 

million generations to ensure effective sample sizes (ESS) of posterior 

parameter estimates were ≥ 200. The EBSP log files were plotted in R using the 

‘plotEBSP.R’ script (Heled & Drummond, 2008). 

 

3.4. Results 

 

3.4.1. Relationships within the Sminthopsis macroura complex 

Tree analysis on S. macroura samples supported the distinctiveness of a 

WA lineage (bootstrap support 100%) and show a relatively high divergence 

between the S. froggatti and S. stalkeri clades. The distribution of the WA lineage 

is restricted to north-west and central WA (Figure 3.2). All of the following 

phylogeographic results we present are on the defined WA lineage of S. 

macroura.  

There was high haplotype diversity for all species for the two 

mitochondrial loci, ranging from 0.79 to 0.99 (Table 3.3). Haplotype diversity for 

the phased nuclear data was lower than the mtDNA loci, and extremely low for 

Planigale sp. 2 which had just four haplotypes. Nucleotide diversity was higher 

for CR than cytb, with S. youngsoni having the highest at 0.0198.  
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3.4.2. Phylogeographic analysis 

Mitochondrial phylogeographic structure was detected for four of the six 

species. Of these, the most clearly defined was observed for S. ooldea, with three 

haplo-groups; one restricted to the Pilbara bioregion, another from the southern 

edge of the Little Sandy Desert and to the eastern edge of the Great Victoria 

Desert in SA, where the third group was intermingled with the second (Figure 

2.3). These three groups were separated by 28 and 11 mutations in the 

concatenated mtDNA network respectively (Figure 2.3). There were 14 ω-globin 

haplotypes and six of these were shared by the Pilbara mtDNA samples (Figure 

3.4A).  

 



Chapter 3 –Phylogeography of arid zone Sminthopsinae 

85 
 

 
Figure 3.2: Maximum likelihood tree of S. macroura complex using concatenated (CR, cytb and 
ω-globin) sequence data. Bootstrap support for major nodes is shown. Names of S. macroura 
populations follows Blacket et al. (2001). 

 

Three major haplo-groups were also present in the mtDNA data for S. 

youngsoni. Two of these were separated by 15 mutations and occur on either 

side of the Gibson Desert, with the exception of one sample in the eastern 

Pilbara. A third group that was 30 mutations removed from haplo-groups 1 and 

2 was distributed throughout WA (Figure 3.3). This species had the highest 
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number of haplotypes in the phased ω-globin data set (n = 39), with haplo-group 

2 exhibiting the lowest number of nuclear haplotypes (n = 10). 

Table 3.3: Molecular diversity indices and expansion statistics for the Control Region (CR), 
cytochrome b (cytb), the concatenated CR and cytb sequence data, and the phased nuclear (ω-
globin) gene alignments of the six species in this study. Number of samples (n), sequence length 
in base pairs excluding alignment gaps (L), number of haplotypes (Hn), haplotype diversity 
(Hd), nucleotide diversity (π), Tajima’s D (D), Ramos-Onsins and Rozas R2 (R2), Fu’s Fs (Fs). 
Significant test scores are shown in bold font (note P values of 0.01 used for Fs). 

Species n L Hn Hd Π D R2 Fs 
CR 

S. ooldea 84 585 42 0.96 0.0098 -0.722 0.073 -26.75 
S. youngsoni 126 730 74 0.98 0.0198 -1.079  0.059 -34.44 
S. macroura (WA) 202 548 62 0.95 0.0074 -1.140 0.051 -56.70 
S. longicaudata 32 578 28 0.99 0.0122 -1.250 0.073 -20.39 
Planigale sp. 1 226 571 84 0.96 0.0076 -1.395 0.043 -98.70 
Planigale sp. 2 44 570 24 0.94 0.0055 -1.419 0.060 -17.24 

Cytb 
S. ooldea 69 1193 33 0.96 0.0123 -0.162 0.096 -3.22 
S. youngsoni 125 1193 56 0.97 0.0100 -0.744 0.069 -18.89 
S. macroura (WA) 188 1041 74 0.96 0.0070 -1.461 0.044  -53.09 
S. longicaudata 44 822 23 0.94 0.0058 -1.392 0.064  -10.00 
Planigale sp. 1 207 1038 99 0.98 0.0079 -1.712 0.036 -92.64 
Planigale sp. 2 39 821 18 0.79 0.0039 -1.826 0.051 -8.35 

concatenated mtDNA 
S. ooldea 70 1625 50 0.98 0.0115 -0.223 0.093 -16.29  
S. youngsoni 113 1923 76 0.99 0.0139 -0.944 0.064 -22.97  
S. macroura (WA) 177 1589 100 0.98 0.0071 -1.395 0.046  -81.38 
S. longicaudata 30 1369 26 0.99 0.0080 -1.446 0.068  -12.01 
Planigale sp. 1 206 1609 130 0.99 0.0078 -1.649 0.038 -130.7 
Planigale sp. 2 39 1391 30 0.98 0.0046 -1.676 0.054 -20.21 

phased ω-globin 
S. ooldea 122 774 14 0.86 0.0022 0.657 0.119 -4.43 
S. youngsoni 276 798 39 0.78 0.0022 -1.429 0.037 -36.63 
S. macroura (WA) 404 787 11 0.32 0.0005 -1.640 0.019 -9.81 
S. longicaudata 112 777 13 0.78 0.0026 -0.069 0.092 -2.62 
Planigale sp. 1 432 777 27 0.78 0.0026 -0.894 0.048 -11.94 
Planigale sp. 2 90 788 4 0.07 0.0001 -1.623 0.060 -5.49 

 

Four mitochondrial haplo-groups were identified for S. macroura, though 

with fewer mutations between each than those in ether S. ooldea or S. youngsoni. 

Of the four haplo-groups, one was mostly restricted to the Hamersley 

subregion, and extended south into the Gascoyne, Murchison and western 

Great Victoria Desert. A second group occurred in the eastern Fortescue 
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subregion with a small number of samples to the south, north, and west along 

the coast. The third group contained more unique haplotypes and was 

distributed throughout the Pilbara and Carnarvon regions, with few 

individuals occurring in the Hamersley subregion. A fourth group, consisting 

of only two individuals, occurred in the Mandora Marsh area north of the 

Pilbara in the Great Sandy Desert. There was low diversity for ω-globin, with 

eleven haplotypes (Figure 3.4C).  
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Figure 3.3: A: Concatenated mtDNA networks for Sminthopsis ooldea (n = 70), S. youngsoni (n = 
113), S. macroura (n = 177) and Planigale sp. 1 (n = 206), major haplo-groups are coloured for 
emphasis and numbered, circle size indicates the number of individuals sharing haplotypes, 
with larger circles indicating more common haplotypes, small black circles indicate nodes, 
hatch-marks show missing haplotypes. B: map of individual specimens featured in A showing 
Pilbara bioregion and IBRA subregions for S. macroura and P. sp. 1, colours of samples in B 
match those in A. 
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Figure 3.4: nDNA networks for (A) Sminthopsis ooldea, (B) S. youngsoni, (C) S. macroura, (D) S. 
longicaudata, (E) Planigale sp. 1 and (F) Planigale sp. 2. Colours represent mtDNA haplo-groups 
identified in Figure 3, except for D where colours represent IBRA regions, and F where colours 
represent River Basins, see key. Colours labelled “?” were samples that were not sequenced for 
mtDNA therefore not assigned to a haplo-group. Circle size indicates the number of individuals 
sharing that haplotype, with larger circles indicating more common haplotypes, hatch-marks 
show missing haplotypes.  

 

Planigale sp. 1 exhibited four haplo-groups (Figure 3.3), the major two of 

which were split across the centre of the Pilbara with one group (red) 

occupying the eastern half of the Chichester and Fortescue subregions exclusive 

to the other groups. Two minor haplo-groups (green and yellow) occurred in 

the western and southern parts of the Pilbara bioregion and included an 
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individual from Barrow Island off the Pilbara coast (Figure 3.3). The two larger 

mtDNA haplo-groups were shared evenly across the nuclear network (Figure 

3.4E). 

There was no clear phylogeographic structure evident in the mtDNA 

(Figure 3.5) or nDNA (Figure 3.4D) sequence data for Sminthopsis longicaudata. 

Of the 30 samples in the concatenated mtDNA dataset 26 were unique 

haplotypes, and multiple samples collected from two discrete locations, Lorna 

Glen and Lake Mason Stations did not cluster together but instead were 

distributed throughout the network. Similarly, for ω-globin sequences, 

individuals from Lorna Glen Station exhibited 10 out of the 13 nuclear 

haplotypes. 

Planigale sp. 2 had lower nucleotide diversity for all three genes 

compared to the other five species (Table 3.3). Phylogeographic structure was 

unclear in the network analysis with the suggestion of different groupings in 

north-east Pilbara vs. south of the Fortescue vs. west along the coast (Figure 

3.5). There was extremely low variation in ω-globin with only four haplotypes 

(Figure 3.4F). 

The first level of FST tests compared sub-populations on either side of the 

Pilbara Bioregion boundary and revealed population differentiation that was 

highest within S. ooldea (FST = 0.785, p < 0.001), moderate within S. youngsoni 

(global FST = 0.225, p < 0.001; Table 3.4), and lower for S. macroura (FST = 0.0284, p 

= 0.012) and not significant for S. longicaudata (FST = 0.026, p = 0.168).  

Within the Pilbara, samples were grouped into sub-populations based on 

the IBRA subregions (Figure 3.1) and global FST values were highest within S. 

macroura (FST = 0.398 p < 0.001), then Planigale sp. 2 (FST = 0.273 p < 0.001), S. 

youngsoni (FST = 0.206 p < 0.001), and lowest for Planigale sp. 1 (FST = 0.075 p < 

0.001). Most pairwise FST tests on sub-populations between the four Pilbara 

IBRA subregions showed significant population differentiation except between 
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Chichester and Roebourne for S. youngsoni and Planigale sp. 1, and Chichester 

and Hamersley or De Grey and Fortescue river systems for Planigale sp. 2 (Table 

3.4). Sub-population differentiation within Planigale sp. 1 was generally lower 

than that observed for the other species. 

 

 
Figure 3.5: A: Concatenated mtDNA networks for S. longicaudata (n = 30) coloured according to 
IBRA region, and Planigale sp. 2 (n = 39) coloured according to River Basin. Circle size indicates 
the number of individuals sharing that haplotype, with larger circles indicating more common 
haplotypes, small black circles indicate nodes, hatch-marks show missing haplotypes. B: map of 
individual specimens featured in A, colours of samples in B match those in A, also shown in 
black lines are the IBRA regions for S. longicaudata and River basins for Planigale sp. 2. 
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Table 3.4: Pairwise FST estimates of population differentiation between the Pilbara and other 
regions of S. youngsoni and within the Pilbara IBRA subregions of S. youngsoni, S. macroura, 
Planigale sp. 1 and Planigale sp. 2 based on cytb DNA sequences. Bold values indicate p < 0.05. 

Species n Sub-populations 

S. youngsoni 

outside Pilbara 

  Carnarvon Pilbara Eastern  
26 Carnarvon -    
49 Pilbara 0.147 -   
50 Eastern 0.351 0.173 -  

S. youngsoni 

within Pilbara 

  Chichester Fortescue Hamersley Roebourne 
24 Chichester -    
9 Fortescue 0.316 -   
6 Hamersley 0.231 0.427 -  
10 Roebourne -0.004 0.162 0.129 - 

S. macroura 

  Chichester Fortescue Hamersley Roebourne 
32 Chichester -    
23 Fortescue 0.190 -   
57 Hamersley 0.541 0.500 -  
30 Roebourne 0.046 0.273 0.522 - 

Planigale sp. 1 

  Chichester Fortescue Hamersley Roebourne 
94 Chichester -    
4 Fortescue 0.174 -   
76 Hamersley 0.064 0.221 -  
10 Roebourne 0.041 0.173 0.081 - 

Planigale sp. 2 

IBRA 

  Chichester Fortescue Hamersley Roebourne 
13 Chichester -    
6 Fortescue 0.372 -   
14 Hamersley 0.035 0.402 -  
6 Roebourne 0.263 0.231 0.344 - 

Planigale sp. 2 

River systems 

  De Grey Fortescue Ashburton Hedland 
12 De Grey -    
19 Fortescue -0.005 -   
3 Ashburton 0.494 0.236 -  
4 Hedland 0.562 0.301 0.390 - 

 

3.4.3. Population expansion analysis 

Population size changes were tested using summary statistics (Table 3.3) 

and extended Bayesian skyline plots (Figure 3.4). Evidence of population 

expansion was strong with the CR sequence data for all six species with 

significant and high Fu’s Fs values, however test scores for Tajima’s D and 

Ramos-Onsins R2 were not significant except for R2 for Planigale sp. 1. Cytb 

sequence data showed a mixture of results from the three statistics, R2 and Fs 

showing evidence for population expansion in four species, the only one 

without significant test scores being S. ooldea. When the two mtDNA loci were 
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combined Fu’s Fs values were significant for all six species and Ramos-Onsins 

R2 values were significant for all but S. ooldea and S. youngsoni. There was less 

evidence of population expansion with the nuclear loci, except for S. youngsoni 

which was significant for R2 and Fs. Coalescent extended Bayesian skyline 

analyses were run on the major haplo-groups identified from the network 

analyses and showed population size increases for all groups examined except 

S. ooldea haplo-group 1 (Figure 3.6). The onset of population expansion was 

between 150-200 kya for S. youngsoni, S. macroura and Planigale sp. 1, but it was 

more recent for S. ooldea occurring after 100 kya. Expansion began earlier for S. 

longicaudata around 330 kya and Planigale sp. 2 showed a steady increase in size, 

but the large credibility intervals of this plot mean it is difficult to interpret 

population size estimates earlier than 200 kya.  
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Figure 3.6: Extended Bayesian skyline plots showing population size changes over time using 
the combined mitochondrial (CR + cytb) and nuclear DNA sequence data of each species and 
haplo-group in this study. The median posterior estimates of demographic change over the past 
400 thousand years are graphed with the grey area indicating the 95% CPD (central posterior 
density/credible intervals).  

 

3.5. Discussion 

Late Quaternary climate changes were a major driver of species 

phylogeographic patterns throughout arid Australia, resulting in intraspecific 

variation from multiple population expansion and contraction events. Here we 

explored the role of habitat specificity and variation in ecological requirements 

as drivers of population responses to Quaternary changes in the arid-occurring 

dasyurids within the Sminthopsinae. We found that species responses to past 

climate change were not congruent among Sminthopsinae species, adding to a 

growing number of genetic studies on Australian arid species that point to 

idiosyncratic responses that are primarily driven by habitat preferences (Byrne 
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et al., 2008; Wadley et al., 2016). Within the Pilbara, population structure relates 

to the location and connectivity of preferred substrate/habitat types, and 

population differentiation across the Pilbara craton suggests that it has acted as 

an historical refugium for species that prefer non-sandy habitats. While 

phylogeographic patterns were different between the six species, there was 

strong evidence for population expansion that occurred during the mid-

Pleistocene, indicating that these species responded favourably to changing 

environmental conditions. 

 

3.5.1. Phylogeography in the arid zone 

The Pilbara is considered a biodiversity hotspot and a high degree of 

endemism has been observed across many taxa (Cracraft, 1991; Pepper et al., 

2013), including multiple endemic mammal species, and isolated populations of 

other widespread species (Gibson & McKenzie, 2009). Our results show that the 

Pilbara is a phylogeographic hotspot of genetic diversity also, due to the 

accumulation of unique mtDNA haplotypes compared to the adjacent arid 

regions. This was most clearly observed between Pilbara and non-Pilbara 

samples of S. ooldea where the south-eastern edge of the Pilbara craton is an 

important phylogeographic break, despite this species occurring continuously 

from the Pilbara into central South Australia (Figure 3.1). This marked 

differentiation may be attributed to narrowing of suitable habitat between the 

edge of the Pilbara craton and the sandy substrates of the adjacent Little Sandy 

Desert, as S. ooldea prefers mulga (Acacia) woodland habitats (Bennison et al., 

2013). The marked change in habitats where the Pilbara’s rocky craton abuts the 

dune systems of the Great and Little Sandy Deserts, has previously been 

identified as a limiting factor in the dispersal of non-sand-preferring Pilbara 

species (Ford, 1987). For example, in the gecko Lucasium stenodactylum, 
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genetically well-defined clades occur in close proximity at the south-eastern 

edge of the Pilbara Craton (Pepper et al., 2006).  

Differentiation of sub-populations across the Pilbara boundary of S. 

youngsoni, S. macroura and S. longicaudata were much lower than that observed 

for S. ooldea, suggesting greater dispersal and habitat connectivity for these 

three species. We did not include non-WA populations of S. macroura in the 

phylogeographic analysis as our tree analysis supported the separation of a 

western lineage, identified earlier by Blacket et al. (2001). This genetic evidence 

coupled with the lack of voucher specimens and observational records of S. 

macroura from the Great Victoria Desert suggest the separation between the 

eastern and western lineages could be older than the population differentiation 

observed within the other species in this study. While the FST results suggest 

fixed differences between the Pilbara and eastern populations of S. youngsoni, it 

is probably driven by the eastern haplo-group 2, as sandy habitats are fairly 

continuous to the north and east of the Pilbara region (Figure 3.1A). 

 

3.5.2. Genetic structure within the Pilbara 

Within the Pilbara, Planigale sp. 1 and S. macroura have the most 

comparable distributions and sample sizes of the six species examined, and 

both exhibited similar degrees of mitochondrial population structure, but 

different phylogeographic patterns. S. macroura had high FST values between the 

Hamersley and the other three IBRA subregions, while FST values were 

generally lower between subregions for Planigale sp. 1. These two species were 

similarly abundant (Gibson & McKenzie, 2009) and probably both good 

dispersers, so the difference in genetic patterns is likely related to their different 

habitat preferences. S. macroura prefers clay/loam soils in Pilbara lowlands, and 

the rocky Hamersley Range could be an important linear barrier, limiting 

dispersal from populations in the north and resulting in the haplo-group that in 
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the Pilbara is restricted to the Hamersley subregion. A similar pattern has been 

observed in multiple species of rock-specialised geckos as the discontinuity of 

the rocky surfaces of the Hamersley and Chichester Ranges are bisected by the 

lowlands of the Fortescue subregion leading to separate clades associated with 

each major geological unit (Pepper et al., 2013). Likewise, the pebble-mimic 

dragon Tympanocryptis cephalus, which occurs on stony plains, exhibited 

intraspecific structure associated with either side of the Hamersley Range (Shoo 

et al., 2008), while in hummock grasses (Triodia species) lineage diversity in the 

Pilbara is strongly correlated to substrate type and reflects the boundaries of 

IBRA subregions (Anderson et al., 2016). In contrast, the population 

differentiation of the two major haplo-groups in Planigale sp. 1 occurs in a 

rough east-west pattern through the central Pilbara (Figure 3.3), and related 

haplotypes occur in the Chichester and the eastern Hamersley regions resulting 

in the low FST between these two areas (Table 3.4). A similar east-west divide 

within the Chichester has been observed in clades of the gecko Lucasium 

stenodactylum, a widespread species that is not strongly associated with rocky 

habitats (Pepper et al., 2008). Clustering of clades in the eastern or western parts 

of the Chichester region was also observed in other gecko species and attributed 

to strong associations with habitat types and geology (Pepper et al., 2013).  

We did not find clear phylogeographic structure in the mitochondrial 

sequence data for Planigale sp. 2, but the FST results between the Hamersley and 

Fortescue IBRA subregions, and De Grey and Ashburton/Port Hedland River 

basins were high. This suggests that the mountainous Hamersley subregion 

could act as a barrier to dispersal between cracking-clay habitats that are 

interspersed in the lowlands of the Hamersley subregion and relatively 

common in the Fortescue subregion, and also that dispersal is limited between 

the Port Hedland coast and De Grey catchment in the eastern Pilbara, possibly 

due to the Chichester Range. We did not find any phylogeographic structure 

within the limited Pilbara samples (n = 12) of S. longicaudata, despite this species 
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being thought to be closely associated with rocky substrates that are known to 

drive structure in other taxa. 

While we recovered mitochondrial phylogeographic structure within 

several species in the Pilbara, this is in contrast with other population genetic 

studies on Pilbara mammals. A recent study on three small mammals occurring 

in the Pilbara, two widespread habitat generalists, the murid Pseudomys 

hermannsburgensis and dasyurid Ningaui timealeyi, and the pebble surface 

specialist mouse Pseudomys chapmani, found little evidence for population 

structure using mitochondrial and microsatellite sequence data (Levy et al., 

2018). This is thought to be due to the high fecundity and high dispersal 

potential of these species resulting in panmixia despite the complex geological 

landscape of the Pilbara presenting numerous potential barriers to gene flow 

(Levy et al., 2018). Panmixia has also been suggested for the mainland Pilbara 

population of the northern quoll, the largest Pilbara dasyurid (< 1 kg), and this 

species has been documented to have excellent dispersal abilities (Schmitt et al., 

1989; Spencer et al., 2013). Similarly, widespread dispersal of pollen grains in a 

Pilbara endemic gumtree (Eucalyptus leucophloia) is thought to result in low 

levels of genetic differentiation (Byrne et al., 2017).  

 

3.5.3. Pilbara refugia and differentiation in dune fields 

The Pilbara has been proposed as an important Pleistocene refugium, 

particularly during heightened arid conditions during the last 400 kya that 

caused the spread of sand dune habitats that surround it to the north and east 

(Byrne et al., 2008; Pepper et al., 2013). These dune deserts formed relatively 

recently, the oldest dated about 1 Mya (Fujioka & Chappell, 2010), compared to 

the ancient rocky surfaces of the Pilbara, and are the dominant habitat type in 

the arid interior (Hess, 2010). As such, they have restricted the range and 

dispersal of species adapted to the older rocky, clay or stony substrates, but 
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increased the habitat available for sand specialised species (Anderson et al., 

2016; Pepper et al., 2011). During inter-glacial periods, similar to the present, 

dune systems are stabilised by vegetation and host a plethora of sand adapted 

species, but during GM when precipitation rates were much lower, dunes 

became active and are thought to have been unlikely to sustain life (Byrne et al., 

2008; Hess, 2010). The Pilbara is believed to have acted as a key refugium 

during GM, due to the proximity to the coast having a buffering effect on the 

climate and the geographically complex landscape offering many smaller 

refugia for species to persist (Byrne et al., 2008; Pepper et al., 2013). Our data 

suggest that the Pilbara as a whole could have acted as a refugium for S. ooldea, 

and that within the Pilbara the Hamersley subregion contains important refugia 

for Sminthopsinae as it contains important habitat for S. ooldea, S. macroura and 

Planigale sp. 2, and hosts higher haplotype diversity for Planigale sp. 1 than 

other subregions.  

The sand specialist in this study, S. youngsoni, occurs in dune habitats on 

the Carnarvon coast, west of the Pilbara, and throughout the expansive 

longitudinal dunes of the Great Sandy Desert to the Simpson Desert in South 

Australia. While these habitats appear relatively continuous, we recovered 

population differentiation associated with the Gibson Desert, which is 

dominated by hard, lateritic stony plains that are unlikely to be suitable habitat 

for S. youngsoni and probably limit dispersal to narrow corridors along 

waterlines. The narrowing of sandy habitats along the Onslow coast in the 

Pilbara can be seen clearly in the distribution of records of S. youngsoni on the 

western edge of the Pilbara, but these samples still formed a haplo-group with 

the eastern Pilbara samples. However, the FST results between the Hamersley 

and Chichester/Fortescue subregions suggest some differentiation of 

populations in the east and western parts of the Pilbara. In a recent study, the 

dasyurid Pseudantechinus macdonnellensis, which has a comparable distribution 

to S. youngsoni, did not exhibit clear phylogeographic structure throughout the 
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range, and isolation-by-distance is thought to be more important in driving 

genetic variation than geographically-structured habitats (Umbrello et al., 2017). 

Australian dune deserts, which are comparatively young and expansive in the 

interior have led to lower lineage age, intraspecific structure, and strong signals 

of population expansion in several gecko groups (Laver et al., 2017; Oliver et al., 

2014; Pepper et al., 2011), and hummock grasses (Anderson et al., 2016) 

compared to related species occurring in geographically-structured habitats. 

Our results also show that the geographically diverse and structured Pilbara is 

an important area for mitochondrial variation in Sminthopsinae, compared to 

the surrounding regions. 

 

3.5.4. Non-congruence among Sminthopsinae 

We did not recover congruent phylogeographic patterns among the six 

species in this study, despite their shared ancestry and broadly similar trophic 

roles, suggesting that habitat specificity contributes to intraspecific genetic 

patterns. However, these patterns were generally weak, compared to other taxa, 

and we failed to show clear differences between the habitat specialists vs. 

generalists. The arid-zone comprises a multitude of complex, structured 

habitats that have facilitated rapid adaptive radiation and niche partitioning 

within Dasyuridae (Bino et al., 2013; Dickman, 2003; García-Navas et al., 2018). 

Species within Sminthopsinae are generally phylogenetically conserved for 

body size, and related species have diversified into different habitat niches, 

which is likely driven by competition (Bino et al., 2013). The maintenance of 

these strict habitat preferences has led to allopatric distributions on a local 

habitat scale (Lanier et al., 2013), and determines species responses to 

environmental change. A growing number of studies on Australian species are 

reporting idiosyncratic (i.e. species specific) patterns that result from differences 

in species ecological requirements, that have driven responses to Pleistocene 
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environmental change (Byrne et al., 2008; Neaves et al., 2012; Wadley et al., 

2016). By broadening the focus of future phylogeographic studies to include 

species with similarly broad ecological requirements and distributions, 

including those restricted to cracking clay or dune fields, but that are not 

necessarily within the same phylogenetic clade we should begin to see 

responses that are most strongly determined by changes in habitat specificity 

(Kearns et al., 2014). 

 

3.5.5. Pleistocene population expansion 

We aimed to examine population expansion signals among arid-adapted 

dasyurids, expecting that if Pleistocene refugia had been important in driving 

phylogeographic structure we would detect evidence of population expansion 

as well. Byrne et al. (2008) proposed that intraspecific genetic structure may be 

the result of contraction and expansion from refugia, which were important 

during GMs, as climates during those times were increasingly dry and cold 

leading to much of inland Australia becoming less habitable, particularly to 

homoeothermic taxa. We recovered evidence of population expansion among 

Sminthopsinae, and the timing of the onset of these expansion events was much 

earlier than the last GM, beginning instead around 200-100 kya (Figure 3.6) and 

continuing until the present. This coincides with increasing aridity during peak 

climate oscillations of the mid-late Pleistocene. The timing of these expansion 

events is comparable to butcherbirds (Kearns et al., 2014), monsoonal/savannah 

occurring macropods (Eldridge et al., 2014) and clades of a widespread arid-

adapted lineage of geckos such as Heteronotia bionei (Fujita et al., 2010; Strasburg 

et al., 2007), which all experienced population expansion that began well before 

the last GM. Low mitochondrial intraspecific variation within S. crassicaudata, 

which occupies the southern arid-zone, could also imply recent population 

expansion (Cooper et al., 2000). Our results are congruent with a mounting 
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number of studies that suggest population expansions of arid adapted taxa 

occurred during the high amplitude climate cycles of the mid-late Pleistocene 

coinciding with intense aridification (Anderson et al., 2016; Joseph & Wilke, 

2007; Oliver et al., 2014; Pepper et al., 2011). The timing of population expansion 

events is dependent on the estimated mitochondrial substitution rates, which 

show a high degree of variation between different mammal groups (Bininda-

Emonds, 2007). However, the rates we have used fall within the range reported 

for Dasyuridae (Nabholz et al., 2007), and we believe they are a reasonable 

estimation of the substitution rate for cytb. 

 

3.5.6. Conservation implications for arid-occurring dasyurids 

We hypothesised that species occurring in restricted, and therefore 

patchy, habitats would have stronger phylogeographic patterns than those 

inhabiting the more dominant and continuous habitats (Gibson & McKenzie, 

2009). This proved not to be the case and, therefore, the observed patterns could 

be largely driven by recent population expansion, as well as the remarkable 

dispersal abilities of small arid-dwelling dasyurids (Dickman et al., 1995; 

Haythornthwaite & Dickman, 2006). Two species, S. longicaudata and Planigale 

sp. 2, that are known to occur in patchy habitats, lacked strong population 

structure, despite our expectations. Both species are substrate specialists, S. 

longicaudata preferring rock outcrops and slopes, and Planigale sp. 2 preferring 

cracking clay, being infrequently captured on non-preferred substrate types 

(Gibson & McKenzie, 2009). Targeting S. longicaudata often requires blasting to 

set pitfall-trap lines in rocky habitat and surveys at Lorna Glen and Lake Mason 

Stations show this can lead to relatively high capture rates (M.A. Cowan pers. 

comm.). The lack of population structure in our data could indicate that both 

these species have better dispersal abilities than previously thought, despite the 

patchy nature of their preferred habitat types. It could also be a result of these 
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data being limited in their power, with only three loci in total, including two 

that are linked on the mitochondrial genome. Using multiple unlinked nuclear 

loci, e.g. Single Nucleotide Polymorphisms (SNP) generated through capture 

array or RADseq, would be useful for further coalescent-based analyses and 

comparison of the mitochondrial signal with SNPs (Davey & Blaxter, 2010). A 

SNP approach may also be able to detect finer-scale patterns in species with 

fewer samples available such as for Planigale sp. 2. Such datasets could also 

examine isolation-by-distance effects, which are probably important in 

widespread arid-occurring populations that exhibit little geographic structure. 

Unknown cryptic diversity is continuing to be a challenge in the 

conservation of Australia’s species, including mammal groups (Travouillon & 

Phillips, 2018; Westerman, Blacket, et al., 2016b). Our tree analysis on the S. 

macroura complex supports the mitochondrial lineages of S. macroura identified 

by Blacket et al. (2001), with an added signal from an independent nuclear 

locus. In particular, the strength of the S. froggatti + S. stalkeri group being 

evidence of a separate species to the true S. macroura group, while preliminary 

examination of wet specimens in the WA Museum (pers. obs.) has shown that 

specimens genotyped as S. froggatti can be readily distinguished from the 

western lineage of S. macroura. However, resolution of the relationships among 

the S. macroura clades was not well supported and follows a trend from 

previous studies of low support for the placement of these clades (Blacket et al., 

2001; Woolley et al., 2015). Higher relationships among the stripe-faced 

dunnarts require further investigation using multiple independent nuclear loci. 

The taxonomic uncertainty in the S. macroura complex is not unique among 

Australian arid-zone mammals (Travouillon & Phillips, 2018; Westerman et al., 

2016b), and unrecognised cryptic diversity can lead to problems when making 

phylogeographic comparisons and informing conservation planning. Using 

measures of phylogenetic diversity to inform conservation planning has been 

suggested as a solution in groups with high levels of cryptic diversity and low 
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taxonomic capacity (Rosauer et al., 2018), but this method requires extensive 

coverage of DNA samples, which is not always possible in remote arid-zone 

locations due to declining field collection studies. Another interim solution is to 

recognise lineage diversity by categorising populations as Evolutionary 

Significant Units (Moritz, 1994), and we believe this could be appropriate for 

the western lineage of S. macroura. 

The results from previous demographic research and this study show 

how dispersal abilities and breeding biology allow for quick generation 

turnover and colonisation of habitats after episodic rainfall and disturbance 

events (such as fire), and population expansion can mask signals of historical 

population structure (Levy et al., 2018). These aspects of small dasyurid biology, 

and the continual persistence of populations despite high extinction rates in 

other arid-occurring mammal species, points to their resilience in the face of 

future environmental change. 

 

3.5.7. Conclusion 

We tend to agree with Byrne et al. (2008) that phylogeographic processes 

in Australian arid species are species-specific and related to historical changes 

in preferred habitats, but that the timing of population expansions pre-dates 

contraction into refugia during the LGM. Our research adds to a growing body 

of literature on other arid-adapted vertebrates that experienced population 

expansion during arid cycling of the mid-late Pleistocene, including during the 

LGM (Fujita et al., 2010; Kearns et al., 2014). These complex patterns, resulting 

from population expansion events, habitat specificity, and species biology, add 

to a growing number of studies from arid regions where species responses to 

Quaternary change are closely linked to expansion and contraction of habitat 

that occurred during the Pleistocene (Barrientos et al., 2014; Ossa et al., 2017; 

Velo-Antón et al., 2018). Continuing to explore the phylogeography of southern 
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hemisphere systems is important in understanding how biota have responded 

to changing climates, either through persistence in refugia or population 

expansion, and can assist with predicting how populations may alter during 

future climate changes of the Anthropocene. 



  

106 
 

3.4. Supplementary material 

Table 3.5: Data for specimens sequenced in Chapter 3 from the WA Museum (WAM), 
Department of Biodiversity and Attractions (DBCA), Australian Biological Tissue Collection 
(ABTC), South Australian Museum (SAMA) and Museum and Art Gallery of the NT (MAGNT). 
Reg. no. State Latitude Longitude Year Tissue CR cytb ω-globin 

Planigale sp. 1 
WAM M41869 WA -21.6583 116.2722 1993 liver   
WAM M47725 WA -21.1269 117.0956 1997 liver    
WAM M49025 WA -21.6758 115.1458 2003 tail   
WAM M49032 WA -21.7410 115.1130 2002 liver   
WAM M49040 WA -21.7110 115.1970 2002 liver   
WAM M49041 WA -21.7040 115.1280 2002 liver   
WAM M49042 WA -21.7300 115.1570 2002 liver   
WAM M49048 WA -21.7196 115.1780 2002 liver   
WAM M49195 WA -20.6169 116.7850 2001 liver   
WAM M49196 WA -20.6169 116.7850 2001 liver   
WAM M49197 WA -20.6169 116.7850 2001 liver   
WAM M49198 WA -20.6169 116.7850 2001 liver   
WAM M49535 WA -21.3594 118.8817 2001 muscle    
WAM M51415 WA -21.7830 114.8697 1999 muscle    
WAM M52014 WA -21.7250 122.2333 1999 muscle    
WAM M53961 WA -21.7038 115.1289 2003 liver   
WAM M53962 WA -21.7038 115.1289 2003 liver   
WAM M54312 WA -21.3044 121.2004 2004 liver   
WAM M54313 WA -21.2884 121.2374 2004 liver   
WAM M54318 WA -21.3299 120.8757 2004 liver   
WAM M54319 WA -21.2884 121.2374 2004 liver   
WAM M54326 WA -21.2462 120.5391 2004 liver   
WAM M54331 WA -21.4799 120.0908 2004 liver   
WAM M54333 WA -21.4799 120.0908 2004 liver   
WAM M54336 WA -21.6442 120.0630 2004 liver   
WAM M54340 WA -21.9478 120.1942 2004 liver   
WAM M54342 WA -21.4799 120.0908 2004 liver   
WAM M54346 WA -21.6442 120.0630 2004 liver   
WAM M54352 WA -21.6442 120.0630 2004 liver   
WAM M55149 WA -20.7841 115.4558 2003 tail   
WAM M55245 WA -23.3108 119.9169 2004 liver   
WAM M55246 WA -23.3069 119.8767 2004 liver   
WAM M55279 WA -23.3097 119.7975 2004 liver   
WAM M55281 WA -23.3152 119.8064 2004 liver   
WAM M55282 WA -23.3119 119.8128 2004 liver   
WAM M55287 WA -22.9397 118.8628 2004 tail    
WAM M56151 WA -21.7563 116.1964 2005 liver   
WAM M56171 WA -21.7280 116.0983 2005 liver   
WAM M56172 WA -21.7200 116.2144 2005 liver   
WAM M56173 WA -21.6708 115.9678 2005 liver   
WAM M56174 WA -21.6708 115.9678 2005 liver   
WAM M56181 WA -21.6883 115.9014 2005 liver   
WAM M56247 WA -24.7500 117.3667 2004 liver   
WAM M56300 WA -21.7594 116.2275 2005 liver   
WAM M56311 WA -21.9511 116.4653 2005 liver   
WAM M56313 WA -21.7602 116.2211 2005 liver   
WAM M56434 WA -20.5683 120.1897 2005 liver   
WAM M56623 WA -21.7083 116.7658 2005 liver   
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Reg. no. State Latitude Longitude Year Tissue CR cytb ω-globin 
Planigale sp. 1 

WAM M56623 WA -21.7083 116.7658 2005 liver   
WAM M56626 WA -21.6828 116.7522 2005 liver   
WAM M56629 WA -21.7108 116.7658 2005 liver   
WAM M56641 WA -21.8767 116.5169 2005 liver   
WAM M56662 WA -21.6828 116.7522 2005 liver   
WAM M56663 WA -21.8767 116.5169 2005 liver   
WAM M56673 WA -21.4381 119.5411 2005 liver   
WAM M56762 WA -21.6331 116.4917 2005 liver   
WAM M56764 WA -21.8397 116.6825 2005 liver   
WAM M56767 WA -21.7108 116.7658 2005 liver   
WAM M56769 WA -21.8714 116.4725 2005 liver   
WAM M56776 WA -21.6331 116.4917 2005 liver   
WAM M56781 WA -21.8767 116.5169 2005 liver   
WAM M56788 WA -21.6331 116.4917 2005 liver   
WAM M56798 WA -21.7319 115.8072 2005 liver   
WAM M56815 WA -21.7319 115.8072 2005 liver   
WAM M56831 WA -21.7319 115.8072 2005 liver   
WAM M56848 WA -22.1201 115.5700 2004 muscle   
WAM M56867 WA -22.4300 116.2798 2004 muscle   
WAM M56874 WA -22.4300 116.2798 2004 liver   
WAM M56880 WA -22.4080 116.3717 2004 liver   
WAM M56897 WA -22.8524 119.2651 2004 liver   
WAM M56923 WA -20.8522 119.5925 2006 liver   
WAM M56924 WA -20.8522 119.5925 2006 liver   
WAM M56939 WA -20.8522 119.5925 2006 liver   
WAM M57249 WA -20.8526 117.0959 2004 liver   
WAM M57264 WA -21.7665 117.8253 2004 liver   
WAM M57265 WA -21.7665 117.8253 2004 liver   
WAM M57267 WA -21.7665 117.8253 2004 liver   
WAM M57272 WA -21.7665 117.8253 2004 liver   
WAM M57277 WA -21.7665 117.8253 2004 liver   
WAM M57280 WA -21.7868 117.8622 2004 liver   
WAM M57281 WA -21.7665 117.8253 2004 liver   
WAM M57291 WA -21.7950 117.8570 2004 liver   
WAM M57617 WA -21.0699 116.2043 2004 muscle   
WAM M57720 WA -21.2367 119.4083 2006 liver   
WAM M57721 WA -21.3108 119.6042 2006 liver   
WAM M57724 WA -22.7892 116.5709 2005 liver   
WAM M57725 WA -22.4253 116.2153 2005 liver   
WAM M57729 WA -22.7112 116.4004 2005 liver   
WAM M57730 WA -22.4300 116.2798 2005 liver   
WAM M57732 WA -22.4300 116.2798 2005 liver   
WAM M57733 WA -22.4080 116.3717 2005 liver   
WAM M57734 WA -22.4300 116.2798 2005 liver   
WAM M57736 WA -23.1032 119.0389 2005 liver   
WAM M57739 WA -22.8524 119.2651 2005 liver    
WAM M57742 WA -22.9146 119.2090 2005 liver   
WAM M57743 WA -23.0538 119.1769 2005 liver   
WAM M57744 WA -23.2509 119.1447 2005 liver   
WAM M57745 WA -22.8524 119.2651 2005 liver   
WAM M57746 WA -23.2509 119.1447 2005 liver   
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Reg. no. State Latitude Longitude Year Tissue CR cytb ω-globin 
Planigale sp. 1 

WAM M57749 WA -23.2509 119.1447 2005 liver    
WAM M57753 WA -22.1041 115.5678 2005 liver   
WAM M57756 WA -22.4640 115.6344 2005 liver   
WAM M57760 WA -22.1933 115.5536 2005 liver   
WAM M57761 WA -22.1201 115.5700 2005 liver   
WAM M57762 WA -22.1933 115.5536 2005 liver   
WAM M57763 WA -22.1933 115.5536 2005 liver   
WAM M57874 WA -21.0699 116.2043 2005 liver   
WAM M57881 WA -21.5713 117.0563 2005 liver   
WAM M57882 WA -21.3397 117.2601 2005 liver   
WAM M57883 WA -21.5402 117.0570 2005 liver   
WAM M57885 WA -21.3280 117.2430 2005 liver   
WAM M57887 WA -21.5773 117.0624 2005 liver   
WAM M57888 WA -21.3397 117.2601 2005 liver   
WAM M57889 WA -21.3397 117.2601 2005 liver   
WAM M57890 WA -21.3397 117.2601 2005 liver   
WAM M57891 WA -21.3397 117.2601 2005 liver   
WAM M57893 WA -21.5634 117.0591 2005 liver   
WAM M57894 WA -21.5634 117.0591 2005 liver   
WAM M57902 WA -21.3104 117.2763 2005 liver   
WAM M57903 WA -21.5773 117.0624 2005 liver   
WAM M57905 WA -21.0000 117.0000 2005 liver   
WAM M57906 WA -21.3413 117.1886 2005 liver   
WAM M57909 WA -21.3413 117.1886 2005 liver   
WAM M57913 WA -22.1347 119.0243 2005 liver   
WAM M57915 WA -22.1347 119.0243 2005 liver   
WAM M57920 WA -22.0688 118.9787 2005 liver   
WAM M57922 WA -22.4518 119.9760 2005 liver   
WAM M57924 WA -22.4154 119.9840 2005 liver   
WAM M57927 WA -22.1178 119.8772 2005 liver   
WAM M57930 WA -21.7868 117.8622 2005 liver   
WAM M57932 WA -21.7141 117.7755 2005 liver   
WAM M57933 WA -21.8336 117.6109 2005 liver   
WAM M57934 WA -21.7141 117.7755 2005 liver   
WAM M57937 WA -21.7868 117.8622 2005 liver   
WAM M57941 WA -20.8526 117.0959 2005 liver   
WAM M57943 WA -20.9346 117.1151 2005 liver   
WAM M57944 WA -20.9346 117.1151 2005 liver   
WAM M57948 WA -20.6884 117.0069 2005 liver   
WAM M57949 WA -20.6884 117.0069 2005 liver   
WAM M57951 WA -20.8526 117.0959 2005 liver   
WAM M57952 WA -20.8526 117.0959 2005 liver   
WAM M57955 WA -20.7680 116.8420 2005 liver   
WAM M57956 WA -20.8526 117.0959 2005 liver   
WAM M60003 WA -20.9336 119.9036 2006 liver   
WAM M60024 WA -20.7483 120.2578 2006 liver   
WAM M60052 WA -20.3358 119.1375 2006 liver   
WAM M60500 WA -22.5706 118.3069 2005 liver   
WAM M60510 WA -22.6108 118.0225 2005 liver   
WAM M60517 WA -22.6800 117.8478 2005 liver   
WAM M60534 WA -23.3586 120.4592 2005 liver   
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Reg. no. State Latitude Longitude Year Tissue CR cytb ω-globin 

Planigale sp. 1 
WAM M60561 WA -21.2794 119.4119 2006 liver   
WAM M60563 WA -21.2181 119.4019 2006 liver   
WAM M60564 WA -21.5058 119.4194 2006 liver   
WAM M60607 WA -21.6728 116.7253 2006 liver   
WAM M60618 WA -21.6272 116.4458 2006 liver   
WAM M60624 WA -20.7481 120.9314 2006 liver   
WAM M60708 WA -22.1786 118.9881 2008 liver   
WAM M60758 WA -22.1333 117.8167 2008 liver   
WAM M60759 WA -22.1333 117.8167 2008 liver   
WAM M60760 WA -22.1333 117.8167 2008 liver   
WAM M60846 WA -25.6611 118.3556 2009 muscle   
WAM M60997 WA -21.0364 117.1062 2005 liver   
WAM M60998 WA -20.9346 117.1151 2005 liver   
WAM M61016 WA -21.2462 120.5391 2005 liver    
WAM M61017 WA -21.2462 120.5391 2005 liver   
WAM M61019 WA -21.3337 120.7523 2005 liver   
WAM M61020 WA -21.2884 121.2374 2005 liver   
WAM M61027 WA -21.4799 120.0908 2005 liver    
WAM M61029 WA -21.4077 120.0713 2005 liver   
WAM M61030 WA -21.3923 120.0709 2005 liver   
WAM M61033 WA -21.3923 120.0709 2005 liver   
WAM M61060 WA -20.8522 119.5925 2005 liver   
WAM M61061 WA -20.4281 119.9694 2005 toe   
WAM M61087 WA -20.7483 120.2578 2005 liver    
WAM M61088 WA -20.8178 120.5369 2005 liver   
WAM M61089 WA -20.8178 120.5369 2005 liver   
WAM M61092 WA -20.7392 120.8939 2005 liver   
WAM M61116 WA -20.3358 119.1375 2005 liver   
WAM M61405 WA -23.2767 122.8195 2013 liver   
WAM M61406 WA -23.2767 122.8195 2013 liver   
WAM M61658 WA -22.6108 118.0225 2006 liver   
WAM M61663 WA -22.6108 118.0225 2006 liver   
WAM M61664 WA -22.6108 118.0225 2006 liver    
WAM M61671 WA -22.6800 117.8478 2006 liver   
WAM M61673 WA -22.6108 118.0225 2006 liver    
WAM M61683 WA -22.7225 118.2683 2006 liver   
WAM M61708 WA -22.6800 117.8478 2006 liver   
WAM M61730 WA -23.2800 120.1761 2006 liver   
WAM M61737 WA -23.4583 120.1558 2006 liver   
WAM M61757 WA -22.6111 120.7289 2006 liver   
WAM M61763 WA -22.5180 120.6780 2006 liver   
WAM M61764 WA -22.5180 120.6780 2006 liver   
WAM M61778 WA -22.6111 120.7289 2006 liver   
WAM M61789 WA -23.4189 117.8419 2005 liver   
WAM M61790 WA -23.2839 118.1017 2005 liver   
WAM M61797 WA -22.6658 117.6128 2005 liver   
WAM M61810 WA -22.7975 117.4944 2005 liver   
WAM M61811 WA -22.7975 117.4944 2005 liver   
WAM M61825 WA -21.3644 118.7011 2005 liver   
WAM M61830 WA -21.2797 118.6989 2005 liver   
WAM M61838 WA -21.3644 118.7011 2005 liver   

  



  

110 
 

 
Reg. no. State Latitude Longitude Year Tissue CR cytb ω-globin 

Planigale sp. 1 
WAM M62124 WA -22.7111 119.3083 2005 liver   
WAM M64654 WA -21.0283 118.9167 2006 liver   
WAM M64659 WA -21.4008 118.7092 2006 liver   
WAM M64668 WA -21.0664 118.8989 2006 liver   
WAM M64670 WA -21.0283 118.9167 2006 liver   
WAM M64683 WA -21.0283 118.9167 2006 liver   
WAM M64695 WA -22.3214 117.4794 2006 liver   
WAM M64705 WA -22.7975 117.4944 2006 liver   
WAM M64724 WA -22.6658 117.6128 2006 liver   
WAM M64728 WA -22.3214 117.4794 2006 liver   
WAM M64735 WA -22.3214 117.4794 2006 liver   
WAM M64739 WA -22.3214 117.4794 2006 liver   
WAM M64740 WA -22.6658 117.6128 2006 liver   
WAM M64743 WA -22.7200 117.5106 2006 liver   
WAM M64747 WA -22.3214 117.4794 2006 liver   
WAM M64754 WA -22.3214 117.4794 2006 liver   
WAM M64762 WA -23.3353 118.0361 2006 liver   
WAM M64770 WA -23.3353 118.0361 2006 liver   
WAM M64796 WA -23.3353 118.0361 2006 liver   
WAM TM1030 WA -21.9327 116.4561 2015 ear   
WAM TM1036 WA -21.6880 116.5024 2015 ear   
WAM TM156 WA -21.9444 115.8014 2008 tail   
WAM TM354 WA -21.9183 116.1344 2008 tail   
WAM TM581 WA -21.7819 115.0394 2012 tail   
WAM TM582 WA -21.7866 115.0308 2012 tail   
WAM TM583 WA -21.7827 115.0394 2012 tail   
WAM TM584 WA -21.7822 115.0394 2012 tail   
WAM TM586 WA -21.7866 115.0308 2012 tail   
WAM TM587 WA -21.7866 115.0308 2012 tail   

Planigale sp. 2 
WAM M48969 WA -22.0899 118.9925 2003 liver   
WAM M51820 WA -21.1633 116.8375 2001 muscle   
WAM M52357 WA -21.0152 116.1919 2000 muscle    
WAM M55113 WA -22.4697 119.8683 2004 liver   
WAM M55117 WA -22.4200 119.7594 2004 liver   
WAM M55118 WA -22.4200 119.7594 2004 liver   
WAM M55123 WA -22.4200 119.7594 2004 liver   
WAM M55126 WA -22.6544 120.1719 2004 liver   
WAM M55127 WA -22.6544 120.1719 2004 liver   
WAM M55133 WA -22.4697 119.8683 2004 liver   
WAM M55135 WA -22.6494 120.1594 2004 muscle   
WAM M55136 WA -22.4388 119.8000 2004 liver   
WAM M56182 WA -21.6680 115.9106 2005 liver   
WAM M56505 WA -22.4697 119.8683 2004 liver   
WAM M56508 WA -22.6544 120.1719 2004 liver   
WAM M56513 WA -22.4200 119.7594 2004 liver   
WAM M56516 WA -22.4388 119.8000 2004 liver   
WAM M56664 WA -21.6219 116.3897 2005 liver   
WAM M56677 WA -21.3403 119.3656 2005 liver   
WAM M56679 WA -21.3403 119.3656 2005 liver   
WAM M56685 WA -21.3403 119.3656 2005 liver   

  



Chapter 3 –Phylogeography of arid zone Sminthopsinae 

111 
 

Reg. no. State Latitude Longitude Year Tissue CR cytb ω-globin 
Planigale sp. 2

WAM M56691 WA -21.3403 119.3656 2005 liver   
WAM M56865 WA -22.7112 116.4004 2004 muscle   
WAM M56870 WA -22.7112 116.4004 2004 liver   
WAM M57241 WA -21.0539 116.1337 2004 liver   
WAM M57261 WA -20.7945 116.8567 2004 liver   
WAM M57278 WA -21.8764 117.7413 2004 liver   
WAM M57279 WA -21.8764 117.7413 2004 liver   
WAM M57685 WA -22.3469 119.0104 2004 liver   
WAM M57884 WA -21.3104 117.2763 2005 liver   
WAM M57912 WA -21.3949 117.1708 2005 liver   
WAM M57914 WA -22.1068 119.0007 2005 liver   
WAM M57939 WA -21.8915 118.0002 2005 liver   
WAM M57947 WA -20.7716 116.8498 2005 liver   
WAM M60028 WA -20.8542 120.8533 2006 liver   
WAM M60042 WA -20.0339 119.3339 2006 liver   
WAM M60558 WA -22.6033 120.7833 2005 liver   
WAM M61037 WA -20.8250 119.5364 2005 liver   
WAM M61040 WA -20.8250 119.5364 2005 liver   
WAM M61659 WA -22.6072 117.9356 2006 liver   
WAM M61675 WA -22.6072 117.9356 2006 liver   
WAM M61774 WA -22.5442 120.7992 2006 liver   
WAM M62896 WA -21.4767 117.1490 2015 liver   
WAM M62897 WA -21.4365 117.1585 2015 liver   
WAM M64697 WA -22.5047 117.7036 2006 liver   
WAM M64700 WA -22.3058 117.4797 2006 liver   

Sminthopsis macroura (froggatti)
ABTC18276 WA -15.3833 126.7833 1994 liver   
ABTC18277 WA -15.3833 126.7833 1994 liver   
ABTC18278 WA -15.3833 126.7833 1994 liver   
MAGNT U688 
[ABTC28496] 

NT -17.3870 131.1164  liver   

WAM M51935 WA -19.1094 128.8208 1998 muscle    
WAM M56144 WA -19.6319 128.8750 2004 liver   
WAM M60645 WA -22.4516 128.2980 2007 liver   
WAM M61258 WA -17.4350 125.0114 2012 liver   

Sminthopsis longicaudata
ABTC7644 WA -25.0416 124.9917 1981 liver   
DBCA MAC003 WA -26.0015 121.5634 2005 toe   
DBCA MAC004b WA -26.0322 121.5599 2005 toe   
DBCA MAC010 WA -27.6736 119.4089 2005 ear   
DBCA MAC011 WA -26.0322 121.5599 2005 ear   
DBCA MAC014 WA -27.6736 119.4089 2005 ear    
DBCA MAC016 WA -27.7659 119.2197 2005 ear   
DBCA MAC021 WA -26.0322 121.5599 2006 ear   
DBCA MAC022 WA -26.0322 121.5599 2006 ear   
DBCA MAC023 WA -26.0015 121.5634 2006 ear   
DBCA MAC0233 WA -25.2639 120.5527 2013 ear   
DBCA MAC024 WA -26.2263 121.5189 2006 ear   
DBCA MAC025 WA -26.1997 121.2664 2006 ear   
DBCA MAC026 WA -26.0322 121.5599 2006 ear   
DBCA MAC028 WA -26.1997 121.2664 2006 ear   
DBCA MAC029 WA -26.0015 121.5634 2006 ear   
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Sminthopsis longicaudata

DBCA MAC030 WA -26.0015 121.5634 2006 ear   
DBCA MAC031 WA -26.1997 121.2664 2006 ear   
DBCA MAC032 WA -26.0322 121.5599 2006 ear   
DBCA MAC033 WA -26.1997 121.2664 2006 ear   
DBCA MAC034 WA -26.0322 121.5599 2006 ear   
DBCA MAC036 WA -26.0015 121.5634 2006 ear   
DBCA MAC037 WA -26.0015 121.5634 2006 ear   
DBCA MAC052 WA -26.1997 121.2664 2007 ear   
DBCA MAC053 WA -26.1997 121.2664 2007 ear   
DBCA MAC061 WA -26.0015 121.5634 2007 ear   
DBCA MAC062 WA -26.0322 121.5599 2007 ear   
DBCA MAC063 WA -26.0322 121.5599 2007 ear   
DBCA MAC064 WA -26.0015 121.5634 2007 ear   
DBCA MAC065 WA -26.1997 121.2664 2008 ear   
DBCA MAC066 WA -26.0322 121.5599 2008 ear   
DBCA MAC068 WA -26.0322 121.5599 2008 ear   
DBCA MAC069 WA -26.0322 121.5599 2008 ear   
DBCA MAC0699 WA -25.5393 121.5868 2016 ear    
WAM M24530 
[ABTC7812] 

WA -25.0416 124.9917 1981 liver   

WAM M24531 
[ABTC7758] 

WA -25.0416 124.9917 1981 liver   

WAM M41228 WA -27.7296 119.4872 2004 liver   
WAM M41336 WA -27.6736 119.4089 2005 liver   
WAM M44983 WA -23.8794 120.5033 1996 liver   
WAM M47900 WA -23.3513 119.6514 1997 muscle    
WAM M48261 WA -24.5230 114.9656 1995 liver   
WAM M49393 WA -26.1997 121.2664 2002 liver   
WAM M49438 WA -26.0319 121.5597 2003 liver   
WAM M52415 WA -22.2894 117.2667 1998 liver   
WAM M52458 WA -22.2919 117.2833 1998 liver   
WAM M56333 WA -21.7586 116.1506 2006 liver    
WAM M56543 WA -22.8322 120.4833 2004 liver   
WAM M57925 WA -22.0947 119.7535 2005 liver   
WAM M60617 WA -21.6828 116.7522 2006 liver   
WAM M61176 WA -28.8110 116.3779 2011 liver   
WAM M61285 WA -26.2258 121.5569 2009 muscle   
WAM M61401 WA -22.0058 116.4850 2013 muscle    
WAM M61669 WA -22.6989 117.8172 2006 liver   
WAM M62371 WA -24.7258 117.4203 2006 liver   
WAM RAHLM04 WA -27.7659 119.2197 2005 ear   
WAM RAHLM05 WA -27.6736 119.4089 2005 ear   
WAM RAHLM06 WA -27.7296 119.4872 2005 ear   
WAM TM0951 WA -22.0059 116.4849 2013 ear   

Sminthopsis macroura
ABTC112621 SA -30.2956 139.4049 2009 liver   
ABTC113795 Qld -24.1014 143.2517 2010 liver   
ABTC113872 Qld -26.6739 142.5739 2010 liver   
ABTC24012 NT -23.7700 133.3380  liver   
ABTC24030 NT -23.7700 133.3380  liver   
ABTC97113 SA -31.7386 140.6594 2007 liver   
DBCA MAC0103 WA -25.0435 120.7419 2012 liver   
DBCA MAC0242 WA -25.2639 120.5527 2013 ear   
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Reg. no. State Latitude Longitude Year Tissue CR cytb ω-globin 
Sminthopsis macroura

DBCA MAC0307 WA -26.7471 123.6966 2014 liver   
DBCA MAC0395 WA -26.8594 123.8217 2014 ear   
MAGNT U1931 
[ABTC21626] 

NT -18.8770 136.4981  liver   

SAMA M17990 
[ABTC27293] 

SA -30.1200 137.2583 1995 liver   

SAMA M18176 
[ABTC35298] 

SA -26.7839 140.0203 1995 liver   

SAMA M18195 
[ABTC35212] 

SA -27.0078 139.2975 1995 liver   

SAMA M18511 
[ABTC36030] 

SA -27.4006 135.8803 1995 liver   

SAMA M18520 
[ABTC36088] 

SA -26.2383 135.6886 1995 liver    

SAMA M18547 
[ABTC35906] 

SA -26.4756 134.3314 1995 liver   

SAMA M18682 
[ABTC36301] 

SA -28.7928 136.7678 1996 liver   

SAMA M18711 
[ABTC36399] 

SA -28.1436 136.0103 1996 liver    

SAMA M19930 
[ABTC42298] 

SA -26.9553 133.6664 1998 liver   

SAMA M21324 
[ABTC79146] 

SA -29.0386 138.5469 2000 liver    

SAMA M22152 
[ABTC96232] 

SA -28.4781 134.3336 2003 liver   

SAMA M24486 
[ABTC97247] 

SA -31.0172 136.5389 2007 liver   

SAMA M24997 
[ABTC99574] 

SA -32.7733 137.5878 2007 liver   

WAM M28638 WA -21.6097 118.9878 1988 liver   
WAM M36744 WA -22.6022 118.5119 1991 liver   
WAM M36745 WA -22.6022 118.5208 1991 liver   
WAM M41229 WA -27.6916 119.6061 2004 liver   
WAM M41235 WA -27.6977 119.6297 2004 liver   
WAM M41248 WA -27.6733 119.4086 2004 liver   
WAM M41253 WA -27.6977 119.6297 2004 liver   
WAM M41258 WA -27.4852 119.5925 2004 blood   
WAM M41825 WA -23.0797 115.7903 1994 liver   
WAM M44120 WA -28.1666 123.6667 1998 liver   
WAM M44996 WA -24.5925 120.2631 1996 liver   
WAM M45043 WA -22.1966 114.0361 1997 liver   
WAM M45067 WA -22.0975 114.0111 1998 liver   
WAM M46294 WA -21.1500 120.0333 1995 liver   
WAM M46720 WA -25.8000 118.8667 1995 heart   
WAM M47331 WA -22.7500 117.7667 1996 liver   
WAM M47491 WA -22.9000 119.0000 1997 liver   
WAM M47638 WA -23.1858 118.7467 1997 liver   
WAM M47639 WA -23.1858 118.7467 1997 liver    
WAM M47668 WA -23.3066 119.8497 1997 liver   
WAM M47713 WA -21.4136 117.1619 1997 liver   
WAM M47830 WA -22.8077 117.7778 1997 liver   
WAM M47833 WA -22.8072 117.7500 1997 liver   
WAM M47842 WA -22.8177 117.7639 1997 liver   
WAM M47857 WA -22.3105 117.3192 1999 liver   
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Sminthopsis macroura 

WAM M48008 WA -25.7108 114.5997 1995 heart   
WAM M48227 WA -25.1261 113.8228 1995 liver   
WAM M48229 WA -25.0777 113.7100 1995 liver   
WAM M48258 WA -24.5513 114.9589 1995 liver   
WAM M48580 WA -22.2588 115.4636 1999 liver   
WAM M48640 WA -24.5702 114.9533 1996 liver   
WAM M48736 WA -21.7830 114.8697 2000 liver   
WAM M48798 WA -21.7516 114.8522 2000 liver   
WAM M48953 WA -22.1516 119.0161 2001 liver   
WAM M48963 WA -21.9008 118.9031 2001 liver   
WAM M49391 WA -26.2738 121.5594 2002 liver   
WAM M49451 WA -26.0013 121.5633 2003 liver   
WAM M49460 WA -26.3030 121.4750 2003 liver   
WAM M49519 WA -21.9008 118.9031 2001 muscle    
WAM M50650 WA -27.7913 122.2658 1998 muscle    
WAM M51361 WA -21.6886 117.2675 1999 liver   
WAM M51580 WA -19.7977 121.7778 1999 liver   
WAM M51599 WA -19.7588 121.3914 1999 liver   
WAM M51674 WA -22.0238 115.4433 2000 liver   
WAM M51769 WA -21.4161 120.4542 2000 liver   
WAM M51866 WA -22.6505 114.2333 2004 liver   
WAM M51873 WA -22.7963 114.2608 2004 liver   
WAM M51876 WA -22.7238 114.3942 2004 liver   
WAM M51887 WA -22.7963 114.2608 2004 liver   
WAM M51963 WA -22.6233 114.2128 2006 liver    
WAM M52359 WA -21.0152 116.1919 2000 muscle    
WAM M52369 WA -20.9380 116.2008 2000 muscle   
WAM M52370 WA -21.0152 116.1922 2000 muscle    
WAM M52409 WA -22.3105 117.3167 1998 heart   
WAM M52417 WA -22.3105 117.2500 1998 heart   
WAM M52418 WA -22.2919 117.2667 1998 heart   
WAM M52439 WA -22.2919 117.2667 1998 heart   
WAM M52450 WA -22.2919 117.2667 1998 heart   
WAM M54276 WA -20.4286 118.0616 2004 liver   
WAM M54279 WA -20.9198 117.8613 2004 liver   
WAM M54281 WA -20.8699 117.8588 2004 liver   
WAM M54284 WA -20.4286 118.0616 2004 liver   
WAM M54285 WA -20.4806 117.9944 2004 liver   
WAM M54287 WA -20.9101 117.9828 2004 liver   
WAM M54288 WA -20.9101 117.9828 2004 liver   
WAM M54290 WA -20.9198 117.8613 2004 liver   
WAM M54294 WA -20.4806 117.9944 2004 liver    
WAM M54303 WA -21.3299 120.8757 2004 liver   
WAM M54322 WA -21.2879 120.8915 2004 liver   
WAM M55066 WA -22.0675 118.9953 2004 liver   
WAM M55093 WA -23.2016 118.7983 2004 liver   
WAM M55102 WA -23.2016 118.7983 2004 liver   
WAM M55112 WA -22.4200 119.7594 2004 liver   
WAM M55114 WA -22.4697 119.8683 2004 liver   
WAM M55116 WA -22.5922 120.0658 2004 liver   
WAM M55119 WA -22.4200 119.7594 2004 liver   
WAM M55124 WA -22.6855 120.2467 2004 liver   
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Sminthopsis macroura 

WAM M55128 WA -22.5922 120.0658 2004 liver   
WAM M55132 WA -22.4697 119.8683 2004 liver   
WAM M55134 WA -22.4200 119.7594 2004 liver   
WAM M55138 WA -22.4388 119.8000 2004 liver   
WAM M55141 WA -22.3894 119.7753 2004 liver   
WAM M55142 WA -22.6855 120.2467 2004 liver   
WAM M55143 WA -22.6544 120.1719 2004 liver   
WAM M55144 WA -22.6544 120.1719 2004 liver   
WAM M55145 WA -22.6544 120.1719 2004 liver   
WAM M55146 WA -22.5922 120.0658 2004 liver   
WAM M55268 WA -20.8275 117.5306 2004 liver   
WAM M55270 WA -20.8058 117.5453 2004 liver   
WAM M55271 WA -27.5958 120.5483 2004 liver   
WAM M55272 WA -27.5958 120.5483 2004 muscle   
WAM M55273 WA -27.6080 120.5753 2004 liver   
WAM M56095 WA -22.8416 120.4783 2004 tail   
WAM M56504 WA -22.4094 119.7306 2004 muscle    
WAM M56514 WA -22.4200 119.7594 2004 muscle   
WAM M56538 WA -22.7058 120.5381 2004 liver   
WAM M56548 WA -22.7058 120.5381 2004 liver   
WAM M56575 WA -22.1925 114.6064 2004 liver   
WAM M56577 WA -22.1925 114.6064 2004 liver   
WAM M56644 WA -21.6331 116.4917 2005 liver   
WAM M56674 WA -21.3403 119.3656 2005 liver   
WAM M56703 WA -22.8871 114.5574 2006 liver   
WAM M56766 WA -21.6219 116.3897 2005 liver   
WAM M56786 WA -21.8417 115.5825 2005 liver   
WAM M56805 WA -21.9500 115.8875 2005 liver   
WAM M56819 WA -21.8417 115.5825 2005 liver   
WAM M56822 WA -21.8417 115.5825 2005 liver   
WAM M56839 WA -21.9500 115.8875 2005 liver   
WAM M56841 WA -21.8417 115.5825 2005 liver   
WAM M56866 WA -22.7112 116.4004 2004 muscle   
WAM M57229 WA -20.7680 116.8420 2004 liver   
WAM M57231 WA -20.7716 116.8498 2004 liver   
WAM M57238 WA -20.8446 116.3675 2004 liver   
WAM M57240 WA -21.0699 116.2043 2004 liver   
WAM M57250 WA -20.9346 117.1151 2004 liver   
WAM M57251 WA -20.7945 116.8567 2004 liver    
WAM M57254 WA -20.7716 116.8498 2004 liver   
WAM M57255 WA -20.8080 117.0725 2004 liver   
WAM M57256 WA -20.8080 117.0725 2004 liver   
WAM M57258 WA -20.7716 116.8498 2004 liver   
WAM M57260 WA -20.8080 117.0725 2004 liver   
WAM M57263 WA -21.8915 118.0002 2004 liver   
WAM M57271 WA -21.8915 118.0002 2004 liver   
WAM M57293 WA -21.6625 117.7049 2004 liver   
WAM M57314 WA -22.7073 119.7092 2004 liver   
WAM M57615 WA -20.8539 116.6689 2004 liver   
WAM M57616 WA -20.8446 116.3675 2004 liver    
WAM M57621 WA -20.8514 116.3767 2004 liver   
WAM M57622 WA -21.0557 116.2517 2004 liver   
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Reg. no. State Latitude Longitude Year Tissue CR cytb ω-globin 
Sminthopsis macroura 

WAM M57665 WA -22.3469 119.0104 2004 liver   
WAM M57666 WA -22.2941 119.0614 2004 liver   
WAM M57695 WA -21.3403 119.3656 2006 liver   
WAM M57898 WA -21.3841 117.0606 2005 liver   
WAM M57899 WA -21.3104 117.2763 2005 liver   
WAM M57910 WA -21.3841 117.0606 2005 liver   
WAM M57953 WA -21.0197 116.1110 2005 liver   
WAM M60043 WA -20.0339 119.3339 2006 liver   
WAM M60503 WA -22.6614 117.8644 2005 liver   
WAM M60504 WA -22.6072 117.9356 2005 liver   
WAM M60507 WA -22.5833 118.2903 2005 liver   
WAM M60511 WA -22.6108 118.0225 2005 liver   
WAM M60515 WA -22.6072 117.9356 2005 liver   
WAM M60516 WA -22.6614 117.8644 2005 liver   
WAM M60527 WA -22.7225 118.2683 2005 liver   
WAM M60528 WA -22.6072 117.9356 2005 liver    
WAM M60529 WA -22.6072 117.9356 2005 liver   
WAM M60540 WA -23.4711 120.2150 2005 liver   
WAM M60541 WA -23.5356 120.3261 2005 liver   
WAM M60566 WA -21.9667 115.9761 2006 liver    
WAM M60571 WA -21.7914 115.4642 2006 liver   
WAM M60574 WA -21.7914 115.4642 2006 liver   
WAM M60576 WA -21.8417 115.5825 2006 liver   
WAM M60581 WA -21.9131 115.7172 2006 liver   
WAM M60593 WA -21.9667 115.9761 2006 liver    
WAM M60611 WA -21.6331 116.4917 2006 liver   
WAM M61001 WA -20.4302 118.0640 2005 liver    
WAM M61002 WA -20.4286 118.0616 2005 liver   
WAM M61039 WA -20.8250 119.5364 2005 liver   
WAM M61054 WA -20.8250 119.5364 2005 liver   
WAM M61074 WA -20.8636 120.7653 2005 liver    
WAM M61075 WA -20.8636 120.7653 2005 liver   
WAM M61108 WA -20.0339 119.3339 2005 liver   
WAM M61666 WA -22.6219 118.3511 2006 liver   
WAM M61676 WA -22.7161 118.2633 2006 liver   
WAM M61678 WA -22.6361 118.2256 2006 liver   
WAM M61690 WA -22.5706 118.3069 2006 liver   
WAM M61696 WA -22.6219 118.3511 2006 liver   
WAM M61701 WA -22.6108 118.0225 2006 liver   
WAM M61703 WA -22.6072 117.9356 2006 liver   
WAM M61704 WA -22.6072 117.9356 2006 liver   
WAM M61707 WA -22.6614 117.8644 2006 liver   
WAM M61710 WA -23.3830 120.4789 2006 liver   
WAM M61712 WA -23.3814 120.2519 2006 liver   
WAM M61721 WA -23.4128 120.3167 2006 liver   
WAM M61722 WA -23.4986 120.2911 2006 liver   
WAM M61732 WA -23.4711 120.2150 2006 liver   
WAM M61733 WA -23.4711 120.2150 2006 liver   
WAM M61741 WA -23.5356 120.3261 2006 liver   
WAM M61756 WA -22.5783 120.7997 2006 liver   
WAM M61760 WA -22.5783 120.7997 2006 liver   
WAM M61785 WA -23.3344 117.8758 2005 liver   
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Reg. no. State Latitude Longitude Year Tissue CR cytb ω-globin 
Sminthopsis macroura

WAM M61804 WA -22.5047 117.7036 2005 liver   
WAM M62083 WA -26.9813 120.6417 2005 liver   
WAM M62086 WA -26.9813 120.6417 2005 liver   
WAM M62091 WA -26.9397 120.5581 2005 liver   
WAM M62904 WA -24.7555 120.2936 2015 muscle   
WAM M62905 WA -24.7555 120.2936 2015 liver   
WAM M64677 WA -21.0953 118.8864 2006 liver   
WAM M64682 WA -21.0283 118.9167 2006 liver   
WAM M64696 WA -22.3058 117.4797 2006 liver   
WAM M64698 WA -22.5047 117.7036 2006 liver   
WAM M64701 WA -22.3058 117.4797 2006 liver   
WAM M64704 WA -22.7975 117.4944 2006 liver   
WAM M64716 WA -22.7200 117.5106 2006 liver   
WAM M64717 WA -22.6658 117.6128 2006 liver   
WAM M64730 WA -22.5044 117.6494 2006 liver   
WAM M64732 WA -22.5047 117.7036 2006 liver   
WAM M64733 WA -22.5047 117.7036 2006 liver   
WAM M64736 WA -22.5047 117.7036 2006 liver   
WAM M64737 WA -22.3058 117.4797 2006 liver   
WAM M64745 WA -22.8261 117.3711 2006 liver   
WAM M64748 WA -22.3058 117.4797 2006 liver   
WAM M64750 WA -22.3058 117.4797 2006 liver   
WAM M64752 WA -22.5047 117.7036 2006 liver   
WAM M64753 WA -22.2950 117.4728 2006 liver   
WAM M64765 WA -23.4189 117.8419 2006 liver   
WAM M64787 WA -23.3594 117.6847 2006 liver   
WAM M64798 WA -23.2839 118.1017 2006 liver   
WAM M64802 WA -23.2925 118.1564 2006 liver   
WAM M64803 WA -23.2839 118.1017 2006 liver   
WAM M64951 WA -26.2166 121.5500 2006 liver   
WAM M64954 WA -26.9300 120.4122 2006 liver   
WAM TM585 WA -21.7816 115.0394 2012 tail   
WAM 
UMFS21250 

WA -26.2166 121.5500 2015 ear 
  



WAM 
UMFS21251 

WA -26.2166 121.5500 2015 ear 
  



Sminthopsis ooldea
ABTC7642 WA -29.5000 125.2333 1984 liver   
ABTC7752 SA -30.6743 134.1789  liver   
DBCA MAC0005 WA -25.2656 120.6473 2012 liver    
DBCA MAC0048 WA -25.2678 120.6266 2012 liver    
DBCA MAC0102 WA -25.0435 120.7419 2012 liver   
DBCA MAC0249 WA -25.0971 120.7235 2013 ear    
DBCA MAC0250 WA -25.1066 120.7143 2013 ear   
DBCA MAC0253 WA -25.1113 120.7081 2013 ear   
SAMA M11600 
[ABTC7762] SA -29.1611 134.1083 1984 liver   
SAMA M14211 
[ABCT64090] SA -30.2750 133.0275 1987 liver   
SAMA M14211 
[ABTC64250] SA -30.2100 131.5208 1987 liver   
SAMA M14214 
[ABTC64258] SA -29.5069 130.1528 1987 liver   
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Reg. no. State Latitude Longitude Year Tissue CR cytb ω-globin 
Sminthopsis ooldea

SAMA M14217 
[ABTC64044] 

SA -30.8536 134.1167 1987 liver   

SAMA M18115 
[ABTC41710] 

SA -27.0433 131.2933 1995 liver   

SAMA M18122 
[ABTC41725] 

WA -28.4666 122.8333 1995 liver   

SAMA M18317 
[ABTC41762] 

SA -26.0536 129.4083 1995 liver   

SAMA M18318 
[ABTC41751] 

SA -26.0497 129.4111 1995 liver   

SAMA M18589 
[ABTC36020] 

SA -26.1578 134.5136 1995 liver   

SAMA M19447 
[ABTC42099] 

SA -27.3669 130.3517 1996 liver   

SAMA M19460 
[ABTC42033] 

SA -27.0292 129.8392 1996 liver   

SAMA M19917 
[ABTC42277] 

SA -26.5475 132.9161 1998 liver   

SAMA M19927 
[ABTC42291] 

SA -26.9553 133.6664 1998 liver   

SAMA M21756 
[ABTC95314] 

SA -28.5644 130.7433 2002 liver   

SAMA M21771 
[ABTC95313] 

SA -28.5619 131.0014 2002 liver   

SAMA M21787 
[ABTC95353] 

SA -29.0217 130.3119 2002 liver   

SAMA M22147 
[ABTC96256] 

SA -28.1006 133.9575 2003 liver   

SAMA M22154 
[ABTC96216] 

SA -28.4808 134.3772 2003 liver   

SAMA M22165 
[ABTC96168] 

SA -28.4811 134.0614 2003 liver   

SAMA M23685 
[ABTC87813] 

SA -29.5289 129.1708 2005 liver   

SAMA M23700 
[ABTC87798] 

SA -29.4694 129.4889 2005 liver   

SAMA M24147 
[ABTC94116] 

SA -28.4508 132.1800 2006 liver   

SAMA M24161 
[ABTC94194] 

SA -29.0139 132.0369 2006 liver   

SAMA M24172 
[ABTC94155] 

SA -29.1811 131.9431 2006 liver   

WAM M35108 
[ABTC41265] 

WA -28.5411 122.7820 1989 liver   

WAM M36740 WA -22.6244 118.6072 1991 liver   
WAM M36747 WA -22.6044 118.5669 1991 liver   
WAM M36749 WA -22.5994 118.6139 1991 liver   
WAM M36752 WA -22.6022 118.5119 1991 liver   
WAM M41237 WA -27.5413 119.6186 2004 liver   
WAM M41262 WA -27.6977 119.6297 2004 liver   
WAM M41263 WA -27.5277 119.5839 2004 liver   
WAM M41264 WA -27.5413 119.6186 2004 liver   
WAM M41266 WA -27.5869 119.4850 2004 liver   
WAM M41320 WA -26.1852 121.5644 2004 liver   
WAM M41332 WA -26.2261 121.5189 2005 liver   
WAM M43183 WA -22.9958 119.1278 1994 heart   
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Reg. no. State Latitude Longitude Year Tissue CR cytb ω-globin 

Sminthopsis ooldea
WAM M44105 WA -28.2000 123.6000 1998 liver   
WAM M44108 WA -28.2000 123.6000 1998 liver   
WAM M44128 WA -28.2000 123.6000 1998 liver   
WAM M47288 WA -26.2488 120.6719 2005 liver   
WAM M47493 WA -22.9000 119.0000 1997 liver   
WAM M47497 WA -22.9166 118.8333 1997 liver   
WAM M47536 WA -22.9000 119.0667 1997 muscle   
WAM M47670 WA -23.1127 118.7683 1997 liver   
WAM M49383 WA -26.3036 121.5625 2002 liver   
WAM M49456 WA -26.0691 121.4483 2003 liver   
WAM M49459 WA -26.2261 121.5189 2003 liver   
WAM M55088 WA -23.1991 118.8469 2004 liver   
WAM M55107 WA -23.2027 118.8333 2004 liver   
WAM M55291 WA -22.9344 118.8950 2004 tail   
WAM M56259 WA -28.1572 119.5156 2004 liver   
WAM M57740 WA -23.2136 119.2024 2005 liver   
WAM M60656 WA -28.3047 126.3003 2008 liver   
WAM M60657 WA -28.3575 125.7894 2008 liver   
WAM M60659 WA -28.2450 125.8458 2008 liver   
WAM M60660 WA -28.6861 125.8064 2008 liver   
WAM M60668 WA -28.2094 125.8722 2008 liver   
WAM M60682 WA -28.6880 125.8472 2008 liver   
WAM M60687 WA -28.5738 125.7906 2008 liver   
WAM M60744 WA -28.5738 125.7906 2008 liver   
WAM M60962 WA -25.7405 119.0106 2009 muscle   
WAM M60994 WA -28.3805 127.5028 2010 liver   
WAM M61284 WA -26.2258 121.5569 2009 muscle   
WAM M61717 WA -23.3639 120.2953 2006 liver   
WAM M61751 WA -23.3639 120.2953 2006 liver   
WAM M61776 WA -22.6303 120.9958 2006 liver   
WAM M62092 WA -27.2419 120.6978 2005 liver   
WAM M62093 WA -27.2386 120.7328 2005 liver    
WAM M64016 WA -27.0580 120.6056 2006 liver    
WAM M64017 WA -27.2227 120.7675 2006 liver   
WAM M64950 WA -26.2166 121.5500 2006 liver    
WAM M64971 WA -26.4522 120.4206 2007 muscle   
WAM M64972 WA -26.4522 120.4206 2007 muscle   
WAM TM451 WA -22.6218 118.9227 2012 ear   
WAM UMFS21218 WA -26.2258 121.5569 2015 ear   
WAMM19192 
[ABTC7700] 

WA -23.2777 119.1111 1981 liver   

WAMM19194 
[ABTC7702] 

WA -23.2833 119.2069 1981 liver   

Sminthopsis macroura (stalkeri)
ABTC113665 Qld -22.3964 139.9572 2010 liver   
MAGNT U1319 
[ABTC61770] 

NT -22.4940 131.5030  liver   

SAMA M23489 
[ABTC91552] 

WA -24.9003 128.7692 2006 liver   

Sminthopsis youngsoni
ABTC24036 NT -23.7700 133.3380  liver   
ABTC24037 NT -23.7700 133.3380  liver   
ABTC61711 NT -23.1500 132.6667  liver   
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Reg. no. State Latitude Longitude Year Tissue CR cytb ω-globin 

Sminthopsis youngsoni 
ABTC7631 WA -19.7794 121.3658 1983 liver   
DBCA 
MAC0013 

WA -25.2678 120.6266 2012 ear   

DBCA 
MAC0060 

WA -25.2689 120.6267 2012 ear   

DBCA 
MAC0077 

WA -25.0971 120.7235 2012 ear   

DBCA 
MAC0232 

WA -25.2689 120.6267 2013 ear   

DBCA 
MAC0919 

WA -25.2584 120.6468 2012 liver   

DBCA 
MAC0951 

WA -25.0971 120.7235 2013 ear   

MAGNT U1311 
[ABTC61742] 

NT -23.1500 132.6667  liver   

MAGNT U1312 
[ABTC61728] 

NT -23.1500 132.6667 1986 liver   

MAGNT U1314 
[ABTC61750] 

NT -23.2833 132.4167 1986 liver   

MAGNT U1315 
[ABTC61724] 

NT -23.1500 132.6667  liver   

MAGNT U1320 
[ABTC61726] 

NT -23.1500 132.6667  liver   

MAGNT U690 
[ABTC28741] 

NT -19.3167 129.7167  liver   

SAMA M20124 
[ABTC38775] 

SA -26.0481 137.4675 1998 liver   

SAMA M20151 
[ABTC38563] 

SA -26.3447 137.3500 1998 liver   

SAMA M23465 
[ABTC91522] 

WA -24.6936 128.7628 2006 liver   

WAM M25604 WA -23.1000 123.3667 1986 liver   
WAM M36737 WA -20.5666 118.9833 1991 liver   
WAM M41330 WA -26.1994 121.2661 2005 liver   
WAM M41331 WA -26.1994 121.2661 2005 liver   
WAM M41334 WA -26.2025 121.3589 2005 liver   
WAM M41491 WA -21.7833 114.8631 1998 liver   
WAM M44058 WA -20.6163 120.2761 1998 liver   
WAM M44956 WA -24.0752 120.3606 1996 liver   
WAM M44957 WA -24.0752 120.3606 1996 liver   
WAM M45092 WA -21.6544 121.5658 1998 liver   
WAM M46714 WA -23.3166 120.0333 1995 liver   
WAM M48011 WA -24.4288 114.5000 1995 liver   
WAM M48014 WA -24.2227 113.5033 1995 liver   
WAM M48530 WA -22.2652 115.5886 1999 liver   
WAM M48566 WA -22.2652 115.5886 1999 liver   
WAM M48632 WA -24.4058 114.4444 1996 liver   
WAM M48737 WA -21.7836 114.8644 2000 liver   
WAM M48908 WA -20.9100 118.6800 2001 liver   
WAM M48914 WA -20.5400 118.6400 2001 liver   
WAM M48960 WA -21.3594 118.8817 2001 liver   
WAM M48964 WA -21.7336 118.8356 2001 liver   
WAM M49012 WA -21.9403 118.9611 2003 liver   
WAM M49013 WA -21.9403 118.9611 2003 liver   
WAM M49038 WA -21.7005 115.0730 2002 liver   
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Reg. no. State Latitude Longitude Year Tissue CR cytb ω-globin 

Sminthopsis youngsoni 
WAM M49039 WA -21.6760 115.1450 2002 liver   
WAM M49044 WA -21.7310 115.0970 2002 muscle   
WAM M49046 WA -21.6760 115.1450 2002 liver   
WAM M49049 WA -21.6760 115.1450 2002 liver   
WAM M49050 WA -21.6760 115.1450 2002 liver   
WAM M49338 WA -25.2786 120.6192 2001 liver   
WAM M49345 WA -25.2786 120.6192 2001 liver   
WAM M49349 WA -25.2450 120.6583 2001 liver   
WAM M49353 WA -25.2450 120.6583 2001 liver   
WAM M49354 WA -25.2450 120.6583 2001 liver   
WAM M49524 WA -20.4700 118.5900 2001 muscle   
WAM M49525 WA -20.5400 118.6400 2001 muscle   
WAM M49532 WA -20.4700 118.5900 2001 muscle   
WAM M51629 WA -21.2447 120.3225 2000 liver   
WAM M51653 WA -21.2447 120.3225 2000 liver   
WAM M51857 WA -22.8261 114.4447 2004 liver   
WAM M51858 WA -22.6430 114.2286 2004 liver   
WAM M51864 WA -22.8133 114.4350 2004 liver   
WAM M51877 WA -22.7005 114.4903 2004 liver   
WAM M51896 WA -22.8775 114.5419 2004 liver   
WAM M51899 WA -22.6438 114.4150 2004 liver   
WAM M51937 WA -22.8133 114.4350 2004 liver   
WAM M51944 WA -22.4566 114.3172 2004 liver   
WAM M51975 WA -22.4766 114.3149 2006 liver   
WAM M51982 WA -22.6431 114.2287 2006 liver   
WAM M51984 WA -22.7316 114.3516 2006 liver   
WAM M52509 WA -21.7844 114.8686 1998 liver   
WAM M54277 WA -20.9694 118.0483 2004 liver   
WAM M54286 WA -20.8700 117.8588 2004 liver   
WAM M54298 WA -20.4755 117.9953 2004 liver   
WAM M55074 WA -22.3950 118.9989 2004 liver   
WAM M55075 WA -22.3950 118.9989 2004 liver   
WAM M55076 WA -22.3950 118.9989 2004 liver   
WAM M55077 WA -22.4591 119.0364 2004 liver   
WAM M55122 WA -22.6855 120.2467 2004 liver   
WAM M55256 WA -20.5383 120.5667 2004 tail   
WAM M55257 WA -20.4411 120.2317 2004 tail   
WAM M55258 WA -20.4433 120.2508 2004 tail   
WAM M55259 WA -20.4736 120.3794 2004 tail   
WAM M56104 WA -19.6319 128.8750 2004 liver   
WAM M56109 WA -19.8569 128.8481 2004 liver   
WAM M56115 WA -19.6319 128.8750 2004 liver   
WAM M56119 WA -19.6647 128.8858 2004 muscle   
WAM M56120 WA -19.6647 128.8858 2004 muscle   
WAM M56122 WA -19.6647 128.8858 2004 muscle   
WAM M56124 WA -19.6647 128.8858 2004 muscle   
WAM M56128 WA -19.5891 128.8603 2004 muscle   
WAM M56175 WA -21.6883 115.9014 2005 liver   
WAM M56208 WA -19.6611 128.8833 2004 tail   
WAM M56273 WA -20.3500 119.5500 2004 tail    
WAM M56275 WA -20.4122 120.0150 2004 tail   
WAM M56323 WA -19.5888 128.8703 2005 liver   



  

122 
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Sminthopsis youngsoni
WAM M56324 WA -19.8663 128.8461 2005 liver    
WAM M56334 WA -21.6878 115.9092 2006 liver    
WAM M56537 WA -22.6541 120.4097 2004 liver    
WAM M56546 WA -22.6000 119.9500 2004 liver    
WAM M56547 WA -22.7058 120.5381 2004 heart    
WAM M56551 WA -22.2997 114.5931 2004 liver    
WAM M56557 WA -22.2997 114.5931 2004 liver    
WAM M56558 WA -22.3547 114.5222 2004 liver    
WAM M56561 WA -22.1577 114.5286 2004 muscle    
WAM M56573 WA -22.0866 114.6689 2004 liver    
WAM M56574 WA -22.2997 114.5931 2004 liver    
WAM M56576 WA -22.2102 114.5139 2004 liver    
WAM M56709 WA -22.5741 123.9175 2008 muscle    
WAM M56813 WA -21.7792 115.2483 2005 liver    
WAM M56850 WA -22.4983 115.5583 2004 muscle    
WAM M56853 WA -22.4983 115.5583 2004 muscle    
WAM M56854 WA -22.4983 115.5583 2004 muscle    
WAM M56856 WA -22.4983 115.5583 2004 muscle    
WAM M57334 WA -21.7914 115.4642 2006 liver    
WAM M57752 WA -22.2560 115.4905 2005 liver    
WAM M60542 WA -23.3644 120.3453 2005 liver    
WAM M60562 WA -21.3761 119.3736 2006 liver    
WAM M60588 WA -21.7914 115.4642 2006 liver    
WAM M60626 WA -20.7047 120.9011 2006 liver    
WAM M60638 WA -22.4516 128.2980 2007 liver    
WAM M60639 WA -22.4516 128.2980 2007 liver    
WAM M60765 WA -20.3980 118.5342 2008 liver    
WAM M60767 WA -20.3980 118.5342 2008 liver    
WAM M60768 WA -20.3980 118.5342 2008 liver    
WAM M60771 WA -20.3980 118.5342 2008 liver    
WAM M60781 WA -20.3980 118.5342 2008 liver    
WAM M60782 WA -20.3980 118.5342 2008 liver    
WAM M60783 WA -20.3980 118.5342 2008 liver    
WAM M60784 WA -20.3980 118.5342 2008 liver    
WAM M61038 WA -20.8353 119.6717 2005 liver    
WAM M61045 WA -20.3736 119.9325 2005 liver    
WAM M61050 WA -20.8353 119.6717 2005 liver    
WAM M61093 WA -20.9356 120.8764 2005 liver    
WAM M61102 WA -20.3117 119.0939 2005 liver    
WAM M61115 WA -20.1619 119.3667 2005 liver    
WAM M61711 WA -23.3644 120.3453 2006 liver    
WAM M61745 WA -23.3586 120.4592 2006 liver   
WAM M61746 WA -23.3644 120.3453 2006 liver   
WAM M61748 WA -23.3644 120.3453 2006 liver   
WAM M61767 WA -22.4125 121.0719 2006 liver   
WAM M61768 WA -22.4125 121.0719 2006 liver   
WAM M61821 WA -21.0717 118.6797 2005 liver   
WAM M62134 WA -21.6836 121.6211 2005 tail   
WAM M62135 WA -21.6850 121.6261 2005 tail    
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Reg. no. State Latitude Longitude Year Tissue CRcytb ω-globin

Sminthopsis youngsoni
WAM M62317 
[ABTC91376] 

WA -24.5594 128.7097 2006 liver   

WAM M62318 
[ABTC91527] 

WA -24.5594 128.7097 2006 liver   

WAM M62319 
[ABTC91354] 

WA -24.7072 128.7603 2006 liver   

WAM M62320 
[ABTC91407] 

WA -24.5594 128.7097 2006 liver   

WAM M62321 
[ABTC91379] 

WA -24.5594 128.7097 2006 liver   

WAM M62555 WA -24.6054 121.8747 2013 liver   
WAM M62560 WA -24.6069 121.8763 2013 liver   
WAM M63320 WA -22.9108 127.9516 2015 liver   
WAM M63327 WA -22.9108 127.9516 2015 liver   
WAM M63577 WA -24.5169 126.2128 2007 liver   
WAM M63587 WA -24.5538 126.2583 2007 liver   
WAM M63592 WA -24.5169 126.2128 2007 liver   
WAM M63595 WA -24.5538 126.2583 2007 liver   
WAM M63596 WA -24.5183 126.2200 2007 liver   
WAM M63597 WA -24.5538 126.2583 2007 liver   
WAM M63598 WA -24.5344 126.2367 2007 liver   
WAM M64664 WA -21.1281 118.6894 2006 liver   
WAM M64673 WA -21.0717 118.6797 2006 liver   
WAM M64953 WA -26.2166 121.5500 2006 liver   

 

 

 

Table 3.6: Data for additional gene sequences that were not used in the final analysis 

Reg. no. State Latitude Longitude Date Tissue ProtP1 bfib7 16S 
Planigale sp. 1 

WAM M47725 WA -
21.1269 

117.0956 1997 liver   
WAM M52014 WA -

21.7250 
122.2333 1999 muscle   

WAM M55149 WA -
20.7841 

115.4558 2003 tail   
WAM M56247 WA -

24.7500 
117.3667 2004 liver   

WAM M56762 WA -
21.6331 

116.4917 2005 liver   
WAM M57720 WA -

21.2367 
119.4083 2006 liver   

WAM M57724 WA -
22.7892 

116.5709 2005 liver   
WAM M57743 WA -

23.0538 
119.1769 2005 liver   

WAM M57761 WA -
22.1201 

115.5700 2005 liver   
WAM M57874 WA -

21.0699 
116.2043 2005 liver   

WAM M57920 WA -
22.0688 

118.9787 2005 liver   
WAM M57927 WA -

22.1178 
119.8772 2005 liver   

WAM M57933 WA -
21.8336 

117.6109 2005 liver   
WAM M57934 WA -

21.7141 
117.7755 2005 liver   

WAM M60534 WA -
23.3586 

120.4592 2005 liver   
WAM M60708 WA -

22.1786 
118.9881 2008 liver   

WAM M61030 WA -
21.3923 

120.0709 2005 liver    
WAM M61778 WA -

22.6111 
120.7289 2006 liver    
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Reg. no. State Latitude Longitude Date Tissue ProtP1 bfib7 16S 
Planigale sp. 2 

WAM M55118 WA -
22.4200 

119.7594 2004 liver    
WAM M56182 WA -

21.6680 
115.9106 2005 liver    

WAM M56685 WA -
21.3403 

119.3656 2005 liver    
WAM M57241 WA -

21.0539 
116.1337 2004 liver    

WAM M57912 WA -
21.3949 

117.1708 2005 liver    
WAM M57947 WA -

20.7716 
116.8498 2005 liver    

WAM M64697 WA -
22.5047 

117.7036 2006 liver    
Sminthopsis longicaudata 

WAM M44983 WA -
23.8794 

120.5033 1996 liver    
WAM M48261 WA -

24.5230 
114.9656 1995 liver    

WAM M49393 WA -
26.1997 

121.2664 2002 liver    
WAM M49438 WA -

26.0319 
121.5597 2003 liver    

WAM M52415 WA -
22.2894 

117.2667 1998 liver    
WAM M56333 WA -

21.7586 
116.1506 2006 liver    

WAM M56543 WA -
22.8322 

120.4833 2004 liver    
WAM M61176 WA -

28.8110 
116.3779 2011 liver    

WAM M61285 WA -
26.2258 

121.5569 2009 muscle    
WAM M61669 WA -

22.6989 
117.8172 2006 liver    

WAM M62371 WA -
24.7258 

117.4203 2006 liver    
Sminthopsis macroura 

WAM M36745 WA -
22.6022 

118.5208 1991 liver   
WAM M41825 WA -

23.0797 
115.7903 1994 liver   

WAM M44996 WA -
24.5925 

120.2631 1996 liver   
WAM M45067 WA -

22.0975 
114.0111  liver   

WAM M48258 WA -
24.5513 

114.9589 1995 liver   
WAM M50650 WA -

27.7913 
122.2658 1998 muscle   

WAM M51361 WA -
21.6886 

117.2675 1999 liver   
WAM M51580 WA -

19.7977 
121.7778 1999 liver   

WAM M51769 WA -
21.4161 

120.4542 2000 liver   
WAM M55066 WA -

22.0675 
118.9953 2004 liver   

WAM M56548 WA -
22.7058 

120.5381 2004 liver   
WAM M56703 WA -

22.8871 
114.5574 2006 liver   

WAM M56766 WA -
21.6219 

116.3897 2005 liver   
WAM M57260 WA -

20.8080 
117.0725 2004 liver   

WAM M57271 WA -
21.8915 

118.0002 2004 liver   
WAM M57293 WA -

21.6625 
117.7049 2004 liver   

WAM M60043 WA -
20.0339 

119.3339 2006 liver    
WAM M64954 WA -

26.9300 
120.4122 2006 liver    

Sminthopsis ooldea 
WAM M36752 WA -

22.6022 
118.5119 1991 liver    

WAM M47670 WA -
23.1127 

118.7683 1997 liver    
WAM M49459 WA -

26.2261 
121.5189 2003 liver    

WAM M57740 WA -
23.2136 

119.2024 2005 liver    
WAM M60660 WA -

28.6861 
125.8064 2008 liver    

WAM M61776 WA -
22.6303 

120.9958 2006 liver    
Sminthopsis youngsoni 

WAM M48011 WA -
24.4288 

114.5000 1995 liver    
WAM M48960 WA -

21.3594 
118.8817 2001 liver    

WAM M51629 WA -
21.2447 

120.3225 2000 liver    
WAM M51975 WA -

22.4766 
114.3149 2006 liver    

WAM M60588 WA -
21.7914 

115.4642 2006 liver    
WAM M61711 WA -

23.3644 
120.3453 2006 liver    
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Chapter 4 - Contrasting phylogeographic structure of 

sympatric dasyurid marsupials revealed by ddRADseq 

 

4.1. Abstract 

Species responses to environmental change depend on their biology and 

ecological requirements, which can vary across the landscape. These responses 

can be detected using molecular markers, but it can be difficult to differentiate 

patterns due to historical demographic processes, from those generated from 

contemporary restricted gene flow, especially in widespread species. The 

genetic structure of most Australian desert mammals is poorly understood, and 

evidence exists for historical range expansions. We used double-digest 

restriction site-associated DNA sequencing (ddRADseq) to investigate the 

population-genetic structure of four broadly sympatric dasyurid species with 

different ecological requirements, Sminthopsis ooldea, S. youngsoni and two 

Planigale species. Archived tissues from 190 individuals held in museum 

collections were carefully chosen based on quality of DNA preservation and 

representative sampling coverage across the large distributions of each species. 

The ddRADseq results did not exhibit strong population differentiation within 

each species when compared with a previous mitochondrial DNA study on the 

same samples, except for one species S. ooldea. However, we found evidence of 

isolation-by-distance, and population expansion, but the origin of range 

expansion differed between species with the Pilbara and eastern Nullarbor 

being potential historical refugia. This shows that there is no single common 

driver of population differentiation among small dasyurid species despite the 

close phylogenetic relationship among species, and is due to specific habitat 

associations. The results reflect the importance of species ecological 

requirements in determining small dasyurid presence and dispersal in arid 

habitats and that ddRADseq is a useful tool for studying population genetic 
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structuring in widespread species in regions that have undergone historical 

climate change. 

 

4.2. Introduction 

Genetic drift and gene flow are two opposing evolutionary forces that 

generate or homogenise intraspecific differentiation. When populations become 

isolated, genetic drift, and eventually mutations, will lead to differentiation, 

which can lead to speciation (even in the absence of novel selective pressures). 

However this process is reversed if gene flow between the populations is re-

established, such as during population expansion events (Slatkin, 1987). 

Defining and interpreting genetic differentiation can be relatively 

straightforward in species with restricted dispersal and fragmented populations 

but tends to be considerably more difficult in widespread species that occur in 

continuous habitats without obvious barriers to gene flow, or those with high 

dispersal potential. This has often been the case in sessile marine invertebrates 

with broadcast spawning (Van Wyngaarden et al., 2017), and wind-pollinated 

plant species (De-Lucas et al., 2009), as high dispersal rates can quickly override 

the genetic signal of local restricted gene flow. Similarly, historical demographic 

processes, such as equilibrium-disturbing population or range expansion 

events, can make it difficult to detect contemporary patterns of restricted gene 

flow (Slatkin, 1987). Under these conditions, molecular studies utilising small 

numbers of mitochondrial and nuclear loci are often not powerful enough to 

effectively recover contemporary intraspecific differentiation (Heled & 

Drummond, 2008). 

Advances in molecular sequencing techniques, particularly high-

throughput next-generation sequencing, have greatly increased the number of 

genetic loci that can feasibly be utilised to investigate fine-scale spatial genetic 

structure in non-model organisms (Bragg et al., 2017). Double-digest restriction 
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site-associated DNA sequencing (ddRADseq) can produce tens of thousands of 

single-nucleotide polymorphisms (SNPs) which are suitable for population-

level analyses (Peterson et al., 2012). The affordability of producing large high-

quality SNP datasets has led to ddRADseq being used widely in recent 

evolutionary genetics studies, including species/lineage delimitation (Boubli et 

al., 2018; Reyes-Velasco et al., 2018), phylogeography (Lim et al., 2017; Psonis et 

al., 2018), and conservation genetics (White et al., 2018). The utility of large SNP 

datasets in detecting fine-scale spatial genetic structure and inferring 

demographic histories has been illustrated in widespread species of Australian 

skinks (Potter et al., 2016), freshwater fish (Schmidt et al., 2018), and marine 

scallops (Van Wyngaarden et al., 2017).  

The Australian arid-zone (Figure 4.1A), an area encompassing 

approximately 75% of the continent (Stern et al., 2000), has many widespread 

species and presents few obvious barriers to gene flow (Byrne et al., 2008). 

Additionally, rapid radiation of arid-adapted lineages into expanding arid-

habitats during the Miocene-Pleistocene has led to strong signals of range and 

population expansions (Fujita et al., 2010; Kearns et al., 2014; Strasburg et al., 

2007). This is especially the case for species that occur in the more widespread 

and continuous habitat types across the Australian arid-zone, such as hummock 

grasslands and dune systems. These species tend to have experienced range 

expansions during aridity cycles of the Pleistocene and have good dispersal 

abilities and adaptations to persist in arid habitats. This contrasts with species 

that prefer more environmentally stable refugial habitats, such as inland ranges, 

which tend to have high lineage diversity and well-structured populations 

(Byrne et al., 2008; Pepper et al., 2013; Pepper et al., 2011).  

The vast arid-zone of central Australia is comprised of a variety of 

habitat types, including eroded mountain ranges, ephemeral lake and river 

systems, stony plains, and clay-pans which are patchy and generally 

surrounded by extensive sandy deserts dominated by dune systems (Fujioka & 
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Chappell, 2010). These dune systems and associated hummock grasslands are 

widespread in the arid-zone and contain a complex array of micro-habitats 

which support an extremely high diversity of arid-specialists, particularly 

lizards (Brennan & Oliver, 2017; Oliver & Hugall, 2017; Rabosky et al., 2007), 

and also small carnivorous marsupials (Dickman, 2003; García-Navas et al., 

2018; Mitchell et al., 2014). Previously, there have been few molecular studies on 

mammals in the Australian arid-zone (Cooper et al., 2000), but recent studies are 

filling this knowledge gap, utilising mitochondrial and microsatellite sequence 

data (Levy et al., 2018; Neaves et al., 2012; Umbrello et al., 2017). Of the species 

studied so far, few exhibit intraspecific differentiation that relates to geographic 

features, perhaps as a result of evolutionary adaptations for persistence in the 

seasonally unreliable arid-zone. These adaptations, such as high dispersal 

potential and the ability to reproduce rapidly, are thought to have promoted 

population expansion under favourable conditions in native rodent species 

(Levy et al., 2018) and a large dasyurid (Spencer et al., 2013) in the north-west 

arid-zone. Such equilibrium-disturbing processes could potentially mask 

signals of contemporary restricted gene flow, such as that caused by isolation-

by-distance which occurs as population near equilibrium (Whitlock, 1992).  

In small and widespread arid-adapted dasyurid species (in the genera 

Sminthopsis and Planigale), subtle population differentiation has been detected 

using mitochondrial, but not nuclear sequence data (Chapter 3). Mitochondrial 

sequence data has traditionally been used for detecting historical genetic 

structure, as it has a four-fold lower effective population size, due to maternal 

inheritance and haploidy, resulting in higher rates of genetic drift than occur in 

nuclear markers (Avise et al., 1987). However, while the per-locus power is 

higher for mitochondrial rather than nuclear loci, sampling from non-

independent markers is not suitable for some coalescent and demographic 

inference analyses, or for detecting contemporary processes that might 

influence spatial genetic structure when historical equilibrium disturbing 
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processes have occurred (Emerson et al., 2010). This was the case in Chapter 3 

where strong signals of historical population expansions and geographic haplo-

group structuring were identified in the mitochondrial (control region and 

cytochrome b) sequence data, but no phylogeographic structure was recovered 

using the nuclear locus (omega-globin). 

In this study we examine fine-scale spatial genetic patterns in four 

broadly sympatric dasyurid species occurring in the Australian arid-zone using 

SNPs generated from ddRADseq. We also test for the occurrence of range 

expansions and suggest putative Pleistocene refugia that correlate to possible 

founders of the range expansions in two genera with contrasting distributions 

and habitat specialisations. The four species included in this study are two 

dunnarts, Sminthopsis ooldea and S. youngsoni that occur in the western and 

central arid-zone, and two undescribed Planigale species, that are endemic to the 

Pilbara region in north-west WA (Figure 4.1A) (Gibson & McKenzie, 2009; 

Westerman et al., 2016b).  
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Figure 4.7: A) Map of Australia showing the extent of the arid zone (orange and yellow, 
based on the Köppen climate classification; Stern et al. 2000), location and direction of major 
dune fields and key land features mentioned in the text, inset map on the left panel shows 
detail within the Pilbara region, including subregions. Distribution of study species (grey) 
based on museum specimens and samples sequenced in this study (black) for B) Sminthopsis 
ooldea, C) S. youngsoni, and detail of the Pilbara for D) Planigale sp. 1 and E) Planigale sp. 2. 
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4.3. Methods 

 

4.3.1. Study species and sample selection 

The four species included in this study are taxonomically well resolved, 

despite the two Planigale being unnamed (Westerman et al., 2016b; K.P Aplin 

pers. comm.). The two Sminthopsis species are similar in size, 10-11 g average 

weight, and experience extended breeding seasons from September-January 

(Aslin, 1983; Foulkes, 2008; McKenzie & Cole, 2008). They differ in their habitat 

preferences, with S. youngsoni occurring predominantly on Triodia dominated 

sand dunes and sandplains (McKenzie & Archer 1985), while S. ooldea occupies 

mulga woodlands on loam or loamy-sands (Bennison et al., 2013), and clay soils 

that are interspersed within large dune systems. Planigale sp. 1 is a habitat 

generalist and commonly occurs on a range of habitat types throughout the 

Pilbara, while Planigale sp. 2 only occurs on cracking-clay substrates in the 

Pilbara lowlands, which are fragmented by mountain ranges and other rocky 

habitats (Gibson & McKenzie, 2009). All four species are likely to be 

polyoestrous and can produce multiple offspring during their extended 

breeding seasons (Krajewski et al., 2000b). Sminthopsis have been documented to 

have excellent dispersal abilities (Haythornthwaite & Dickman, 2006; Letnic, 

2001) and it is likely that Pilbara Planigale species also readily disperse 

throughout suitable habitat (Read, 1984; Warnecke et al., 2012). 

Samples for the ddRADseq study were selected from a sub-set of those 

that were included in a previous mitochondrial DNA study (Chapter 3), to 

cover the broad geographic distribution of each species where possible (Figure 

4.1B; Supplementary Material Table 4.4). 
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4.3.2. DNA extraction and ddRADseq 

High quality and high concentration genomic DNA was required for 

ddRADseq, so where possible cryo-frozen liver tissue was sub-sampled from 

the WA Museum Terrestrial Vertebrates collection and Australian Biological 

Tissue Collection, South Australian Museum. However, some other non-liver 

tissues were also used (muscle, tail, toe and ear) that had been preserved in 

100% Ethanol. Where possible, about 3-4 mm3 of tissue was subsampled to 

ensure high concentration of DNA in the final extraction. Samples were 

extracted using DNeasy blood and tissue kits (Qiagen), according to 

manufacturer’s instructions, including the optional RNase A treatment which 

was added to samples and incubated at room temperature for 4 min before 

extraction buffers were added. To increase DNA concentrations, 60-80 µL 

elution buffer was used (instead of the recommended 200 µL), and samples 

were eluted for 10 min (on the filter) with elution buffer that had been warmed 

for 5 min at 57°C. DNA extractions were stored at 4°C and the E-Gel® 

Electrophoresis system (Life Technologies, Melbourne, Australia) pre-cast 2% 

agarose gels, with ethidium bromide, were used to assess DNA quality. The 

DNA concentration of each sample was quantified using a QubitTM 3.0 

Fluorometer (using 3 µL of the extraction volume). 

Sequencing was conducted at the Australian Genome Research Facility 

(AGRF; Melbourne) which required DNA of high molecular weight (> 15 Kb). 

Due to optimisations of the Genotyping by Sequencing service, AGRF could 

utilise DNA extractions with a minimum concentration of 5 ng/µL. The average 

DNA concentration for Planigale samples provided was 20.3 ng/µL, and for 

Sminthopsis was 27.4 ng/µL (Supplementary Material Table 4.4).  

To determine suitable restriction enzyme combinations, pooled samples 

of each of the four species were sent to AGRF for the Standard Establishment 

Phase service. The pooled samples consisted of three individual extractions for 
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each species, from widely dispersed collection localities, with a total of 2.4 µg of 

DNA (800 ng per individual, with minimum DNA concentration of 20 ng/µL). 

To determine the best combination of restriction enzymes that allowed for 

optimum SNP detection, eight combinations of 6 and 4 bp site restriction 

enzymes in a double digest were trialled and analysed. The restriction enzyme 

combination for the two Planigale species and S. youngsoni was EcoRI 

(G/AATTC) and MseI (T/TAA) and for S. ooldea were PstI (CTGCA/G) and 

MseI. 

Two 96 well plates containing samples from the four species (40-50 

samples per species and well H01 used as a control) were sent to AGRF for 

batch processing and ddRADseq in 48 pooled dual barcoded sets following the 

Peterson et al. (2012) library preparation protocol. All libraries were sequenced 

on the Illumina NextSeq 500 (Illumina) platform using paired-end 300 cycle 

sequencing. 

 

4.3.3. Loci assembly 

We used the ipyrad pipeline (Eaton, 2014; https://ipyrad.readthedocs.io) 

to demultiplex and filter raw sequence reads and generate SNP loci. The ipyrad 

workflow first assigns sequence data to the uniquely barcoded individuals, it 

then processes the data for each sample according to the filtering criteria, then 

clusters the data across samples, followed by an aligning step and then a final 

filtering step which produces the data used for downstream analysis. As we 

had sequenced the samples with high coverage, we used stricter filtering 

settings than the defaults for 7 of the 28 parameters (Supplementary Table 4.5), 

after some data exploration using the branching workflow feature. We applied 

the same filtering conditions to each species to standardise the process and filter 

for high quality reads and loci/SNP calling, including increasing the minimum 

samples per locus to 80% of the number of individuals for each species. We also 
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filtered out loci with unusually high coverage by restricting the maximum 

number of reads mapped to loci to 10,000. The AGRF bioinformatics 

department processed the raw sequence data using the STACKS pipeline 

(Catchen et al., 2013)(default settings) which we compared with our ipyrad 

results, and found we recovered higher numbers of loci shared between all 

individuals (Supplementary Figure 4.7). 

 

4.3.4. Population genetic structure analysis 

To test for population structure, the pipeline SNPviz was used 

(github.com/ignacio3437/SNPviz) which was run in Python and required the 

SNP file in .vcf format and a metadata file containing geographic coordinates 

for each sample. The pipeline removes linked loci, filters loci that are under the 

selected minimum allele frequency, and taxon coverage to produce a PCA plot 

with EIGENSOFT (github.com/DReichLab/EIG). The pipeline checks for the 

presence of data outliers, samples that exceed 6 standard deviations from the 

first 10 principal components, which were identified and removed from the 

Planigale sp. 1 and Planigale. sp. 2 datasets (Supplementary Material Table 4.6). 

Of these, one of the Planigale sp. 1 outliers was tested for being a hybrid of the 

two Planigale species and found instead to most likely be a contaminant from a 

non-target species. The other two outliers had extremely high frequencies of 

alleles that were not shared with the rest of the population. Ancestry estimation 

analysis was run using ADMIXTURE (Alexander et al., 2009) which uses a 

Maximum Likelihood approach to find the most likely number of ancestral 

populations (k) for the dataset, assigning a proportion of each individual’s 

ancestry to each cluster. We tested a range of k from 1 to 10 using a cross 

validation method which tests the accuracy of each model (k) in predicting the 

data. The pipeline then selected the best k model and plotted the ADMIXTURE 

results onto a map where each individual sample is shown as a pie chart with 
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the proportion of each ancestral population in different colours, depending on 

the selected number of k.  

To test for spatial genetic structure such as isolation-by-distance (IBD), 

Euclidean genetic distance was calculated between individual samples by first 

loading a plink file into R and converting to a genlight object in the package 

‘adegenet’ (Jombart & Ahmed, 2011). The R function ‘dist’ was used to produce 

a matrix of genetic distances, along with a matrix of geographic distances. To 

check the significance of the correlation between the two distances a Mantel test 

was run using the function ‘mantel.randtest’ on the two distance matrices, with 

999 replicates. The two distance matrices were then plotted with the function 

‘abline(lm)’ which is used to fit linear models. 

 

4.3.5. Historical demographic analysis 

To test for the occurrence and predicted point of origin of potential range 

expansions in each species (or population) identified by ADMIXTURE, we used 

the package ‘rangeExpansion’ (Peter & Slatkin, 2013) in R. The analysis tests for 

population expansion vs. the null model of equilibrium IBD by applying a 

founder effect algorithm. It does this by calculating the difference in allelic 

richness between each geographic sample pair. If the number of alleles 

decreases from one location to another (i.e. the calculation is > 0) directionality 

is positive and indicates range expansion. The analysis finds the most likely 

geographic origin of the founder and calculates the effective founder distance 

(in km) over which the ratio of the effective founder size to the effective 

population size decreases by 1%, with a lower effective founder distance 

indicating a stronger founder effect (Peter & Slatkin, 2015). Unlinked SNP data 

was imported into R as a .bam file format (output from ipyrad) and a .csv 

metadata file containing geographic information (latitude and longitude 

coordinates) and population determination to run in ‘rangeExpansion’. 
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Depending on the best k based on the results of the ADMIXTURE analysis, species 

were run as either one population or further subdivided by the number of 

ancestral populations (we designated populations in the ‘region’ field of the 

.csv file). We ran the analysis without an outgroup as a suitable outgroup was 

not available and the outgroup feature is an optional step in the analysis. The 

analysis produces a heat map, showing the predicted origin of the founder with 

an X and a heat map shows the decline in accuracy of the likely origin of the 

founder from that point, with yellow being highly likely, red being less likely 

and grey indicating a negative correlation. 

 

4.4. Results 

 

4.4.1. Data quality 

The average number of filtered reads per sample produced by the 

ddRADseq was 3,692,433, and the average number of loci per sample was 

15,367, with an average of 38,030 SNPs (Table 4.1). Individuals with low quality 

reads were removed from the S. youngsoni, Planigale sp. 1 and Planigale sp. 2 

datasets (Supplementary Information). This resulted in 47 S. ooldea, 44 S. 

youngsoni, 51 Planigale sp.1, and 35 Planigale sp. 2 individuals being used in the 

final analyses. 
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Table 4.1: ddRADseq data generated and details of population genetics analyses for the four 
dasyurid species Sminthopsis ooldea, S. youngsoni, Planigale sp. 1 and Planigale. sp. 2. LQ, low 
quality samples removed; out, outliers samples removed; n, number of individuals included in 
the downstream analyses; Read/s, average number of filtered reads per sample; pre-filt SNP, 
number of pre-filtered SNPs; unlinlk SNP, number of SNPs after removing linked loci; MAF, 
number of loci removed after filtering for minimum allele frequency; Filt SNP, final number of 
SNPs used in the downstream analysis; k, number ancestral populations from ADMIXTURE;  

Species 
low 
Q out n read/n 

pre-filt 
SNP 

unlink 
SNP MAF 

Filt 
SNP k 

S. ooldea - - 47 3,586,018 80,576 81,014 6268 14,607 2 

S. youngsoni 4 - 44 4,786,252 16,856 27,170 1108 2513 1 

Planigale. sp. 1 2 2 51 2,704,903 16,369 27,426 757 1984 1 

Planigale. sp. 2 4 4 35 3,692,562 25,983 16,510 2491 4406 1 

 

4.4.2. Spatial genetic structure 

Principal Components Analysis (PCA) showed similar degrees of 

variation were explained by the first two PCA axis for the four species, but was 

lowest for Planigale sp. 1 (Figure 4.2). Cross validation analysis (CV) to find the 

best number of ancestral populations found two was the best fit for S. ooldea, 

and one ancestral population was most suitable for S. youngsoni, Planigale sp. 1 

and Planigale sp. 2 (Figure 4.3). The mapped ADMIXTURE results for S. ooldea 

showed one population that occurred in the south-eastern parts of the Pilbara 

and a second population that occupied the remainder of the species distribution 

throughout arid regions in central WA and SA. Some admixture of the two 

groups occurred in central WA (Figure 4.4). The CV results for S. youngsoni 

show k = 1-3 is more likely thank k = 4, and admixture maps for k = 2-3 are 

shown in the Supplementary Material Figure 4.8. Admixture maps for k = 2-3 

scenarios for both Planigale species are presented in the Supplementary Material 

Figure 4.9. 
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Figure 4.2: PCA plots of the four species in this study A) S. ooldea, B) S. youngsoni, C) Planigale 
sp. 1 and D) Planigale sp. 2. Colours match the major haplo-groups identified in Chapter 3 
(Figure 3.3), and for Planigale sp. 2 (D) which did show phylogeographic structure samples are 
coloured north (yellow) or south (blue) of the Hammersley Range, a major biogeographic 
barrier within the Pilbara. 
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Figure 4.3: Cross Validation (CV) plots showing the CV error for the 10 k scenarios tested for A) 
S. ooldea, B) S. youngsoni, C) Planigale sp. 1 and D) Planigale sp. 2. Local minimum represents the 
best k. 
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Figure 4.4: Map showing ADMIXTURE results for the S. ooldea sequence data where individuals 
are shown as pie charts with colours representing the two ancestral populations. 

 

Mantel tests for each species showed significant (P ≤ 0.001) correlation 

between genetic and geographic distance suggesting strong spatial structuring 

due to IBD for all species (i.e. observed correlations lie outside the range of null 

permuted values; Figure 4.5). When pairwise genetic and geographic distances 

were plotted, all four species exhibited an increase in genetic distance with 

increasing geographic distance between sites, which was the clearest for 

Planigale sp. 1 (Figure 4.6C). The density plots highlight trends in pairwise 

dissimilarity among sites and the presence of more than one major ‘cloud’ of 

data points indicates individuals present with higher genetic differences than 

would be expected under IBD. This was the case for S. ooldea and Planigale sp. 2. 
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Figure 4.5: Mantel test results plots showing the observed correlation between genetic and 
geographical distance (diamond) in a histogram of simulated values. Isolation-by-distance 
analysis for A) S. ooldea (R2 = 0.40), B) S. youngsoni (R2 = 0.21), C) Planigale sp. 1(R2 = 0.51), and D) 
Planigale sp. 2 (R2 = 19), as scatterplots of genetic and geographic distance, each pair-wise 
comparison is shown as a dot overlayed with a heat map where red indicates areas with high 
point density and blue shows low point density. 
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4.4.3. Range expansion analysis 

We detected evidence of range expansion, rather than equilibrium IBD, 

in S. ooldea population 2, Planigale sp. 1 and Planigale sp. 2. (Table 4.2). We could 

not reject the null model of equilibrium IBD in S. youngsoni (p = 0.924) and in the 

Pilbara population of S. ooldea (p = 0.206), possibly due to the small sample size 

in the latter case (n = 11). Range expansion has occurred within population 2 of 

S. ooldea from a likely origin near the northern boundary of the Nullarbor Plain 

in SA, with an effective founder distance of 118.1 km (Figure 4.7). The most 

likely origin of the founder for Planigale sp. 1 was in the north east Pilbara with 

an effective founder distance of 76.1 km, and for Planigale sp. 2 expansion 

started in the south east Pilbara with an effective founder distance of 16.1 km. 

 

Table 4.2: Summary from the range expansion analysis showing the inferred latitude and 
longitude of the origin; q, strength of the founder effect; r1/r10/r100, the decrease in diversity over 
1/10/100 km; d1, the effective founder distance, which is the distance (in km) over which the 
ratio of the effective founder size to the effective population size decreases by 1%; r2, adjusted 
coefficient of determination and the Bonferroni-corrected p value for the most likely origin. 
Population n Latitude Longitude q r1 r10 r100 d1 r2 p 
S. ooldea pop 1 11 -23.086 118.612 0.000294 0.9994 0.9941 0.944 17.16 0.279 0.206 
S. ooldea pop 2 32 -30.854 130.774 0.000043 0.9999 0.9991 0.992 118.11 0.617 <0.0001 
S. youngsoni 44 -22.591 113.745 0.000015 0.9999 0.9997 0.997 343.50 0.015 0.924 
Planigale sp. 1 50 -20.336 122.819 0.000070 0.9998 0.9986 0.986 72.11 0.228 <0.0001 
Planigale sp. 2 37 -22.505 120.853 0.000314 0.9993 0.9938 0.941 16.11 0.087 0.0003 
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Figure 4.6: Heat map of range expansion analysis for A) S. ooldea, B) Planigale sp. 1, and C) 
Planigale sp. 2. The most likely location of the founder is shown as a red ‘X’, white/yellow 
indicates likely origin of founder, grey indicates negative correlation. Sample locations are 
shown as circles; shading indicates levels of heterozygosity among the population. 

 

Table 4.3: Summary of ddRADseq results and attributes of the four study species 

  

 
Habitat 

Major mtDNA 
haplo-groups 

Admixture 
populations 

IBD 
Range 
expansion 

S. ooldea General, heavier soils 
avoids rocks and dunes 

3 2 Yes Yes 

S. youngsoni Sand dunes & plains 3 1 Yes No 

Planigale sp. 1 Rocky uplands, plains 2 1 Yes Yes 

Planigale sp. 2 Cracking clay 1 1 Yes Yes 
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4.5. Discussion 

In this study we aimed to investigate the historical and contemporary 

processes that produce spatial genetic differentiation in four species of broadly 

sympatric, and understudied, dasyurid marsupials from the Australian arid 

zone. We used high quality SNP datasets from ddRADseq to look for evidence 

of multiple distinct populations and found support for this in just one of the 

four species. We found strong evidence for historical range expansions in three 

species, with the founder locations of these expansions pointing to the locations 

of putative historical refugia. These refugia occurred in quite different parts of 

the arid interior of Australia, despite the broadly sympatric distributions of the 

study species, indicating that species ecological preferences are important for 

determining their responses to past environmental change processes. Despite 

the differences in habitat requirements, all species exhibited isolation-by-

distance indicating restricted gene flow at local scales. Due to the large 

distribution sizes of dasyurid species and their adaptations to increase 

population sizes after drought these species are persisting in altered 

environments despite the high extinction rates in larger sized native mammal 

species. 

 

4.5.1. Low intraspecific differentiation in arid-occurring dasyurids 

Studies on widespread Australian arid-adapted lineages have typically 

shown low population differentiation in species that occur in low-altitude 

habitats, but higher diversity, lineage age, and restricted gene flow in species 

occurring in the higher-altitude, geographically heterogeneous habitats of 

inland range systems (Anderson et al., 2016; Pepper et al., 2011). All four of our 

study species occur in the geographically heterogeneous Pilbara region of WA, 

yet we found little evidence of intraspecific differentiation, except for within S. 

ooldea, where individuals were assigned to two populations, one which was 

restricted to the south-east Pilbara. The two populations exhibited admixture 
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south of the Pilbara border, indicating some level of contemporary gene flow. 

This population differentiation likely reflects the genetic drift and mutations 

that occurred from population contractions and subsequent isolation within 

core habitat refugia during the arid cycles of the Pleistocene. Such a process is 

believed to have caused phylogeographic structure in a range of other Pilbara-

occurring species (Byrne et al., 2008; Pepper et al., 2013).  

The remaining three species showed evidence of just one population, 

suggesting that population expansion and gene flow have erased the signal of 

past population subdivision events, or that gene flow is sufficient to 

homogenise gene frequencies across the sampling range. Other studies on 

Australian arid-occurring mammals have reported a similar lack of evidence for 

restricted gene flow throughout species distributions (Cooper et al., 2000; Levy 

et al., 2018; Umbrello et al., 2017). This includes mammal species that occur in 

the geographically heterogeneous Pilbara region, where the complex array of 

substrate types have been shown to drive high differentiation in other less 

vagile, taxonomic groups, i.e. geckos and plants (Anderson et al., 2016; Pepper 

et al., 2013). In contrast, lowland habitat types such as sand plains and dunes are 

fairly continuous throughout the arid-zone, and have younger lineage age and 

genetic complexity in gecko species than within the Pilbara (Pepper et al., 2011). 

The widespread sand-occurring species in this study, S. youngsoni, also did not 

exhibit evidence for historical restricted gene flow, nor did Planigale sp. 1 which 

is common throughout a range of substrates throughout the Pilbara (Gibson & 

McKenzie, 2009). However, we note that under the k = 2 scenario 

(Supplementary Material Figure 4.9A) the admixture results for Planigale sp. 1 

show some congruence with the distribution of the major two mitochondrial 

halpo-groups shown in Chapter 3. 

The habitat specialist, Planigale sp. 2, which has been recorded 

exclusively from low-lying cracking clay habitats within the Pilbara (Gibson & 

McKenzie, 2009), also lacked evidence for distinct genetic populations. This was 
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despite the patchiness of clay habitat types and the potential barriers to 

dispersal between them, such as the range systems and rocky uplands of the 

Pilbara (McKenzie et al., 2009; Pepper et al., 2013). The lack of evidence for 

historical restricted gene flow could be the result of several factors. Firstly, that 

there are higher rates of gene flow occurring than the patchy nature of clay 

habitats suggest, perhaps dependent on significant rainfall events which may 

increase the extent of suitable clay habitats thereby creating opportunities for 

animals to disperse. Second, signals of historical range expansion are still being 

retained and mask signals of any putative restriction in contemporary gene 

flow. Third, the sampling regime may not have been as effective at detecting 

subtle geographic structure, as the availability of samples was less-uniform 

compared to the other three species and included only three (post-filtered) 

samples for the southern Pilbara region, located south of the Hamersley Range 

which is likely a major barrier to dispersal (Supplementary Material Figure 

4.9D). These three samples are weakly differentiated in the PCA (Figure 4.2D), 

and likely driving the disjunct pattern in the IBD plot (Figure 4.5D). 

 

4.5.2. Non-congruence in historical refugia 

Three of the study species showed evidence of historical, likely 

Pleistocene-timed (see Chapter 3) range expansions, but the location of the 

possible founders differed between the species despite their broadly sympatric 

distributions. These differences are likely a reflection of species-specific 

associations with particular habitat types, as small dasyurid species radiated 

into different habitat niches in the face of resource competition (Lanier et al., 

2013), which also occurred within the Pilbara (Gibson & McKenzie, 2009). As a 

result, their responses to historical environmental change, such as would have 

occurred episodically during the arid cycles of the Pleistocene, are dependent 

on the fluctuations of their preferred habitat type.  



Chapter 4 –Population genomics of dasyurids using ddRADseq 

147 
 

For the eastern population of S. ooldea, range expansion has occurred 

near the north-eastern Nullarbor Plain in South Australia, indicating this area 

may have acted as a historical refugium. The founder distance was large, 

indicating a weak founder effect (Peter & Slatkin, 2015), possibly due to the 

large geographic coverage of the samples, and/or the high dispersal ability of 

this species. The two Planigale species both showed range expansion originating 

from the eastern Pilbara region. For Planigale sp. 1, this was predicted to occur 

within the longitudinal dune systems of the Great Sandy Desert. There are few 

contemporary records of Planigale sp. 1 from the Great Sandy and Little Sandy 

Deserts, as they tend to occur only in association with isolated rocky outcrops 

which are patchy in the two dune deserts (Figure 4.1D). Dating of the 

longitudinal dune systems of the Great Sandy Desert shows they began forming 

200-300 kya (Fujioka & Chappell, 2010), and before this windy and dry period 

there may have been more suitable habitat for Planigale sp. 1 which today is 

inundated with dune desert.  

Of the three, Planigale sp. 2 had the shortest founder distance, indicating 

a strong founder effect (Peter & Slatkin, 2015). The origin of the population 

expansion for Planigale sp. 2 was near the eastern boundary of the Pilbara in the 

headwaters of the Fortescue River, a major ephemeral river system that runs 

through the central Pilbara towards the west coast (Figure 4.1A). Planigale sp. 2 

commonly occurs in clay habitats in the Fortescue region, and this area contains 

a large portion of the available clay habitats in the Pilbara (McKenzie et al., 

2009). It is possible that during Pleistocene glacial maxima when precipitation 

rates were extremely low, this species contracted into core habitat refugia 

(Byrne, 2008) that may have been concentrated in the east on the alluvial 

regions of the Fortescue river system. A similar process occurs today with the 

clay-preferring plains mouse (Pseudomys australis) in central Australia, where 

populations collapse down to central, larger, clay refuges during drought and 

recolonise smaller patches of clay habitat after rain (Pavey et al., 2014).  
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No significant range expansion was detected for S. youngsoni, but we 

note that when the samples are grouped according to the scenario k = 3 

(Supplementary Material Figure 4.8), there are two significant range 

expansions, one from the east near the Simpson Desert and another from the 

west coast (Supplementary Material Figure 4.10; Table 4.11). The locations of 

the origins of expansion occur at the edges of the sample distributions, and the 

range expansion model does not perform well when the true origin is outside 

the samples due to boundary effects (Peter & Slatkin, 2013), therefore it is better 

interpreted as an approximate estimate of the location of the origin, and the 

direction of the expansion is more important. We also note that the location of 

the origin could be influenced by the lack of a suitable outgroup which we were 

unable to specify due to no suitable outgroup sequence data being available. 

The very different locations of putative Pleistocene refugia show that 

predictions of species responses to past historical change cannot be made based 

on taxonomic affinities.  

 

4.5.3. Re-establishment of equilibrium in contemporary populations 

We found strong evidence of historical equilibrium disturbance via 

population expansion in three species, but all four species also showed evidence 

of isolation-by-distance, suggesting that populations are re-establishing 

equilibrium. This pattern is generally expected in most terrestrial species with 

finite dispersal abilities and indicates migration-drift equilibrium. While our 

SNP results retain the strong signals of historical demographic processes, we 

can begin to see equilibrium re-establishing with the IBD results. 

 

4.5.4. Comparison with mtDNA sequence data 

The SNP data produced in this study did not recapture the 

phylogeographic structure previously observed using mitochondrial sequence 

data (Chapter 3), except for the Pilbara population of S. ooldea. The patterns 
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observed with the mitochondrial sequence data likely reflects genetic drift and 

mutations that arose from populations becoming divided and isolated, possibly 

during the Pleistocene, which have been retained in the absence of 

recombination. We found the probable location of the founder of population 

expansions were different for each species, and similarly the mitochondrial 

patterns observed for the four species were not concordant (Chapter 3). Again, 

this reflects the importance of different habitat requirements in driving their 

responses to past environmental change. It would be insightful to include other 

species with similar habitat requirements, for example species like Planigale sp. 

2 that prefer clay habitats in the Pilbara, to see if the range expansion analysis 

documents similar locations of putative historical refugia.  

While the SNP data did not recover the same geographic patterns as the 

mtDNA data did, the signals of population expansion we found with SNPs 

were also found with mitochondrial sequence data (Chapter 3). These show 

significant population expansion among Sminthopsinae that began during the 

mid-Pleistocene as the availability of arid habitats increased, and continued to 

the present day dominance of arid environments in the Australian interior 

(Hess, 2010). These results add to a growing number of studies showing strong 

signals of Pleistocene-driven population expansions for a range of Australian 

arid-adapted taxa (Fujita et al., 2010; Kearns et al., 2014). We also showed that 

isolation-by-distance is driving contemporary spatial genetic structure to some 

extent in all four species, suggesting that the historical population expansion 

signals which are still retained are nearing equilibrium. 

 

4.5.5. Conservation 

In this study we did not find evidence of highly fragmented or declining 

populations, but rather showed that gene flow within each of the study species 

is high and maintained by large well-connected populations throughout their 
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distributions, though they are not truly panmictic. This is likely due to 

demographic and physiological adaptations of dasyurid marsupials to persist in 

the challenging and unpredictable conditions of the Australian arid-zone 

(Dickman, 2003; Geiser, 1994; Morton, 1982) which is significant, given high 

European-driven extinction rates in other arid-occurring mammals (McKenzie 

et al., 2007; Woinarski et al., 2015). Despite major degradation of the natural 

landscape from overgrazing by introduced herbivores, alteration of fire regimes 

and predation by feral mammals, we have not found any indication from 

population genetic structure to suggest that these species are in decline. Our 

results suggest that small dasyurid populations are able to recover after 

disturbance events, such as widespread fires, as the IBD shows gene flow 

occurs continually over local to landscape scales within each species 

distribution. The species distributions are also so extensive that even landscape-

wide fire events would not prevent recolonisation from genetically similar 

populations outside the disturbed area.  

Despite the very high resolution of our ddRADseq data, it may still not 

be powerful enough to detect extremely recent limitations on gene-flow, e.g. 

post European colonisation, as the signals of range expansion are dominating 

and the sample coverage is not fine grained enough. There may be areas of 

human disturbance within the Pilbara, for instance, that could cause restriction 

to gene flow, such as the large-scale construction of linear infrastructure 

associated with the mining industry. However, the impact of such construction 

on small dasyurids remains unknown. A potential area of concern is the coastal 

Pilbara where the availability of sandy habitats reduces to a narrow strip that is 

now widely industrialised and has a history of extensive grazing by sheep and 

cattle (McKenzie et al., 2009). This is an important area for dispersal of S. 

youngsoni from the sandy substrates of the Carnarvon region to the sandy 

deserts in the northern Pilbara and there is a gap in the known records for this 
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species in this area, despite survey work finding other small dasyurid species 

throughout the area (Gibson & McKenzie, 2009; Figure 4.1C).  
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4.6. Supplementary material 

Table 4.3: Tissues from specimens used in Chapter 4 
Museum Number State Locality Latitude Longitude 

Collection 
date 

Tissue 
type 

Conc. 
(ng/µl) 

Planigale sp. 1  

WAM M49025 WA Onslow -21.6758 115.1458 12/09/2003 tail 9.30                                 

WAM M49196 WA Burrup -20.6169 116.7850 01/11/2001 liver 26.5 

WAM M54313 WA Meentheena -21.2884 121.2374 12/10/2004 liver 17.8 

WAM M54319 WA Meentheena -21.2884 121.2374 14/10/2004 liver 21.7 

WAM M54326 WA Meentheena -21.2462 120.5391 15/10/2004 liver 34.1 

WAM M55245 WA Newman -23.3108 119.9169 31/03/2004 liver 34.5 

WAM M56247 WA Waldburg Homestead -24.7500 117.3667 21/10/2004 liver 11.7 

WAM M56300 WA Pannawonica -21.7594 116.2275 15/03/2005 liver 14.4 

WAM M56626 WA Mount Elvire -21.6828 116.7522 04/10/2005 liver 43.4 

WAM M56764 WA Mount Elvire -21.8397 116.6825 03/10/2005 liver 42.7 

WAM M56769 WA Mount Rica -21.8714 116.4725 02/10/2005 liver 35.2 

WAM M56788 WA Pannawonica -21.6331 116.4917 01/10/2005 liver 28.3 

WAM M56815 WA Warramboo Creek -21.7319 115.8072 26/09/2005 liver 39.5 

WAM M57291 WA Mount Florance -21.7950 117.8570 13/10/2004 liver 47.6 

WAM M57720 WA Dresser -21.2367 119.4083 05/05/2006 liver 19.3 

WAM M57724 WA Mount De Courcey -22.7892 116.5709 22/05/2005 liver 15.8 

WAM M57729 WA Mount De Courcey -22.7112 116.4004 19/05/2005 liver 40.0 

WAM M57732 WA Mount Berry -22.4300 116.2798 18/05/2005 liver 18.4 

WAM M57736 WA Rhodes Ridge -23.1032 119.0389 15/05/2005 liver 15.2 

WAM M57745 WA Weeli Wolli Spring -22.8524 119.2651 09/05/2005 liver 20.5 

WAM M57746 WA Gile's Point -23.2509 119.1447 09/05/2005 liver 13.3 

WAM M57761 WA Mount Minnie -22.1201 115.5700 30/04/2005 liver 25.6 

WAM M57874 WA Marda Pool -21.0699 116.2043 19/05/2005 liver 26.8 

WAM M57881 WA Millstream -21.5713 117.0563 15/05/2005 liver 19.4 

WAM M57885 WA Python Pool -21.3280 117.2430 15/05/2005 liver 22.0 

WAM M57915 WA Cowra Line -22.1347 119.0243 05/05/2005 liver 18.2 

WAM M57924 WA Mount McKay -22.4154 119.9840 05/05/2005 liver 9.10 

WAM M57933 WA Fortescue River -21.8336 117.6109 16/05/2005 liver 29.4 

WAM M57943 WA Lake Poongkaliyarra -20.9346 117.1151 22/05/2005 liver 18.6 

WAM M57950 WA Roebourne -20.7364 117.0989 24/05/2005 liver 17.7 

WAM M60510 WA Mount Bruce -22.6108 118.0225 24/09/2005 liver 10.7 

WAM M60534 WA Wheelarra Hill -23.3586 120.4592 30/09/2005 liver 26.3 

WAM M60564 WA Spear Hill -21.5058 119.4194 07/05/2006 liver 16.1 

WAM M60708 WA Chichestern Range -22.1786 118.9881 30/04/2008 liver 22.5 

WAM M60759 WA Hamersley -22.1333 117.8167 01/03/2008 liver 8.50 

WAM M61030 WA Nullagine -21.3923 120.0709 17/05/2005 liver 14.6 

WAM M61060 WA Coongan River -20.8522 119.5925 30/09/2005 liver 21.6 

WAM M61061 WA Goldsworthy -20.4281 119.9694 01/10/2005 toe 11.1 

WAM M61087 WA Yarrie -20.7483 120.2578 06/10/2005 liver 12.0 

WAM M61092 WA Warrawagine -20.7392 120.8939 06/10/2005 liver 11.0 

WAM M61116 WA Goldsworthy -20.3358 119.1375 14/10/2005 liver 15.4 

WAM M61406 WA Lake Disappointment -23.2767 122.8195 09/05/2013 liver 6.20 

WAM M61683 WA Mount Bruce -22.7225 118.2683 27/05/2006 liver 23.4 

WAM M61730 WA Wheelarra Hill -23.2800 120.1761 21/05/2006 liver 11.1 

WAM M61778 WA Balfour Downs -22.6111 120.7289 13/05/2006 liver 12.8 

WAM M61789 WA Paraburdoo -23.4189 117.8419 09/10/2005 liver 21.1 

WAM M61790 WA Paraburdoo -23.2839 118.1017 09/10/2005 liver 18.4 

WAM M61797 WA Tom Price -22.6658 117.6128 03/10/2005 liver 25.4 

WAM M61830 WA Wodgina -21.2797 118.6989 23/09/2005 liver 22.3 
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Museum Number State Locality Latitude Longitude 
Collection 

date 
Tissue 
type 

Conc. 
(ng/µl) 

Planigale sp. 1 

WAM M64654 WA Wodgina -21.0283 118.9167 12/05/2006 liver 20.5 

WAM M64659 WA Wodgina -21.4008 118.7092 13/05/2006 liver 10.9 

WAM M64743 WA Tom Price -22.7200 117.5106 25/05/2006 liver 17.9 

WAM M64747 WA Tom Price -22.3214 117.4794 25/05/2006 liver 19.0 

WAM M64796 WA Paraburdoo -23.3353 118.0361 02/06/2006 liver 19.4 

WAM TM584 WA Wheatstone -21.7822 115.0394 00/05/2012 tail 11.8 

Planigale sp. 2 

WAM M48969 WA Redmont Camp -22.0899 118.9925 01/05/2003 liver 32.9 

WAM M51820 WA Munni Munni -21.1633 116.8375 20/10/2001 muscle 28.2 

WAM M55117 WA Roy Hill -22.4200 119.7594 04/07/2004 liver 38.0 

WAM M55118 WA Roy Hill -22.4200 119.7594 04/07/2004 liver 31.1 

WAM M55123 WA Roy Hill -22.4200 119.7594 05/07/2004 liver 32.3 

WAM M55126 WA Roy Hill -22.6544 120.1719 06/07/2004 liver 30.5 

WAM M55127 WA Roy Hill -22.6544 120.1719 06/07/2004 liver 29.4 

WAM M55133 WA Roy Hill -22.4697 119.8683 06/07/2004 liver 28.3 

WAM M55135 WA Roy Hill -22.6494 120.1594 06/07/2004 muscle 15.4 

WAM M55136 WA Roy Hill -22.4388 119.8000 07/07/2004 liver 27.7 

WAM M56182 WA Pannawonica -21.6680 115.9106 10/08/2005 liver 14.8 

WAM M56505 WA Roy Hill -22.4697 119.8683 08/07/2004 liver 22.1 

WAM M56508 WA Roy Hill -22.6544 120.1719 08/07/2004 liver 23.1 

WAM M56513 WA Roy Hill -22.4200 119.7594 08/07/2004 liver 15.9 

WAM M56516 WA Roy Hill -22.4388 119.8000 09/07/2004 liver 27.3 

WAM M56664 WA Pannawonica -21.6219 116.3897 07/10/2005 liver 26.4 

WAM M56677 WA The Island Hill -21.3403 119.3656 12/10/2005 liver 10.1 

WAM M56679 WA The Island Hill -21.3403 119.3656 13/10/2005 liver 22.1 

WAM M56685 WA The Island Hill -21.3403 119.3656 14/10/2005 liver 15.1 

WAM M56691 WA The Island Hill -21.3403 119.3656 16/10/2005 liver 24.7 

WAM M56865 WA Mount De Courcey -22.7112 116.4004 07/10/2004 muscle 5.50 

WAM M56870 WA Mount De Courcey -22.7112 116.4004 08/10/2004 liver 6.70 

WAM M57241 WA Marda Pool -21.0539 116.1337 30/09/2004 liver 25.3 

WAM M57261 WA Karratha -20.7945 116.8567 06/10/2004 liver 18.9 

WAM M57884 WA Python Pool -21.3104 117.2763 15/05/2005 liver 15.1 

WAM M57912 WA Barowanna Hill -21.3949 117.1708 09/05/2005 liver 22.4 

WAM M57914 WA Cowra Line -22.1068 119.0007 05/05/2005 liver 26.2 

WAM M57939 WA Mount Florance -21.8915 118.0002 19/05/2005 liver 8.40 

WAM M57947 WA Karratha -20.7716 116.8498 24/05/2005 liver 10.3 

WAM M60028 WA Warrawagine -20.8542 120.8533 21/05/2006 liver 9.20 

WAM M60042 WA Goldsworthy -20.0339 119.3339 26/05/2006 liver 14.1 

WAM M60558 WA Balfour Downs -22.6033 120.7833 13/10/2005 liver 10.2 

WAM M61037 WA Coongan River -20.8250 119.5364 25/09/2005 liver 15.9 

WAM M61040 WA Coongan River -20.8250 119.5364 25/09/2005 liver 12.9 

WAM M61659 WA Tom Price -22.6072 117.9356 30/05/2006 liver 10.0 

WAM M61774 WA Balfour Downs -22.5442 120.7992 13/05/2006 liver 40.0 

WAM M62896 WA Millstream-Chichester NP -21.4767 117.1490 22/03/2015 liver 9.60 

WAM M62897 WA Millstream-Chichester NP -21.4365 117.1585 24/03/2015 liver 8.40 

WAM M64697 WA Tom Price -22.5047 117.7036 21/05/2006 liver 11.2 

WAM M64700 WA Tom Price -22.3058 117.4797 21/05/2006 liver 8.30 

Sminthopsis ooldea 

ABTC7642 WA Plumridge -29.5000 125.2333 - liver 13.6 

ABTC7752 SA Malbooma -30.6743 134.1789 - liver 15.1 

DBCA MAC0005 WA Carnarvon Range South -25.2656 120.6473 08/08/2012 liver 44.6 

DBCA MAC0048 WA Carnarvon Range South -25.2678 120.6266 09/08/2012 liver 44.5 
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Museum Number State Locality Latitude Longitude 
Collection 

date 
Tissue 
type 

Conc. 
(ng/µl) 

Sminthopsis ooldea 

SAMA M11600 [ABTC7762] SA Mabel Creek Homestead -29.1611 134.1083 26/10/1984 liver 11.1 

SAMA M14211 [ABCT64090] SA Lake Bring -30.2750 133.0275 14/10/1987 liver 50.0 

SAMA M14211 [ABTC64250] SA Maralinga -30.2100 131.5208 14/10/1987 liver 15.1 

SAMA M14214 [ABTC64258] SA Halinor Lake -29.5069 130.1528 18/10/1987 liver 7.70 

SAMA M14217 [ABTC64044] SA Mount Finke -30.8536 134.1167 06/10/1987 liver 39.3 

SAMA M18115 [ABTC41710] SA Maryinna Hill -27.0433 131.2933 16/03/1995 liver 40.0 

SAMA M18122 [ABTC41725] WA Maryinna Hill -28.4666 122.8333 18/03/1995 liver 30.2 

SAMA M18318 [ABTC41751] SA Pipalyatjara -26.0497 129.4111 31/08/1995 liver 22.8 

SAMA M19460 [ABTC42033] SA Mount Lindsay -27.0292 129.8392 20/10/1996 liver 13.2 

SAMA M19917 [ABTC42277] SA Mundy Dam -26.5475 132.9161 14/08/1998 liver 14.3 

SAMA M19927 [ABTC42291] SA Granite Downs -26.9553 133.6664 19/08/1998 liver 31.0 

SAMA M21771 [ABTC95313] SA Vokes Hill Corner -28.5619 131.0014 12/04/2002 liver 60.0 

SAMA M21787 [ABTC95353] SA Vokes Hill Corner -29.0217 130.3119 17/04/2002 liver 13.0 

SAMA M22154 [ABTC96216] SA Ely Hill -28.4808 134.3772 03/10/2003 liver 12.0 

SAMA M22165 [ABTC96168] SA Ely Hill -28.4811 134.0614 02/10/2003 liver 39.7 

SAMA M23685 [ABTC87813] SA Oak Valley -29.5289 129.1708 16/04/2005 liver 19.7 

SAMA M24147 [ABTC94116] SA Emu (Ruin) -28.4508 132.1800 24/04/2006 liver 18.4 

SAMA M24161 [ABTC94194] SA Observatory Hill -29.0139 132.0369 28/04/2006 liver 21.4 

SAMA M24172 [ABTC94155] SA Observatory Hill -29.1811 131.9431 27/04/2006 liver 42.1 

WAM M19192 [ABTC7700] WA Pamela Hill -23.2777 119.1111 08/04/1981 liver 47.9 

WAM M19194 [ABTC7702] WA Pamela Hill -23.2833 119.2069 08/04/1981 liver 40.8 

WAM M35108 [ABTC41265] WA Laverton -28.5411 122.7820 04/11/1989 liver 19.0 

WAM M36749 WA Mount Windell -22.5994 118.6139 28/07/1991 liver 22.8 

WAM M36752 WA Mount Windell -22.6022 118.5119 30/07/1991 liver 24.5 

WAM M41262 WA Lake Mason Station -27.6977 119.6297 20/09/2004 liver 49.1 

WAM M41263 WA Lake Mason Station -27.5277 119.5839 20/09/2004 liver 48.4 

WAM M41320 WA Lorna Glen Station -26.1852 121.5644 27/10/2004 liver 54.0 

WAM M43183 WA Hope Downs -22.9958 119.1278 28/04/1994 heart 17.4 

WAM M44128 WA Point Salvation -28.2000 123.6000 --/10/1998 liver 20.0 

WAM M47288 WA Lake Way -26.2488 120.6719 11/10/2005 liver 24.2 

WAM M47493 WA Newman -22.9000 119.0000 16/04/1997 liver 27.0 

WAM M47497 WA Newman -22.9166 118.8333 1997 liver 28.0 

WAM M47670 WA Newman -23.1127 118.7683 21/06/1997 liver 17.4 

WAM M55088 WA West Angeles -23.1991 118.8469 08/05/2004 liver 15.2 

WAM M56259 WA Sandstone -28.1572 119.5156 26/10/2004 liver 40.0 

WAM M60656 WA Neale Junction -28.3047 126.3003 11/04/2008 liver 24.2 

WAM M60659 WA Neale Junction -28.2450 125.8458 05/04/2008 liver 8.9 

WAM M60660 WA Neale Junction -28.6861 125.8064 05/04/2008 liver 27.5 

WAM M60962 WA Robinson Range -25.7405 119.0106 11/11/2009 muscle 25.5 

WAM M60994 WA Ilkurlka Roadhouse -28.3805 127.5028 11/05/2010 liver 15.6 

WAM M61751 WA Wheelarra Hill -23.3639 120.2953 20/05/2006 liver 30.7 

WAM M61776 WA Balfour Downs -22.6303 120.9958 13/05/2006 liver 28.9 

WAM M62092 WA Lake Way -27.2419 120.6978 28/09/2005 liver 29.5 

Sminthopsis youngsoni 

ABTC24036 NT MacDonnell Ranges -23.7700 133.3380 - liver 40.0 

ABTC24037 NT MacDonnell Ranges -23.7700 133.3380 - liver 60.0 

ABTC7631 WA Madora Salt Marsh -19.7794 121.3658 --/08/1983 liver 40.0 

MAGNT U1312 [ABTC61728] NT Yuendemu Road -23.1500 132.6667 28/05/1986 liver 34.5 

MAGNT U1314 [ABTC61750] NT Yuendemu Road -23.2833 132.4167 28/05/1986 liver 22.8 

SAMA M20124 [ABTC38775] SA Approdinna Attora Knolls -26.0481 137.4675 14/09/1998 liver 53.0 

SAMA M20151 [ABTC38563] SA Approdinna Attora Knolls -26.3447 137.3500 18/09/1998 liver 11.1 

WAM M25604 WA Karara Well -23.1000 123.3667 23/06/1986 liver 24.1 



Chapter 4 –Population genomics of dasyurids using ddRADseq 

155 
 

Museum Number State Locality Latitude Longitude 
Collection 

date 
Tissue 
type 

Conc. 
(ng/µl) 

Sminthopsis youngsoni 

WAM M41330 WA Lorna Glen Station -26.1994 121.2661 06/04/2005 liver 51.0 

WAM M44058 WA Yarrie -20.6163 120.2761 07/06/1998 liver 22.4 

WAM M44956 WA Little Sandy Desert -24.0752 120.3606 11/10/1996 liver 23.9 

WAM M45092 WA Nifty Mine -21.6544 121.5658 05/02/1998 liver 7.70 

WAM M46714 WA Newman -23.3166 120.0333 00/08/1995 liver 11.2 

WAM M48014 WA Cape Cuvier -24.2227 113.5033 29/05/1995 liver 18.8 

WAM M48632 WA Mardathuna Homestead -24.4058 114.4444 18/03/1996 liver 8.20 

WAM M48964 WA Port Hedland -21.7336 118.8356 25/06/2001 liver 24.1 

WAM M49038 WA Onslow -21.7005 115.0730 25/09/2002 liver 23.6 

WAM M51653 WA Meentheena -21.2447 120.3225 28/05/2000 liver 23.1 

WAM M51896 WA Giralia station -22.8775 114.5419 18/06/2004 liver 25.0 

WAM M51944 WA Giralia station -22.4566 114.3172 18/06/2004 liver 29.0 

WAM M54286 WA Whim Creek -20.8700 117.8588 03/10/2004 liver 23.6 

WAM M55077 WA Munjina Roadhouse -22.4591 119.0364 31/03/2004 liver 29.0 

WAM M56109 WA Tanami Desert -19.8569 128.8481 01/10/2004 liver 18.4 

WAM M56175 WA Pannawonica -21.6883 115.9014 06/08/2005 liver 38.0 

WAM M56323 WA Tanami Desert -19.5888 128.8703 15/06/2005 liver 40.0 

WAM M56537 WA Roy Hill -22.6541 120.4097 13/07/2004 liver 23.6 

WAM M56546 WA Roy Hill -22.6000 119.9500 14/07/2004 liver 23.6 

WAM M56573 WA Yanery -22.0866 114.6689 19/08/2004 liver 24.1 

WAM M56709 WA Canning Stock Route -22.5741 123.9175 18/08/2008 muscle 21.1 

WAM M57752 WA Mount Mary -22.2560 115.4905 02/05/2005 liver 31.1 

WAM M60562 WA The Island Hill -21.3761 119.3736 06/05/2006 liver 24.8 

WAM M60626 WA Warrawagine -20.7047 120.9011 06/10/2006 liver 22.6 

WAM M60638 WA Lake MacKay -22.4516 128.2980 07/09/2007 liver 16.8 

WAM M60765 WA South Hedland -20.3980 118.5342 00/06/2008 liver 25.5 

WAM M60767 WA South Hedland -20.3980 118.5342 00/06/2008 liver 24.8 

WAM M61045 WA Goldsworthy -20.3736 119.9325 26/09/2005 liver 23.4 

WAM M61050 WA Coongan River -20.8353 119.6717 27/09/2005 liver 25.5 

WAM M61102 WA Goldsworthy -20.3117 119.0939 10/10/2005 liver 20.8 

WAM M61745 WA Wheelarra Hill -23.3586 120.4592 20/05/2006 liver 35.3 

WAM M61767 WA Mount Hodgson -22.4125 121.0719 15/05/2006 liver 32.0 

WAM M62319 [ABTC91354] WA Pungkulpirri Waterhole -24.7072 128.7603 22/09/2006 liver 58.0 

WAM M62320 [ABTC91407] WA Walter James Range -24.5594 128.7097 23/09/2006 liver 34.3 

WAM M62555 WA Canning Stock Route -24.6054 121.8747 23/05/2013 liver 23.6 

WAM M62560 WA Canning Stock Route -24.6069 121.8763 24/05/2013 liver 17.4 

WAM M63320 WA Gibson desert -22.9108 127.9516 09/09/2015 liver 24.0 

WAM M63587 WA Clutterbuck HillS -24.5538 126.2583 03/09/2007 liver 21.0 

WAM M63596 WA Clutterbuck HillS -24.5183 126.2200 06/09/2007 liver 21.6 

WAM M64664 WA Wodgina -21.1281 118.6894 13/05/2006 liver 19.2 
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Table 4.4: iPYRAD parameters that were altered from the default settings for this study. 

Parameter/step Definition 
Default 
setting 

Altered setting 

9 - max_low_qual_bases 
Maximum low quality base calls (Q < 20) in a 
read 

5 2 

11 - mindepth_statistical Minimum depth for statistical base calling 6 30 
12 - mindepth_majrule Minimum depth for majority-rule base calling 6 30 
16 - filter_adapters Filter for adapters/primers (1 or 2 = stricter) 0 2 
17 - filter_min_trim_len Minimum length of reads after adapter trim 35 50 

19 – max_Ns_consens 
Maximum N's (uncalled bases) in consensus 
(R1, R2) 

5 3 

21 - min_samples_locus Minimum no. samples per locus for output 4 
Pk = 42, Pt = 29, 
Sy = 35, So = 38 

 

Example of the ipyrad parameter file 
 
Param set-up for Pyrad 
------- ipyrad params file (v.0.7.19)------------------------------------------- 
Nov_Pk                           ## [0] [assembly_name]: Assembly name. Used to name output directories for assembly steps 
/home/gs_junior/Desktop/Linette/ipyrad/Pk ## [1] [project_dir]: Project dir (made in curdir if not present) 
                                    ## [2] [raw_fastq_path]: Location of raw non-demultiplexed fastq files 
Merged: PkA, PkB         ## [3] [barcodes_path]: Location of barcodes file 
                                    ## [4] [sorted_fastq_path]: Location of demultiplexed/sorted fastq files 
denovo                         ## [5] [assembly_method]: Assembly method (denovo, reference, denovo+reference, denovo-   

reference) 
                                 ## [6] [reference_sequence]: Location of reference sequence file 
ddrad                            ## [7] [datatype]: Datatype (see docs): rad, gbs, ddrad, etc. 
AATTC, TTA                  ## [8] [restriction_overhang]: Restriction overhang (cut1,) or (cut1, cut2) 
2 [5]                               ## [9] [max_low_qual_bases]: Max low quality base calls (Q<20) in a read 
33                               ## [10] [phred_Qscore_offset]: phred Q score offset (33 is default and very standard) 
30 [6]                              ## [11] [mindepth_statistical]: Min depth for statistical base calling 
30 [6]                              ## [12] [mindepth_majrule]: Min depth for majority-rule base calling 
10000                           ## [13] [maxdepth]: Max cluster depth within samples 
0.85                             ## [14] [clust_threshold]: Clustering threshold for de novo assembly 
0                                ## [15] [max_barcode_mismatch]: Max number of allowable mismatches in barcodes 
2 [0]                               ## [16] [filter_adapters]: Filter for adapters/primers (1 or 2=stricter) 
50 [35]                              ## [17] [filter_min_trim_len]: Min length of reads after adapter trim 
2                                ## [18] [max_alleles_consens]: Max alleles per site in consensus sequences 
3 [5,5]                              ## [19] [max_Ns_consens]: Max N's (uncalled bases) in consensus (R1, R2) 
8 [8,8]                               ## [20] [max_Hs_consens]: Max Hs (heterozygotes) in consensus (R1, R2) 
42 (pt=29, Sy=35, So=38) [4] ## [21] [min_samples_locus]: Min # samples per locus for output 
20 [20,20]                        ## [22] [max_SNPs_locus]: Max # SNPs per locus (R1, R2) 
8 [8,8]                              ## [23] [max_Indels_locus]: Max # of indels per locus (R1, R2) 
0.5                              ## [24] [max_shared_Hs_locus]: Max # heterozygous sites per locus (R1, R2) 
0, 0, 0, 0                       ## [25] [trim_reads]: Trim raw read edges (R1>, <R1, R2>, <R2) (see docs) 
0, 0                            ## [26] [trim_loci]: Trim locus edges (see docs) (R1>, <R1, R2>, <R2) 
*                             ## [27] [output_formats]: Output formats (see docs) 
                                 ## [28] [pop_assign_file]: Path to population assignment file 
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Figure 4.7: Histogram showing the performance between the STACKS (grey bars) and ipyrad 
(black bars) pipelines at producing shared loci for the S. ooldea ddRADseq data. Taxon coverage 
is the number of samples with data for a given loci. 

 

 

Table 4.5: Outliers and low coverage samples removed during the filtering steps prior to 

analysis 

Species Outliers  Low coverage  

S. ooldea - - 
S. youngsoni - WAM M63587 

WAM M62555 
WAM M61102 
WAM M56573 

Planigale sp. 1 WAM M56247 
WAM M49196 

WAM M61061 
WAM TM584 

Planigale sp. 2 WAM M57947 WAM M55135 
WAM M56870 
WAM M51820 
WAM M56865 
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Figure 4.8: Maps showing population designation from Admixture analysis for A) S. ooldea k=3, 
B) S. youngsoni k=2, and C) S. youngsoni k=3. 
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Figure 4.9: Maps showing population designation from Admixture analysis for A) Planigale sp. 
1 k=2, B) Planigale sp. 1 k=3, C) Planigale sp. 2 k=2, D) Planigale sp. 2 k =3. 
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Figure 4.10: Heat map of range expansion analysis for S. youngsoni under the k = 3 scenario. 
Samples are grouped as A) Pilbara and west coast and B) Pilbara and central deserts to allow for 
sufficient sample sizes. The most likely location of the founder is shown as a red ‘X’, 
white/yellow indicates likely origin of founder, grey indicates negative correlation. Sample 
locations are shown as circles; shading indicates levels of heterozygosity among the population. 
 

Table 4.11: Summary from the range expansion analysis for S. youngsoni showing the inferred 
latitude and longitude of the origin; q, strength of the founder effect; r1/r10/r100, the decrease in 
diversity over 1/10/100 km; d1, the effective founder distance, which is the distance (in km) over 
which the ratio of the effective founder size to the effective population size decreases by 1%; r2, 
adjusted coefficient of determination and the Bonferroni-corrected p value for the most likely 
origin. 
Population n Latitude Longitude q r1 r10 r100 d1 r2 p 
S. youngsoni A 31 -22.244 115.397 0.000226 0.9995 0.9955 0.957 22.33 0.417 <0.0001 
S. youngsoni B 37 -25.594 137.467 0.000037 0.9999 0.9993 0.993 135.75 0.156 <0.0001 
S. youngsoni 44 -22.591 113.745 0.000015 0.9999 0.9997 0.997 343.50 0.015 0.924 
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Chapter 5 - Synthesis and conclusions 

5.1. Thesis overview 

In the face of global biodiversity loss (Ceballos et al., 2015), it is critical to 

determine species distributions, understand cryptic speciation processes, and 

evaluate their intraspecific variation, in order to properly assess and conserve 

not only species biodiversity but also unique genetic diversity (Kim & Byrne, 

2006). Even within taxonomic groups that are thought to be exceptionally well 

known, such as birds and mammals (Troudet et al., 2017), cryptic new taxa are 

still being discovered and we have little understanding of population genetic 

processes in the majority of species. Our knowledge of the intraspecific patterns 

within many mammal species is still limited, especially for smaller, less iconic 

species and those that are distributed in remote regions (Greenville et al., 2017). 

In Australia the endemic mammals are one group which has suffered 

catastrophic recent (post European settlement) extinction rates (Woinarski et al., 

2015), yet also contain unrecognised biodiversity (Travouillon & Phillips, 2018; 

Umbrello et al., 2017; Westerman et al., 2016b). There seems no abatement of 

current threatening processes such as habitat fragmentation, altered fire 

regimes, predation from introduced predators, and climate change. As such, it 

is essential to investigate species status and variation in lesser known taxa to 

determine if declines are occurring, and provide management 

recommendations for their conservation (Burbidge et al., 2012; Woinarski et al., 

2011). 

Many of the species that still persist in Australia are able to do so in 

refuge areas where their preferred habitat allows them to persist in in the face 

of threats such as predation or changing environmental conditions (Pavey et al., 

2017). Over larger spatial and temporal scales these areas are considered 

evolutionary refugia – areas that species have persisted in during 

environmental change that occurred at geological timescales (Byrne et al., 2008; 
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Hewitt, 2000). During heightened aridification that occurred during the 

Pleistocene, many species persisted in geographic refugia that contained 

heterogeneous habitats that allowed populations to be buffered from climate 

extremes (Byrne et al., 2008). Contraction of species ranges into refugia can 

result in disjunct distributions that when maintained in isolation over time, 

subsequently lead to morphological and genetic differentiation. Other species 

have expanded their ranges out from refugia when environmental conditions 

became more favourable. It is thought that repeated population contractions, 

fragmentation and expansions during the Pleistocene have driven historical 

intraspecific patterns in many arid-occurring species (Byrne et al., 2008; Fujita et 

al. 2010; Kearns et al. 2014).  

In this thesis I have tested hypotheses of Pleistocene driven intraspecific 

variation in patterns within seven species of dasyurid marsupials occupying a 

range of habitats in the Australian arid zone. I have examined morphological 

variation in the endangered northern quoll that exhibits a classic Pleistocene 

fragmented distribution that may have accounted for the morphological 

variation observed by taxonomists in the early 20th century. I also looked at the 

phylogeographic patterns in six arid-specialist species and the importance of 

evolutionary refugia to those patterns, in particular within the Pilbara region in 

north-west WA. I further examined these patterns using powerful SNP data to 

test for contemporary levels of gene flow, the origin of range expansions and 

restricted gene flow throughout species distributions. 

This chapter synthesises the major findings from this thesis, discusses the 

limitations of the work and implications for future research in this area. 

 

5.2. Cryptic variation in dasyurids inhabiting arid environments 

Although terrestrial vertebrates have received greater research focus 

among taxonomic groups, compared with many invertebrate groups (Troudet 
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et al., 2017), there is recognition that many small mammal species remain data 

deficient (as indicated by the IUCN SCC Small Mammal Specialist Group; 

www.small-mammals.org). Potentially undescribed species of small Australian 

mammals have been identified through the application of molecular sequence 

data (Westerman et al., 2016b), but many remain to be named due to declining 

taxonomic capacity (Taxonomy Decadal Plan Working Group, 2018). In chapter 

2, I examined the morphological variation in the northern quoll, examining 

specimens from across the four disjunct distributions of this endangered 

species. This was the most comprehensive examination of northern quoll 

material to date and I tested the validity of the previously recognised 

subspecies descriptions (Thomas, 1909, 1926), as well as hypotheses based on 

more recent molecular sequencing (Hohnen et al., 2016; How et al., 2009; 

Woolley et al., 2015). I found compelling evidence for significant morphological 

variation among the disjunct populations, particularly the NT population, 

which has important implications for how this species is managed in the face of 

current declines across the species distribution (Hill & Ward, 2010). I did not 

find strong evidence for the subspecies, as they were originally described, 

however the present distribution contains gaps that align to some well-

established biogeographic breaks in other mammalian taxa (Edwards et al., 

2017; Potter et al., 2012). 

Unclassified morphological variation occurs throughout the family 

Dasyuridae (Westerman et al., 2016b) and has led to new species being 

described from remote and even from more urbanised regions (Aplin et al., 

2015; Baker et al., 2012; Baker & Van Dyck, 2013). As I confirmed in chapter 3, 

the S. macroura complex contains at least two distinct species that warrant 

taxonomic reappraisal (Blacket et al., 2001). Also, two of the species featured in 

this thesis (Planigale sp.1 and sp. 2) are currently unnamed and both occur in the 

Pilbara region (Gibson & McKenzie, 2009) which is now highly developed by 

the mining industry (McKenzie et al., 2009). There have been taxonomic issues 
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within the Planigale genus for some time (Archer, 1976), and molecular studies 

have identified multiple distinct lineages needing to be named (Blacket et al., 

2000; Westerman et al., 2016b). Taxonomy and systematics are essential to 

defining variation, both within and among species, and without substantially 

more work in these fields it will remain difficult to assess the true magnitude 

and distribution of diversity. In Australia, where small mammals face 

numerous threats (Lawes et al., 2015; Woinarski et al., 2015), establishing the 

amount and distribution of diversity is crucial for conservation to mitigate 

further species losses. 

 

5.3. Phylogeography highlights key refugia for dasyurids 

Species have persisted through past environmental change within 

refugia, and such areas are predicted to have an important role for the 

persistence of species in the face of current climate change (Keppel et al., 2012). 

In order to know which areas are important in the landscape we must assess 

them for a diverse array of species covering many taxonomic groups 

(Bermingham & Moritz, 1998). In chapter 3 I addressed the importance of the 

Pilbara region in north-west WA as an evolutionary refugium for small 

dasyurid marsupials by examining population genetic variation in two 

mitochondrial and one nuclear gene. I found that intraspecific variation in 

genetic structure occurred in different regions within the Pilbara and that 

geographical features, such as the Hamersley Range, may have acted as 

important biogeographic breaks or refugia. The Pilbara has been identified as a 

refugium for a range of taxonomic groups (Pepper et al., 2013), and retains a 

number of endemic mammals (Gibson & McKenzie, 2009). My data show 

evidence for historical population contractions and isolation within areas of the 

Pilbara leading to different intraspecific patterns among species, even though 

dasyurids can disperse more readily than many other taxonomic groups.  
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I also used a more powerful SNP dataset on four species, with widely 

different habitat preferences, to test whether extensive nuclear loci would also 

provide complementary evidence that the Pilbara region was a historical 

refugium. I found evidence for this in one species, as well as evidence for 

historical population expansions out of founder areas in the greater-Pilbara 

region for two Planigale species. 

 

5.4. Non-congruence in phylogeography among Sminthopsinae 

The species I included in the molecular aspects of this thesis exhibited 

similar biological adaptations to persist in arid environments, such as good 

dispersal abilities, extended breeding seasons, generalist diets and 

heterothermy (Geiser, 1994; Haythornthwaite & Dickman, 2006; Krajewski et al., 

2000b; Morton, 1982). They also have broadly sympatric distributions, however 

they did not show congruence in patterns of intraspecific genetic variation. 

Patterns in genetic structure appear to be driven by species preference for 

particular habitat types that occur as mosaics throughout the landscape (Gibson 

& McKenzie, 2009; Start et al., 2013). This finding has implications for predicting 

responses of small mammals to environmental change, as I have shown that 

responses to historical change processes are not congruent among 

Sminthopsinae. Although these species occupy large distributions throughout 

the arid landscape, their occurrence at local scales is limited by preferences for 

specific habitat types and this in turn limits their movement and gene flow. This 

could have implications for how species respond to wide-scale disturbance, 

particularly if corridors of preferred habitat are impacted and isolate 

populations. The pattern of isolation-by-distance found in all four species 

included in the SNP study, further shows that gene flow is limited on more 

local scales. Due to the low densities within Sminthopsinae populations, it is 
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important for gene flow to be maintained throughout their distributions to 

allow for recovery from natural disturbance events such as fire or drought. 

Habitat specialisation was not a clear predictor of species 

phylogeographic responses, as I had originally expected it to be, instead, while 

the (rather weak) phylogeographic patterns were different between each 

species, there were comparatively similar population expansion signals and 

isolation by distance indicators. It might be that life history traits (such as 

dispersal ability and breeding strategy) result in a common response to 

environmental conditions within the arid-occurring Sminthopsinae. 

Comparisons with other small mammal species, including those that are more 

strictly bound to rocky substrates, could further tease apart this issue. It may be 

that small arid-occurring mammals are such rapid breeders and good 

dispersers that their populations become homogenised quickly despite 

specialisations for particular substrates/habitats. Alternatively, it may be that 

habitats are actually much better connected than previously thought.  

 

5.5. Population expansion ubiquitous in arid-occurring 

Sminthopsinae 

Signals of population expansion were found within all the three loci 

examined across six species in Chapter 3 and the more extensive nuclear SNP 

data for three species in Chapter 4. This indicates historical population 

expansions in response to increasing aridity during the Pleistocene, as 

expansions were dated to the mid-late Pleistocene (Chapter 3). This timeline is 

congruent with other arid-occurring vertebrates (Eldridge et al., 2014; Fujita et 

al., 2010; Kearns et al., 2014; Neaves et al., 2012). These historical expansions are 

also indicative of the remarkable dispersal abilities of these small dasyurid 

species, which have been well documented in ecological and demographic 

studies, and observed following natural disturbance events such as fire 
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(Haythornthwaite & Dickman, 2006; Letnic, 2003). As they occur in low but 

stable abundances throughout their preferred habitats (Dickman et al., 2001), all 

species exhibited isolation-by-distance (IBD) in the SNP data, showing that, on 

a local scale, gene flow is limited due to the finite dispersal of these species. 

However, individuals appear to occur at sufficient density to ensure that across 

the whole population genetic continuity is maintained. Consequently, they can 

respond well after disturbance and I did not detect any evidence of significant 

contemporary fragmentation throughout their distributions.  

 

5.6. Limitations 

There are several limitations to the work presented in this study. To 

properly assess the subspecific status of northern quolls, additional specimens 

would ideally need to be examined from the tip of the Cape York Peninsula, 

which is the type locality of D. h. predator (Thomas, 1926). It would also be 

beneficial to have additional skeletal measurements from Groote Eylandt 

specimens to make an informed taxonomic decision regarding the four 

subspecies. The molecular data used in Chapter 3 were comprehensive in terms 

of the number of samples used, but only three loci were used for the analysis, 

which decreases the power/accuracy of the Bayesian skyline analysis, and the 

ability to recover past bottlenecks (Heled & Drummond, 2008). The SNP data in 

Chapter 4 could be examined further in several ways, such as comparing the 

ADMIXTURE results with a similar program such as STRUCTURE to create 

haplotype networks that could be compared to the mtDNA networks. It was 

not possible to obtain samples from some parts of the species distributions, 

such as the Great Sandy Desert and parts of the NT. Adding samples from these 

areas would incorporate the McDonnell Range, which might have acted as a 

historical refugium for S. ooldea, and may also affect the founder origin of range 

expansion for this species. 
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5.7. Future Directions 

This work has identified cryptic variation in the morphology of northern 

quoll populations, as well as added to knowledge on variation in some small 

dasyurid species complexes. It is crucial that these taxa are described and 

named so that they can be considered in conservation legislation in the future. 

My recommendations are as follows: 

 A more comprehensive molecular assessment of the disjunct populations of 

northern quolls to identify the location and extent of biogeographic breaks, 

as well as to provide an estimate of the time that populations have been 

separated. It would also be essential that genetic material from the type 

specimens, or type localities, is included in such a study and some of this is 

planned as part of the OZ Mammals Genomics Initiative 

(www.bioplatforms.com/oz-mammals/). 

 Building on the morphological variation reported in this thesis a full 

taxonomic reappraisal of the D. hallucatus subspecies and elevation of the 

Pilbara population to subspecies will be conducted by the author. 

 The two Pilbara Planigale species need to have their taxonomic descriptions 

published, and this is currently underway by the author. 

 An assessment of the S. macroura species complex needs to be undertaken 

utilising both molecular and morphological data, leading to a reappraisal of 

the status of S. froggatti and S. stalkeri. 

 There are many small mammal species of the arid zone that could be 

examined for phylogeographic patterns, IBD, and population expansions. 

These will complement the data presented in this thesis, especially where 

species are chosen that share habitat affinities with the species I have 

studied. They would be from different trophic groups, like native mice or 

the larger dasyurid species such as mulgara (Dasycercus spp.). It would also 

be valuable to compare with species in similar trophic groups, such as the 

Agamid or Varanus lizards, which have similar diets to Sminthopsinae and 
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occupy similar habitats (Wilson & Swan, 2017). Such studies should aim to 

comprehensively sample the species distributions as well as possible and 

produce multi-loci datasets with multiple nuclear loci, which are best for use 

within a statistical phylogeographic and landscape genetics framework.  

 

5.8. Significance and conservation implications 

My research has implications for the conservation of dasyurid 

marsupials in Australian remote regions. Cryptic diversity and variation needs 

to be taken into account in species assessments, and should be carefully 

considered for all species that are listed as being of conservation concern. My 

sequence data show that during the Pleistocene dasyurid populations may have 

been fragmented due to the spread of sandy habitats, and heightened arid 

conditions, as the signal is retained in the mtDNA sequence data, and this 

fragmentation could occur again in the future under scenarios in which 

temperature and precipitation extremes are predicted (Lavergne, et al. 2010). 

While it is not known if most small dasyurid species are in decline or not, it is 

important that populations are able to maintain current levels of gene flow to 

ensure metapopulation persistence, since they occur at low densities. Wide 

scale disturbances, such as fire or continual degradation of habitats from 

overgrazing or drought may reduce gene flow on local scales leading to local 

population extinctions. If these impacts were to occur over large spatial scales, 

at greater and greater frequency, they could serve to fragment populations.  

This thesis makes a valuable contribution to the knowledge of a 

previously understudied group of dasyurid marsupials inhabiting Australia’s 

vast arid environments. It has highlighted taxonomic issues within this group 

as well as cryptic morphological differences in species of conservation concern. 

I have also shown that habitat preferences are important for driving species 

responses to environmental change and produce species-specific patterns that 
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cannot be predicted based on species life history strategy or taxonomic affinities 

alone. This has implications for future management of small mammal 

populations in the arid-zone as the results are species specific. Consequently, 

results cannot be extrapolated to predict what conservation methods will 

produce favourable outcomes across generic or familial groupings, without 

further detailed study. This study highlights the complex history of Australian 

arid habitats and their resident populations in the absence of ice sheets and the 

variable population histories of taxa experiencing multiple climate changes over 

time. Understanding how species responded to past changes can inform how to 

best manage them in the face of future anthropogenic change. 
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