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ABSTRACT

Australia has the highest risk of extinction in the world, with 22 mammals becoming
extinct over the past 200 years. An understanding of biological species traits associated
with increased extinction vulnerability will be necessary to help improve conservation
management decisions. The thylacine (Thylacinus cynocephalus) was the largest
marsupial carnivore to survive up to European settlement in Tasmania and became
extinct in 1936. Factors contributing to their extinction have been debated and will
benefit from an improved understanding of their ecology. A multidisciplinary approach
was used to assess two biological traits in the thylacine that are commonly associated
with high extinction risk among large mammalian predators: maximum prey size and
competition. Firstly, a three-dimensional finite element model (FEM) of the thylacine
skull was used to assess their biomechanical limitations in prey size within a
comparative context. This included living relatives from the family Dasyuridae as well a
recently recovered fossil, Nimbacinus dickoni, from the family Thylacindae. Secondly,
stable isotope analysis of preserved tissues from thylacines, sympatric predators and
potential prey species were used to assess the diet composition of the thylacine and test
for niche overlap with other marsupial carnivores. Furthermore, we integrate historical
and recent stable isotope data of marsupial carnivore tissues to assess long-term changes
in the ecosystem in response to multiple human impacts following European arrival in

Tasmania.

Our biomechanical findings support the notion that solitary thylacines were limited to
hunting prey weighing less than their own body mass. This concurs with stable isotope
analysis of preserved tissues that suggest medium-sized (13-30 kg) mammals were a
major element of thylacine subsistence in Tasmania. Prey species most likely to be
preyed upon include the common wombat (Vombatus ursinus), red-necked wallaby
(Macropus rufogriseus) and Tasmanian pademelon (Thylogale billardierii). These
species fall within the expected size range of prey needed to sustain large (>21.5 kg)

terrestrial mammalian carnivores. This would suggest that the size of prey targeted by
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thylacines was sufficient to meet their energetic requirements. Co-operative hunting
may have permitted predation upon larger prey, such as the forester kangaroo
(Macropus giganteus), but the stable isotope composition of this herbivore indicated

that they formed a negligible component of the thylacine's diet.

Competition among thylacines and sympatric marsupial carnivores in Tasmania was
suggested by similarities in their prey size and trophic niche. If interspecific competition
had been a major limiting factor for the small thylacine population, encounters with
smaller predators were possibly reduced by occupying different habitats, as indicated by
differences in predator 8"°C values. The century-long decrease in 8'°C values of extant
marsupial carnivores in Tasmania reveals a dramatic change in vegetation in the areas
typically inhabited by these species, or more likely indicates the movement of these
species away from traditional open grassland, mosaic habitats to more densely forested
habitats due to human persecution, habitat loss and fragmentation. This thesis provides a
framework to test the resilience of marsupial carnviores to changing environments in
light of their biological traits and may be used to improve the conservation of large

predators.
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PREFACE

This thesis compiles three stand-alone manuscripts that have been published (Chapter
2), recently submitted for publication (Chapter 3), or are intended for publication in
peer-reviewed journals (Chapter 4). Some sections of the thesis introduction (Chapter 1)
have been adapted from the Australasian Science Magazine article 'The thylacine myth'
written by Marie Attard and Stephen Wroe. Each chapter is self-contained and
subsequently, some repetition occurs. Tables and figures are sequentially numbered
within each chapter and the appendices can be found at the end of the thesis. The
appendices are divided into four sections, and are denoted by a letter. Tables and figures
within each appendices section have been individually numbered (e.g. Appendix Al). A
single reference list has been provided at the end of the dissertation to avoid

unnecessary duplication.

This thesis is a compilation of my own work, with guidance from my joint-supervisors
A/Prof Tracey Rogers and A/Prof Stephen Wroe. Apart from the contributions of co-
authors outlined below, I conceptualised the research, conducted all field work and data
analysis, interpreted the results and wrote all chapters included in this thesis. No other
authors will be submitting this work as part of their thesis submission. Co-authors
proof-read and edited the final manuscript versions as is required for publications. The

contributions of each co-author are detailed below.

Chapter 2

Skull mechanics and implications for feeding behaviour in a large marsupial
carnivore guild: the thylacine, Tasmanian devil and spotted-tailed quoll
Authors: Marie R.G. Attard ', Uphar Chamoli ', Toni L. Ferrara ', Tracey L. Rogers '

and Stephen Wroe'?

'Evolution and Ecology Research Centre, School of Biological, Earth and Environmental Sciences,

University of New South Wales, Sydney, New South Wales 2052, Australia.
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“Evolution of Earth and Life Sciences Research Centre, School of Biological, Earth and Environmental

Sciences, University of New South Wales, Sydney, New South Wales 2052, Australia

Marie Attard can claim credit to over 80% of the work since she gathered the literature, built the finite
element models, performed the data analysis and wrote the manuscript. Steve Wroe conceived the project
that formed the basis of the manuscript and created the 3D digital images in Mimics software. Marie
Attard was trained by Steve Wroe, Uphar Chamoli and Toni Ferrara to produce, solve and analyse the
finite element models. Steve Wroe, Uphar Chamoli and Tracey Rogers assisted in the interpretation of

results. All co-authors critically reviewed the manuscript.

Chapter 3

Virtual Reconstruction and prey size preference of the Mid Cenozoic Thylacinid,
Nimbacinus dicksoni (Thylacinidae, Marsupialia)

Authors: Marie R.G. Attard 1*, William Parr 1, Michael Archer 2, Suzanne J. Hand 2,
Laura A. B. Wilson ', Tracey L. Rogers ' and Stephen Wroe'*

'Evolution and Ecology Research Centre, School of Biological, Earth and Environmental Sciences,
University of New South Wales, Sydney, New South Wales 2052, Australia
*Evolution of Earth and Life Sciences Research Centre, School of Biological, Earth and Environmental

Sciences, University of New South Wales, Sydney, New South Wales 2052, Australia

Marie Attard can claim credit to over 90% of the work since she gathered the literature, built the finite
element models, performed the data analysis and wrote the manuscript. Steve Wroe and Marie Attard
jointly conceptualised the project. William Parr digitally reconstructed the fossil carnivorous marsupial,
Nimbacinus dicksoni, discovered by Mike Archer and Sue Hand. All co-authors critically reviewed the

manuscript.

Chapter 4

New insight from the old: Using stable isotopes to assess marsupial carnivore
vulnerability to anthropogenic impacts

Authors: Marie R.G. Attard ", Stephen Wroe' and Tracey L. Rogers '

'Evolution and Ecology Research Centre, School of Biological, Earth and Environmental Sciences,

University of New South Wales, Sydney, New South Wales 2052, Australia
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Marie Attard can claim credit to more than 95% of the work since she gathered the literature, organised
the collection of most samples, performed all fieldwork and data analysis and wrote the manuscript.
Tracey Rogers and Marie Attard jointly conceived the project that formed the basis of the manuscript.
Tracey Rogers co-ordinated with and collected samples from the Leeds Museum, American Museum of
Natural History and Cambridge University. All co-authors assisted in the interpretation of the data and

critically reviewed the manuscript.

A number of the studies reported in this thesis have been published in journals,

magazine and feature articles or presented at conference proceedings as outlined below.

Chapter 1

Attard, M. R. G. and Wroe, S. (2012) —Fhe thylacine myth” Australasian Science
Magazine, 6, 19-22.

Chapter 2

Attard, M. R. G., Chamoli, U., Ferrara, T., Rogers, T. L. and Wroe, S. (2011). Skull
biomechanics and implications for feeding behaviour in a large marsupial
carnivore guild: the thylacine, Tasmanian devil and spotted-tailed quoll. Journal
of Zoology, 285, 292-300.

Attard, M. R. G. and Wroe, S. (2012) —Fhe thylacine myth” Australasian Science
Magazine, 6, 19-22.

Attard, M. R. G., Chamoli, U. and Wroe, S. (April, 2011) Skull mechanics and
implications for feeding behaviour in a large marsupial carnivore guild. Oral
presentation at the 13™ Conference on Australian Vertebrate Evolution,
Palaeontology and Systematics (CAVEPS), Perth, Western Australia.

Attard, M. R. G., Chamoli, U. and Wroe, S. (December, 2011) Skull mechanics and its
implications for feeding behaviour in a large marsupial carnivore guild. Oral
presentation at 4™ International Conference on the Mechanics of Biomaterials
and Tissues, Kona, Hawaii.

Attard, M. R. G., Chamoli, U., Ferrara, T., Rogers, T. L. and Wroe, S. (December,

2011) Thylacine's weak jaws linked to extinction. Poster presented at 4™
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workshop, -Using Virtual Reconstruction and Computational Biomechanics to
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Australia.
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Attard, M.R.G., Parr, W., Archer, M., Hand, S. J., Rogers, T. L. and Wroe, S. (In
review) Virtual reconstruction, biomechanical modeling and the prediction of
diet of the Australian mid Cenozoic thylacinid, Nimbacinus dicksoni
(Thylacinidae, Marsupialia). Plos One.

Attard, M.R.G., Wroe, S. and Rogers, T. L. (December, 2012) The thylacine myth:
stable isotopes and skull biomechanics reveal their actual diet and extinction
risk, oral presentation at the Ecological Society of Australia 2012 Annual

Conference, Melbourne, Australia.
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ABBREVIATIONS AND SYMBOLS

Terms and symbols Units

ANOVA: Analysis of Variance .
%o: Parts per thousand (per mil)

KPa: Kilo-Pascal
GPa: Giga-Pascal

CT: Computer Tomography
FEA: Finite Element Analysis

FEM: Finite Element Model
o g: Gram
mya: Million years ago
Kg: Kilogram
TMJ: Temporomandibular joint

VM: Von-Mises
8'°N: Stable isotope ratio of "N to "N

mm: Millimetre
cm: Centimetre

m: Metre
8'*C: Stable isotope ratio of "*C to '*C

A: Difference

N: Newton

Species

D. maculatus: Dasyurus maculatus, Spotted-tailed quoll
D. viverrinus: Dasyurus viverrinus, Eastern quoll

N. dicksoni: Nimbacinus dicksoni

S. harrisii: Sarcophilus harrisii, Tasmanian devil

T. cynocephalus: Thylacinus cynocephalus, Thylacine
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Chapter 1

INTRODUCTION: RATIONALE AND SCOPE OF THE
THESIS

1869 Thylacine shot by Weaver

"The history of a species can invariably be interpreted from different angles to reveal

new facets and is always more complicated.”

D.M.J.S. Bowman, 2001



1.1 Chapter outline

1.1 CHAPTER OUTLINE

This thesis assesses the diet of Australia's iconic marsupial carnivore, the thylacine
(Thylacinus cynocephalus) and its implications for their extinction in Tasmania. Much
of our understanding of their feeding and predatory behaviour comes from anecdotal
accounts, which may not fully represent the behaviour of the species. Chapter 1 will
present a review of causal factors associated with large mammal extinctions, followed
by a review of the history of the family Thylacinidae. Conflicting evidence regarding
the feeding ecology of the thylacine will be identified and provides the incentive for the
research program described in the following chapters of this thesis. A brief summary of
each chapter is provided and its relevance in identifying biological traits of the thylacine

and other large carnivores that are associated with high extinction risk.

1.2 RATIONALE

Not all species are at an equal risk of extinction. Predicting the susceptibility of a
population or species to extinction is extremely complicated and requires consideration
of their internal biological attributes (intrinsic traits e.g. body size, diet, reproductive
output) and exposure to external threats (extrinsic traits e.g. land-use, over-exploitation,
introduced species, climate change) (Diamond 1984; Thomas et al. 2004; Schwartz et
al. 2006; Hannah et al. 2007; Pressey et al. 2007). Identifying traits attributing to
increased extinction risk in a given species can be difficult to untangle as (i) different
lineages are threatened by different external threats, (ii) different biological attributes
are linked to each external threat, and (ii1)) compounding effects can occur when
multiple factors are involved (Owens and Bennett 2000). For proactive conservation
planning to be successful and protect biodiversity, we need a better grasp of how
specific intrinsic traits of a species may influence their response to anthropogenic

impacts (Murray et al. 2011).
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Palaeontologists and ecologists are working towards deciphering the cause of species
declines and extinctions, and with this knowledge, facilitate the development of a
predictive conservation science (McKinney 1997). The inclusion of historic data to
achieve this goal relies on the assumption that the sensitivity of species to extinction
(whether taxonomically or biologically) is consistent through time (Bromham ef al.
2012). However, the driving forces for past extinctions may not necessarily relate to
present species loss due to the changing nature of threatening processes or increased
resilience of community assemblages to previously conceived threats (Bromham et al.
2012). The decline of a species is thus context-dependant and relies on their unique
suite of intrinsic traits (Olden ef al. 2008; Davidson et al. 2009). By focusing on
contemporary extinctions to learn more about present-day extinction risk factors,
ecologists limit potential threats to a narrow time window that may not fully capture
changing patterns of extinction risk into the future (Chiba and Roy 2011; Ezard et al.
2011). A combined understanding of historic and contemporary extinctions that
consider both intrinsic traits and extrinsic threats will be necessary to describe the
complete picture of extinction risk and overcome present challenges for species

conservation (McKinney 1997; Murray et al. 2011).

1.3 THE LINK BETWEEN MAMMAL BODY SIZE,
COMPETITION AND VULNERABILITY

1.3.1 Body size

A mounting body of evidence reveals that body size is directly linked to extinction
probability (Belovsky 1987; Baillie ef al. 2004). The accumulation of multiple
biological and anthropogenic processes has a greater impact on larger mammals
(Cardillo et al. 2005). As home range size increases with body mass, deforestation
increases the likelihood of large mammal extinctions due to habitat forestation and
increased encounters with humans (Woodroffe and Ginsberg 1998; Cullen Jr ef al.

2000; Bodmer et al. 2002). People are usually less tolerant of large-bodied species, and
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these species are more likely targets for persecution and exploitation (Bodmer ef al.
2002; Jerozolimski and Peres 2003; Cardillo et al. 2005). The recovery of large-bodied
mammal populations from human hunting is slow if they possess biological traits
associated with large size, such as low population density, slow life history and small
geographic range size (Damuth 1981; Purvis et al. 2000; Bodmer ef al. 2002). These
traits explain close to 50% of variation in extinction risk for large mammalian

carnivores (Purvis et al. 2000).

Considering the high extinction risk among large mammal predators, many ecologists
have asked themselves "What selective pressure influences predator body size?"
Optimal foraging theory predicts that animals should forage in a way that maximises
their net energy intake per time (Schoener 1971). The body size of terrestrial vertebrate
predators is typically associated with increases in mean prey size (Rosenzweig 1966;
Gittleman 1985; Vézina 1985; Carbone ef al. 1999), maximum prey size (Woodward et
al. 2005) and prey diversity (Schoener 1969; Wilson 1975; Gittleman 1985; Cohen et
al. 1993). Small carnivores tend to specialise in small prey relative to their body size as
there is greater difficulty, time and energy expended in finding, pursuing and subduing
larger animals (Griffiths 1980). Specialising in smaller prey also reduces the risk of
predator injury, the prey escaping or a combination of these (Griffiths 1980). As the
energy requirements of an individual increases with body mass (Hemmingsen 1960;
Kleiber 1961), large predators require large prey relative to their own body size to
achieve a higher net energy gain (Carbone et al. 2007). To maintain high rates of energy
intake, terrestrial mammalian carnivores exceeding 21.5 kg in body mass need to rely
on prey approaching or exceeding their own body mass (Carbone et al. 1999). When
large prey are difficult to catch, weaker individuals may be selectively hunted by large
mammalian predators (Temple 1987). Pack hunting allows larger prey to be caught
compared with solitary hunting (Zimen 1976). This remarkable relationship in body size
between predator and prey species has important implications in the evolution, function

and structure of food webs (Brose ef al. 2006).
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The feeding ecology of a population or species can be described as a specialist or
generalist. Specialisation is the use of a relatively narrow subset of resources (food and
habitat) compared with other individuals, populations or species (Colles et al. 2009).
Specialists are able to use resources more efficiently but this benefit comes at a cost;
they are more limited in their capacity to adapt to changes in the environment than
generalists (Colles et al. 2009). If alternative prey is available, a generalist predator
might switch to a more profitable resource and experience higher levels of fitness than if
it captured the original prey (Brodie III and Brodie Jr 1999). The extinction of many
large carnivores has been attributed to their highly specialised diet (Van Valkenburgh
and Hertel 1998; Leonard et al. 2007). The correlation between specialisation and
greater risk of extinction is relevant for ecosystems today that are under excessive

anthropogenic pressure.

1.3.2 Competition

Competition is an individual’s use of a resource that thereby limits the availability of the
resource to others (exploitation competition) or an individual’s agnostic behaviour that
excludes others from a resource (interference competition) (Glen and Dickman 2005).
This can occur within or between species (Begon et al. 1990). Competition is most
likely to influence species interactions at a guild level (Begon et al. 1990) and may lead
to reduced densities (Mac Nally 1983; Korpiméki 1987; Petren and Case 1996) or
extinction (Pimm 1992) of subordinate species. A guild is a group of species that
exploits the same subset of environmental resources in a similar way (Root 1967) and
are both sympatric and synchronous in foraging activity (Mac Nally 1983; Mac Nally
and Doolan 1986). Large predators more easily co-exist in the same area than smaller
predators as they are better able to avoid other predators and have access to a wider food
and habitat range due to their ecological dominance, large geographic range and greater

mobility (Brown and Maurer 1986).
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Adaptive shifts in prey anti-predator defenses and predator preferences enhance
community-level stability and may help facilitate the coexistence of predators (Kondoh
2007). For example, prey may more actively avoid predators that are present in high
abundance, allowing low density predators to have greater access to 'defense switching'
prey (Sih et al. 1998). Similarly, generalist predators tend to prefer more abundant prey
species thereby preventing prey populations from becoming drastically reduced or
overly abundant (Murdoch 1969). Prey switching has been documented in a range of
predators (Greenwood and Elton 1979; Gendron 1987; Allen and Greenwood 1988) and
allows large complex communities to form when multiple prey species are involved

(Drossel et al. 2001; Kondoh 2007).

1.4 CONSEQUENCES OF APEX PREDATOR EXTINCTIONS

Apex predators, also known as top predators, occupy the top trophic position in a
community and are often large-bodied, specialised hunters (Ritchie and Johnson 2009).
They have been ubiquitous worldwide for many millions of years and are one of the
most influential drivers of trophic structure and biodiversity in terrestrial ecosystems
(Sergio et al. 2008). Apex predators provide resources to other species that would
otherwise be difficult or impossible to obtain. For example, apex predators provide
carrion for scavengers (Wilmers et al. 2003a; Wilmers et al. 2003b) and support safer
breeding grounds for other species by deterring predators that pose a greater threat
(Bogliani et al. 1999; Haemig 2001; Quinn and Kokorev 2002). Large mammalian
predators exert a controlling influence over species at the next lower trophic level by
regulating or limiting the number of prey, with indirect cascading effects down the
trophic ladder (Paine 1980). They can also influence the behaviour of prey and
competing species (Fortin et al. 2005; Ritchie and Johnson 2009). Conservation
strategies commonly prioritise the preservation of native apex predators to achieve
broader ecosystem-level benefits (Sergio et al. 2006). Additionally, the association of
apex predators with biologically diverse environments makes them a good indicator

species (Sergio et al. 2008).
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The decline of apex predators is particularly detrimental; their loss carries broader
implications on ecosystem structure and biodiversity due to indirect effects down the
food chain. Secondary extinctions may follow the loss of an apex predator through two
mechanisms: (i) mesopredator release, defined as a dramatic increase in the abundance
of smaller predators (mesopredators) normally controlled by the top predator, causing
sudden changes to the structure of ecosystems (Prugh ef al. 2009; Wallach et al. 2009),
or (i) prey release, defined as a dramatic increase in herbivore communities, leading to
overexploitation of vegetation (Berger et al. 2001a; Terborgh et al. 2001). Mesopredator
release has been documented in over 60 systems worldwide (Ritchie and Johnson 2009)
and results in higher predation of small prey species (Crooks and Soulé 1999). Island
communities are particularly sensitive to outbreaks of mesopredator populations
(Courchamp et al. 2001). The removal of large predators may also allow smaller
predators to switch their diet towards larger prey (Dickman 1988). Additionally,
nutrient cycling is indirectly affected by the loss of top predators by altering prey
abundance, composition and foraging efficiency (Power 1990; Werner and Peacor

2003).

The recent rapid decline of fauna marks the beginning of the sixth mass extinction over
Earth's history (Wake and Vredenburg 2008). Human pressures, both direct and
indirect, threaten the survival of apex predators in many regions of the world; from wild
dogs (Lycaon pictus) and lions (Panthera leo) in Africa, wolves (Canis lupus) in Asia,
North America and Europe (Berger ef al. 2001a; Gittleman ef al. 2001) to Tasmanian
devils (Sarcophilus harrisii), spotted-tailed quolls (Dasyurus maculatus) and eastern
quolls (Dasyurus viverrinus) in Australia (Jones et al. 2003). Astonishingly, Australia
accounts for one third of all contemporary mammal extinctions over the past 200 years,
despite the relatively low human population density (Groombridge 1993). Marsupial
species have been lost at a greater rate than any other mammal in Australia. At least ten
species and six subspecies of Australian marsupials have become extinct following
European settlement and many more are now at high risk of extinction (Morris 1996).

Insight into the history of mammalian predator extinctions in Australia will be critical to
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understand present environmental problems and learn from past experiences and events

(Dovers 2000).

1.5 HISTORY OF THYLACINIDAE

For the purposes of this study, marsupial carnivores refer to species of the lineage
Dasyuroidea, including the families Dasyuridae and Thylacinidae, which predominantly
consume vertebrate prey. This definition excludes all small insectivorous species. The
extinct marsupial carnivore, the thylacine (Thylacinus cynocephalus) is the most well
known representative of Thylacinidae. It was "an animal of a truly singular and nouvel
(novel) description" (Paterson 1805), being the only marsupial other than the water
opossum (Chironectes minimus) to have a pouch for both sexes (Beddard 1891; Galliez
et al. 2009). The species is a classical example of convergent evolution due to its close
resemblance to placental predators such as tigers and wolves (Paddle 2000). This
unusual wolf-like marsupial has become a topic of great scientific curiosity and is now a

household name due to the tragic history of its extinction.

The fossil history of Thylacinidae in Australasia dates back some 23 million years, and
has revealed surprising diversity (Muirhead and Wroe 1998). Twelve fossil species from
this family are now known and are separated into nine genera; Badjcinus, Maximucinus,
Muribacinus, Mutpuracinus, Ngamalacinus, Nimbacinus, Thylacinus, Tjarrpecinus and
Wabulacinus. The smallest known thylacinid, Mutpuracinus archibaldi weighed 1.1 kg
and the largest, Thylacinus megiriani weighed over 57 kg (Wroe 2001; 2002).
Differences in body size among thylacinids may have facilitated partitioning of prey
species in regions where they likely co-existed. All members of Thylacinidae, except
the thylacine, became extinct by the Pleistocene (Archer ef al. 1999). Mummified
thylacine remains found in caves of Western Australia reveal the first traces of modern
thylacines, dated between four and five million years old (Lowry and Merrilees 1969).
The species was once widely distributed across continental Australia but was wiped out

from the mainland around 3, 000 years ago and possibly earlier in New Guinea (Smith
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1982). This coincides with the local extinction of Tasmanian devils, which persisted on

mainland Australia until around 3, 000 to 4, 000 years ago (Brown 2006).

Aboriginal hunting, changed land use patterns, climate change and the presence of
dingoes (Canis lupus dingo) have been linked to the extinction of the thylacine on the
continent's mainland (Wroe et al. 2007; Letnic ef al. 2012). Dingoes were introduced
into Australia by Aboriginal people around 5, 000 years ago (Savolainen et al. 2004;
Wroe et al. 2007; Letnic et al. 2012). The highly generalised diet of dingoes gave them
an edge over mainland thylacines and they likely outcompeted thylacines for shared
food resources (Wroe ef al. 2007). Dingoes and male thylacines were similarly sized,
while female thylacines were much smaller (Letnic et al. 2012). Potential killing of
female thylacines by dingoes would have reduced the reproductive output of thylacine
populations. Expansion of the human population on the mainland about 4, 000 years
ago, together with improved hunting technology, increased hunting pressure on large
vertebrates including Tasmanian devils and thylacines (Johnson and Wroe 2003). A
small population of thylacines persisted on the remote island of Tasmania where there
were no dingoes. No more than 3, 000 thylacines were estimated to be present in

Tasmania by the time the British colonised Australia in 1789 (Guiler and Godard 1998).

At the time of European settlement, Tasmania’s marsupial carnivore guild consisted of
the thylacine and three dasyurids: the Tasmanian devil, spotted-tailed quoll and eastern
quoll (Jones and Barmuta 2000). Thylacines were distributed throughout the island,
apart from the southwest (Paddle 2000). Their numbers were thought to have declined
rapidly after 1905, though reports as far back as the 1850's suggest the population was
in decline. Despite the thylacine's obvious decrease in abundance, the species did not
receive official protection from the Tasmanian government until two months before the
last known captive animal died in 1936. Other marsupial carnivores face extinction
threats. The Tasmanian devil experienced dramatic population declines in the 1850's,
1920’s and late 1990’s (Guiler 1992; Bradshaw and Brook 2005). The most recent

collapse in Tasmanian devil numbers has been attributed to a fatal contagious cancer
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that has spread across their range (Jones et al. 2004a). The last known mainland
population of eastern quolls were sighted in the 1960's and are believed to be extinct
(Nathan 1975; Morris 1996). The range of Eastern quolls has reduced by 50-90% since
European colonisation and currently has a widespread but patchy distribution in
Tasmania (Maxwell ef al. 1996). A few small pockets of spotted-tailed quolls are
present in high rainforest areas of Victoria and northern Queensland (Mansergh 1983).
The decline of quoll species is slower in Tasmania due to the absence of red foxes
(Vulpes vulpes) until recently in the region (Oakwood 1997; Jones et al. 2003).
Understanding the ecology of the thylacine and driving forces behind their extinction
may aid in the management of remaining marsupial carnivores that are in danger of

extinction.

1.6 EXTINCTION RISK IN THE THYLACINE

Growing scientific evidence reveals a complex tapestry of forces involved in the decline
and extinction of the thylacine in Tasmania, yet further investigation is required to tease
apart these different influences. Assessing extinction vulnerability in the thylacine has
faced several difficulties, including incomplete or inaccurate information about their
ecology (Guiler 1985) and phylogeny (Thomas et al. 1989; Krajewski et al. 1997,
Muirhead and Wroe 1998; Miller ef al. 2009). Despite these issues, it is generally
agreed that multiple factors have been involved in their decline (Guiler 1985; Paddle
2000; Prowse et al. 2013). Evidence for potential risk factors relating to the extinction

of the thylacine in Tasmania is detailed in the following section.

1.6.1 Diet and prey size

Thylacines were by far the largest marsupial carnivore to survive up to recent times;
with a head to tail length of up to 2.7 metres (Heberle 2004) and average body weight of
30 kg (Watts 1993; Paddle 2000). Based on their dentition and biochemical information,

thylacines were most certainly hypercarnivorous (Nedin 1991; Wroe et al. 1998; Wroe
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et al. 2008; Figueirido and Janis 2011), which means having a diet primarily consisting
of meat (Holliday and Steppan 2004). They do not have the dental features associated
with bone consumption and scavenging. A striking transition in prey selection occurs at
a predator mass of about 21.5 kg, with those species below the threshold taking prey of
<45% their mass and those above taking prey of >45% their mass (Carbone et al. 1999).
As a large-bodied hypercarnivore, relying on small prey would have been energetically
constraining for thylacines: their food may have been inadequate to support them unless
small prey were abundant. There were very few large (>13 kg) native animals in
Tasmania that would have allowed thylacines to meet their metabolic requirements.
This included the forester kangaroo (Macropus giganteus; 25-66 kg, Strahan 1995),
common wombat (Vombatus ursinus; 20-40 kg, Cronin 1991), red-necked wallaby
(Macropus rufogriseus; 11-27 kg, Strahan 1995) and extinct Tasmanian emu (Dromaius
novaehollandiae diemenensis; ~40 kg, Heupink ef al. 2011). Sheep (Ovis aries) were
another large herbivore that may have also been preyed upon by thylacines (Paddle
2000). Whether or not thylacines were capable of taking down large prey species
remains a contentious subject. Evidence of thylacine diet are based on historical

accounts, morphology and fossil remains of associated prey.

Anecdotal accounts: Anecdotal evidence (Paddle 2000) and the only known Aboriginal
story of the thylacine (Owen 2003) suggest that thylacines may have taken large prey
species such as the forester kangaroo and Tasmanian emu. But few naturalists were
present to record the thylacine's foraging behaviour in Tasmania and were very difficult
to study due to their low densities, nocturnal activity and wariness of humans (Paddle
2000). Many of the accounts that do exist are thought to be derived from unreliable or

biased sources formed from prejudices towards the species.

Around 30 sheep were introduced into Tasmania in 1803, and their numbers rapidly
increased to 172, 000 by 1819 (Paddle 2000). Official reports by the Tasmanian sheep
industry did not consider thylacines as a threat to livestock (Paddle 2000). There are

only six published accounts of thylacines preying on adult sheep, the last of which was
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1.6 Extinction risk in the thylacine

reported 15 years prior to the government bounty scheme initated in 1888 (Paddle
2000). The intention of the bounty was to provide predator-free environments for
livestock and native game used for hunting (e.g. wallabies, wild ducks, quail and
common pheasants) (Paddle 2000). Thylacines that were killed as part of the
government bounty scheme were mostly from areas outside of grazing lands (Davies
1965). Prowse et al. (2013) suggested that most thylacines were unlikely to have been
contact with sheep during the late 1800's and possibly earlier.

Stomach contents: The only direct evidence of the thylacine's diet in the wild is based
on the stomach contents of thylacines killed. In 1805, Governor William Paterson
described the stomach contents of a dissected male thylacine as "filled with a quantity
of kangaroo weighing 5 Ibs" (Paterson 1805). A few years later, another dissected male
thylacine revealed partly digested remains of a short-beaked echidna (Tachyglossus
aculeatus) (Harris 1808) but the absence of oral accounts of predation on monotremes
puts to question the dietary contribution of these small insectivorous mammals (Paddle

2000).

Morphology: Features such as low rates of canine tooth wear and fracture suggest that
thylacines relied on prey ranging from <1 kg to 5 kg (Jones and Stoddart 1998).
Though, their large body size and wide gape may have allowed them to catch larger
prey species (Johnson and Wroe 2003). The long narrow rostrum of thylacines (Jones
2003) may be a morphological disadvantage by eliciting size-selective prey selection
(Slater et al. 2009). Larger prey can be killed when hunted communally and thereby
counteract the morphological constraints of a predator (McKenzie 1990; Husseman et

al. 2003).

Cave deposits: Thylacines were thought to use caves as lairs and have been associated
with prey found in sub-fossil cave deposits in mainland Australia (Case 1985). These
prey ranged in size from 1 kg to 5 kg. As only smaller prey species may be brought
back to a den, they may not represent the full range of prey species killed by thylacines.
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1.6.2 Intraguild competition and predation

Competition, intraguild predation or a combination of these may have occurred in
Tasmania between thylacines and sympatric marsupial carnivores. Intersexual and
interspecific differences in the body size and habitat of these apex predators possibly
facilitated prey partitioning during early settlement as is seen in the present-day food
web (Jones and Barmuta 1998). The diet of adult Tasmanian devils (mean weight males
8.4 kg, females 5.4 kg) and adult male spotted-tailed quolls (mean weight 3.2 kg)
currently consist of larger prey species (Jones and Barmuta 1998). However, the ability
of spotted-tailed quolls to climb trees and rock faces allow them to eat a higher
proportion of arboreal species than other marsupial carnivores (Jones and Barmuta
2000). Young Tasmanian devils can climb trees and have more avian material in their
stomachs than adults (Guiler 1970). Eastern quolls (mean weight males 1.1 kg, females
0.7 kg) and female spotted-tailed quolls (mean weight 1.7 kg) specialise in smaller prey
species due to their smaller body mass (Jones and Barmuta 1998). As the largest and
most dominant of the three extant marsupial carnivores, adult Tasmanian devils are able
to displace both quoll species from carcasses (Jones 1998; Jones and Barmuta 2000). It
is unknown whether Tasmanian devils kill quolls (Jones 1998). Current hypotheses
suggest that the thylacine preyed on juvenile Tasmanian devils, and adult Tasmanian
devils ate thylacine young and scavenged from kills made by the thylacine (Jones 1998),
though no anecdotal evidence exist to substantiate these claims. Cranium measures of
male thylacines are 13% to 86% larger than that of females in Tasmania and may have

allowed them to catch larger animals (Jones 1997).

1.6.3 Home range

The home range of thylacines is estimated to be 50-60 km? based on bounty and
northwest Tasmania station records (Guiler and Godard 1998). Prowse (2013) estimated
a home range area for thylacines of 25.7 km? based on the allometric relationship
between body mass and home range for mammalian carnivores (Kelt and Van Vuren

2001). Species with large home ranges, including large carnivores, are particularly
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vulnerable to degradation and edge effects (Woodroffe and Ginsberg 1998). Human-
induced environmental changes may have resulted in a reduction in the thylacine's home

range size and access to food resources.

1.6.4 Disease and genetic diversity

A debilitating disease originating in the thylacine population on the east coast of
Tasmania was first reported in the late 1800's. Paddle (2000) estimated that the disease
would have spread to the west coast of Tasmania within six years. The disease was not
fatal, but infected animals were likely easier to bait and kill due to their weakened state.
Surprisingly, there is no definitive proof of the disease in the wild population (Prowse et
al. 2013). Mathematical models have identified that disease alone could not account for
the extinction of the thylacine in Tasmania (Prowse ef al. 2013). The genetic variability
of the Tasmanian thylacines is thought to be low and therefore may have increased their
risk of extinction due to decreased capacity to adapt to environmental change (Menzies
et al. 2012). Though, this was only based on a small fragment of the mitochondrial

DNA control region and 12 museum specimens.

1.6.5 Human population expansion

In carnivores, biological traits explain 80% of variation in extinction risk with high
exposure to humans, compared to 45% with limited exposure to humans (Cardillo ef al.
2004). The biological traits of the thylacine would thus become a more critical
determinant of risk as human populations expanded. The small Aboriginal tribes present
in Tasmania prior to European settlement likely posed little threat to the thylacine
population. The Aboriginal people did not fear thylacines, nor did they hunt thylacines
as they did not form part of their diet (Owen 2003). Conversely, the early-colonial
generation of Europeans (1826-1846) underwent a dramatic expansion over a 10 year
period, increasing from 5, 519 people in 1820 to 24, 279 people by 1830 (Australian
Bureau of Statistics 2008; Reynolds 2012). There were 230, 104 people in Tasmania in
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1936 when the thylacine was officially declared extinct (Australian Bureau of Statistics

2008).

1.6.6 Hunting

The bounty system introduced by the Van Diemen's Land Company, a large pastoral
company, in 1830 was designed to remove thylacines on their 40, 500 hectare property
in north-west Tasmania (Bowman 2001). In 1888, the Tasmanian government paid £1
for every adult and 10 shillings for every juvenile thylacine. At the time, the award
would have been equivalent to half a week’s wage (Bulte et al. 2003). The government
paid out 2, 184 bounties, but many more animals were likely killed than was claimed in
the bounty records (Guiler 1961). There were also 3, 482 thylacine pelts sold until 1896,
which were a valuable commodity among Europeans (Bulte ez al. 2003). Live
specimens or mothers with pouched young were in high demand by zoos and museums
worldwide, and offered greater remuneration than the bounty scheme. The last thylacine
was captured in 1933 and sold to Hobart Zoo (Paddle 2000). The government bounty
scheme was terminated in 1909, by which time the species was exceedingly rare.
Furthermore, the Animals and Birds Protection Act was amended in 1928 (Animals and
Birds Protection Act Amendment Act 1928) to prevent overexploitation of native

animals for the fur trade.

Scientific data relating to the decline of thylacines in Tasmania was first published in
1961 based on bounty payments made between 1874 and 1901 by the Van Diemen's
Land Company and payments made between 1888 and 1912 by the Tasmanian
government for the rest of the state. Both records show a reduced number of thylacines
presented for bounty payment over time, revealing a species increasing in rarity and
quickly heading towards extinction (Bowman 2001). Increased hunting pressure would
appear to be the obvious extinction culprit but an evaluation of bounty records revealed
that hunting for bounty and pelts alone could not account for their extinction (Bulte et

al. 2003).
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1.6 Extinction risk in the thylacine

Macropod harvesting by humans appeared to have little effect on the thylacine
population using population viability analysis (Prowse et al. 2013). Prowse et al. (2013)
argued that their extinction was only possible under extreme circumstances, including
high human harvest, low maximum population growth rate and small starting

population size.

1.6.7 Habitat loss and modification

The earliest vegetation maps of Tasmania reveal wet sclerophyll forests (tall, open
forests) dominating east Tasmania, with temperate rainforests (closed forest) and open
grasslands mainly found in western Tasmania (Davis 1940). Coastal heaths extended
along the east of the north coast and at the north-west tip of Tasmania. Thylacines were
originally found in north-western, central, eastern and south-eastern parts of Tasmania,
but not in the south-west (Guiler 1961; Paddle 2000). Based on limited observations and
bounty information, thylacines preferred open forests, open woodlands, heathlands and
coastal environments. The habitat size of the thylacine population in 1803 is estimated

to have been 56, 051 km? (Prowse ef al. 2013).

Habitat destruction and fragmentation directly reduces niche availability and are
particularly threatening to species that are ecologically specialised (Owens and Bennett
2000). From 1820 to 1830, over two million acres were granted for use by the European
settlers, including 50, 000 acres devoted to cultivation (Reynolds 2012). By 1935 the
total habitat range available to thylacines and potential prey is estimated to have
decreased by 17.2% (Prowse et al. 2013), including large areas in southeast and
northwest Tasmania that had been modified or cleared for homes, agriculture and
livestock (Davis 1940). Persistent hunting and land clearing eventually confined the
thylacine population to dense rainforests, which are generally considered an unsuitable

thylacine habitat (Guiler and Godard 1998; Owen 2003).
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Changes in landscape burning practices following European settlement has been
proposed as influential in the decline of thylacines (Guiler 1985). Aboriginal people
used frequent, low-intensity burning regimes that were usually initiated under
conditions when the vegetation was too wet to burn intensely (Marsden-Smedley 1998;
Marsden-Smedley and Kirkpatrick 2000; Enright and Thomas 2008). There are
occasional accounts of large and high-intensity fires lit by Aboriginal people in
Tasmania (Peron 1809). The fire regime shifted following the displacement of
Aboriginal people by Europeans to having fewer fires, and occasional regional scaled
fires (Marsden-Smedley and Kirkpatrick 2000; Enright and Thomas 2008). There are
also extensive historical records up to the 1930's of settlers starting fires when exploring
regions and building access tracks (Gowlland and Gowlland 1976; Gilbert 1979; Binks
1980). Changes to traditional Aboriginal burning practices in Australia have resulted in
mass vegetation change and the reduction or disappearance of wildlife (Brown 1988;

Pemberton 1988; 1989; Peterson 1990; Service 1990; Robertson and Duncan 1991).

1.7 AIMS OF THE PROGRAM OF RESEARCH

The primary aim of the research described in this thesis is to investigate two biological
traits in the Tasmanian thylacine that are associated with high extinction risk among
large carnivores: prey body size and resource competition. The specific aims of each
research component were to:
(1) Determine if the thylacine's diet was energetically constraining by assessing
their maximum prey size (Chapter 2 and 3) and prey composition post-settlement
(Chapter 4).
(i1) Evaluate the likelihood of competition between the thylacine and sympatric
marsupial carnivores by quantifying the degree of overlap in their prey size

(Chapter 2 and 3) and trophic niche (Chapter 4).
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(ii1) Assess long-term trends in the trophic structure and habitat of the thylacine

and extant marsupial carnivores in Tasmania post-European settlement (Chapter 4).
A critical evaluation of the ecology of these apex predators will provide the first step to
comprehending the full extent of their vulnerability to anthropogenic impacts. This
knowledge will also provide the foundation for more meaningful conservation strategies

to be adopted for remaining marsupial carnivores.

1.8 THESIS OVERVIEW

Interdisciplinary techniques involving skull biomechanics and stable isotope analysis
will be used to inform us of ecological and behavioural traits of the thylacine within the
context of extant and extinct carnivorous marsupial species. Both approaches are
frequently used in palaeoecological and ecological studies (West et al. 2006), yet to my
knowledge have never been used in combination to reconstruct the ecology of a species.
Niche partitioning among marsupial carnivore species and maximum prey size were
investigated by comparing the biomechanics and associated feeding limitations of the
thylacine skull relative to that of extant marsupial carnivores (Chapter 2 and 3) and one
fossil thylacinid (Chapter 3). Niche overlap and potential for intersexual and
interspecific resource competition was further explored by comparing the trophic and
habitat niche space of marsupial carnivore specimens collected in Tasmania prior to the
extinction of the thylacine using a stable isotope approach (Chapter 4). The contribution
of different prey species to the diet of Tasmanian thylacines following European
settlement was determined using a dual isotope mixing model of preserved predator and
potential prey tissues (Chapter 4). The response of the thylacine and extant marsupial
carnivores to long-term changes in the Tasmanian ecosystem following European
settlement was determined using stable isotope analysis of tissues from historic and
modern specimens (Chapter 4). The concluding chapter provides an overview of the
findings of this thesis and discusses their potential implications for the management of

native species and communities in Tasmania.
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Chapter 2

SKULL MECHANICS AND IMPLICATIONS FOR FEEDING
BEHAVIOUR IN A LARGE MARSUPIAL CARNIVORE
GUILD: THE THYLACINE, TASMANIAN DEVIL AND

SPOTTED-TAILED QUOLL

Published in Journal of Zoology (2011), 285, 292-300
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2.1 Abstract

2.1 ABSTRACT

Extinction risk varies across species and is influenced by key ecological parameters,
such as diet specialisation. For predictive conservation science to be effective, we need
to understand extinction risk factors that may have implicated recent species extinctions.
Diet and feeding behaviour of the large extinct marsupial carnivore, the thylacine
(Thylacinus cynocephalus), have long been debated. Improved understanding of the
skull’s biomechanical performance and its limitations in a comparative context may
yield important insights. Here, we use three dimensional (3D) finite element analysis
(FEA) to assess aspects of biomechanical performance in the skull of the thylacine
relative to those of two extant marsupial carnivores with known diets that occurred
sympatrically with the thylacine: the Tasmanian devil (Sarcophilus harrisii) and
spotted-tailed quoll (Dasyurus maculatus). Together, these three species comprised the
large mammalian carnivore guild in Tasmania at the time of European settlement. The
bone crunching Tasmanian devil produced high bite forces for its size as expected, but
the stresses induced were surprisingly high. A higher proportion of cancellous bone in
the skull of this osteophage may act to absorb shock but decrease rigidity and hence
raise stress. A relatively high bite force and rigid skull characterised the spotted-tailed
quoll, which may allow them to target prey of variable sizes. Compared with the
Tasmanian devil and spotted-tailed quoll, we found that the skull of the thylacine was
least well adapted to withstand forces driven solely by its jaw-closing musculature, as
well as to simulations of struggling prey. Our findings suggest that the thylacine likely
consumed smaller prey relative to its size, which may have had implications for their

survival.
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2.2 INTRODUCTION

The idea that some species are intrinsically at a greater risk of extinction than others is a
well-established concept, and recent efforts have focused on identifying species
susceptible to extinction (McKinney 1997). Species traits, such as body size and degree
of diet and habitat specialisation, are key predictors used to prioritise species in
conservation and management plans (Purvis ef al. 2000; Cardillo and Bromham 2001;
Kamilar and Paciulli 2008). Top predators, which have less stable food supplies than
species from lower trophic levels, are thought to be particularly vulnerable (Davies et

al. 2000).

The thylacine (Thylacinus cynocephalus) was a large apex predator and the only species
of marsupial to become extinct in Tasmania following European settlement. The factors
involved in its extinction in Tasmania have been debated (see review Paddle 2000), and
yet the underlying cause of their decline remains incomplete. Dental and
biogeochemical evidence suggests that the thylacine was a hypercarnivore restricted to
eating vertebrate flesh (Nedin 1991; Wroe et al. 1998; Wroe et al. 2008). The total
energetic expenditure and time spent hunting by carnivorous mammals increases with
body mass (Carbone et al. 1999). Given its large body mass and carnivorous diet, any
limitations in the capacity of thylacines to kill large-bodied species may have made

them particularly vulnerable unless small prey was available in high abundance.

There is almost no direct evidence regarding the diet of the thylacine (Paddle 2000).
The range of potential prey taxa in 19™ century Tasmania included the forester kangaroo
(Macropus giganteus) and now extinct Tasmanian emu (Dromaius novaehollandiae
diemenensis) and that exceeded the marsupial carnivore's body mass. Whether or not
thylacines were well adapted to kill prey approaching or exceeding its own body mass
remains a contentious issue. Previous morphological studies on this species suggest that
they targeted prey considerably smaller (1-5 kg) than themselves (Jones and Stoddart

1998). Most data are restricted to Tasmania, whereas in Pleistocene and early Holocene
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times, the species ranged across Australia and New Guinea (Plane 1976). At that time,
still larger, now extinct megafauna were theoretically available and diet may have

varied in different parts of the species range.

We can infer the diet of extinct species such as the thylacine, including likely prey size,
through comparisons with related species with known diets. The thylacine is a member
of the now wholly extinct family Thylacinidae. Its closest living relatives are the
dasyurids (Dasyuridae), a now diverse taxon comprising over 60 species. Together with
the monotypic numbat (Myrmecobiidae), these three families constitute the order
Dasyuromorphia (Wroe and Musser 2001). First appearing in the fossil record in the late
Oligocene to early Miocene, dasyurid diversity appears to have been initially low, but
increased through the late Miocene to ultimately dominate most insectivore—carnivore
niches. In contrast, the Thylacinidae were once more diversely represented by 11

species spanning a considerable range of body sizes (Wroe 1996; Muirhead and Wroe

1998; Wroe and Musser 2001).

The two largest extant dasyurids are the Tasmanian devil (Sarcophilus harrisii; average
body mass 6—13 kg) and the spotted-tailed quoll (Dasyurus maculatus; average body
mass 14 kg) (Jones and Barmuta 2000). The dietary preferences of these two species
have been extensively studied. The Tasmanian devil can generate the highest maximum
bite force, adjusted for body mass, of any extant mammalian species studied to date
(Wroe et al. 2005). This feature may assist them in catching relatively large mammals,
up to 30 kg (Jones and Barmuta 1998). Approximately 60% of the prey biomass
consumed by adult male spotted-tailed quolls consists of medium- to large-sized
mammals including bandicoots, pademelons and possums that can weigh up to three
times its own body mass, although invertebrates form a larger proportion of the diet of
female spotted-tailed quolls (Belcher 1995; Jones 1997). Known size relationships
between predator and prey in the Tasmanian devil and spotted-tailed quoll make them

ideal candidates to compare with the thylacine to determine prey size range.
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The maximum prey size that can be taken by a predator is strongly influenced by
biomechanical limitations. Skull shape and bite force adjusted for body mass correlate
with prey size and feeding ecology in many terrestrial carnivores (Meers 2002; Wroe et
al. 2005; McHenry et al. 2006; Wroe and Milne 2007). Animals that need stronger jaw-
closing muscles to catch large prey or process hard materials may develop larger surface
areas for muscle attachment, such as the sagittal crest along the midline of the top of the
skull, and zygomatic arches extending along the side of the skull beneath the orbit
(Tanner et al. 2008). The skull must also be rigid enough to withstand forces applied by
jaw-closing muscles, along with feeding and other forces. Different cranial shapes
among extant dasyuromorphians have been correlated with diet (Wroe and Milne 2007),
and yet little is known about how the biomechanical performance of these structures

may reflect dietary functions.

Unlike most engineering structures, the geometry of biological structures such as the
skull is extremely complex. Problems involving complicated geometries, loadings, and
multiple material properties are difficult to solve using analytical methods. Instead,
numerical methods such as Finite Element Analysis (FEA) are required (Geng et al.
2001). FEA is able to obtain a solution to complex geometries by dividing the structure
into a collection of much smaller and simpler domains called elements. Solutions are
formulated for each individual element and are then combined to obtain a solution for
the entire structure. As a non-invasive technique, FEA is particularly attractive for
paleontologists and has been increasingly used over the past two decades to investigate

the skull mechanics of extinct species (Walmsley et al. 2013).

Testing hypothesises regarding the relationship between the form and function of skulls
from extinct species requires an understanding of this relationship in living animals
(Ross 2005). A comparative biomechanics approach involving living analogues are thus
used to predict the feeding behaviour of extinct species (McHenry et al. 2007; Wroe et
al. 2007; Tseng 2008; Bell et al. 2009; Porro 2009; Wroe ef al. 2010; Young et al.
2012). A recent study by Wroe et al. (2007) examined convergence with respect to
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biomechanical performance in the skulls of the thylacine and the placental grey wolf
subspecies, the dingo (Canis lupus). The results suggested that relative to the dingo,
thylacines may have been restricted to smaller prey, but closely related species were not

included in this analysis.

In the present study, we apply FEA to examine differences in biomechanical
performance between the skulls of the thylacine and two extant marsupial carnivore
relatives: the Tasmanian devil and spotted-tailed quoll. Our objectives are twofold.
Firstly, fundamental structural differences between marsupial and placental skulls
(Wroe and Milne 2007) make comparisons between these taxa difficult because
differences may be phylogenetically constrained (Wroe et al. 2007; Goswami et al.
2011). Additional insights into the feeding ecology of the thylacine may be derived
from comparisons with closely related, extant marsupial carnivores. Secondly, we will
examine whether variation in the biomechanical performance of these sympatric

marsupial carnivores reflects differences in the feeding ecology of each species.

2.3 MATERIALS AND METHODS

2.3.1 Specimens

Spotted-tailed quoll (UNSW Z20; University of New South Wales), Tasmanian devil
(AM10756; Australian Museum) and thylacine (AM1821; Australian Museum). The
skull length of each specimen was 101, 135 and 232 mm, respectively. Marsupial
carnivores display substantial sexual dimorphism (Jones 1997). Data on sex were
unavailable; however, because each is within the upper size range for their species, it is

likely that all were adult males.

2.3.2 Model assembly

The assembly of finite element models (FEMs) largely follows the procedures applied
by Wroe et al. (2007; 2010). Computed tomography (CT) scanning was conducted at
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the Mater Hospital, Newcastle, NSW, using a Toshiba Aquilon 16 scanner (Toshiba
Medical Systems Corporation, Otawara, Tachigi, Japan). Slices were 1mm thick, with
an inter-slice distance of 0.8 mm and a field of view of 240 mm. Surface meshes were
generated from the CT data using Mimics 13.2 and converted to FEMs in STRAND7
(ver.2.4).

Heterogeneous FEMs were composed of 3D four-noded tetrahedral ‘brick’ elements.
Brick elements were assigned one of eight material properties based on CT density
values (Rho et al. 1995; Schneider et al. 1996) ranging from low-density tissue
[Young’s modulus (Y)=1.5GPa; Poisson’s ratio=0.4; density=251 kgm'3] to enamel
(Y)=38.6GPa; Poisson’s ratio=0.4, density=28.61 kgm™) and see McHenry et al.
(2007). Full data for the eight material properties are available in Table 2.1. Jaw
elevators were modelled as seven muscle subdivisions: temporalis superficialis,
temporalis profundus, masseter superficialis, masseter profundus,
zygomaticomandibularis, pterygoideus internus and pterygoideus externus (Wroe et al.
2007). Maximum contractile forces were estimated using the dry skull method
(Thomason 1991) on the basis of estimated maximal cross-sectional areas with an

estimated force of 300 kPa for vertebrate striated muscle (Weijs and Hillen 1985).
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Table 2.1 Values used to assign eight material properties to brick elements in

heterogeneous models.

Material property type  Poisson’s ratio  Young's modulus (MPa) Density (T/mm3)

1 0.40 1527.00 2.51E-10
2 0.40 1868.60 2.92E-10
3 0.40 2223.40 3.33E-10
4 0.40 10786.80 1.09E-10
5 0.40 21734.20 1.86E-09
6 0.40 27082.20 2.19E-09
7 0.40 32704.30 2.53E-09
8 0.40 38575.40 2.86E-09

The protocols used for the 3D modelling of muscle architecture following Wroe ef al.
(2007) were consistent in all FEMs and therefore any variations in von Mises (VM)
stresses observed are likely a result of morphological differences. Muscle forces were
distributed in each model based on the percentage contribution of each muscle division
to the total jaw muscle mass in the Virginia opossum (Didelphis virginiana) (Turnbull
1970; Wroe et al. 2007). The muscles themselves were simulated using pre-tensioned
trusses that connected origin and insertion areas. Figure 2.1 displays muscle origin and
insertion areas and lines of action of muscle forces. The number of trusses allocated to
each muscle division for each species was based on the muscle origin and insertion
areas of the thylacine (Wroe et al. 2007) for ease of comparison. Truss elements were
evenly distributed in each muscle subdivision and positioned in the approximate vectors
of the contracting musculature. Pretention values for each truss element were
determined by dividing the total muscle force for each muscle subdivision by the
number of trusses allocated to that group (Table 2.2). Truss diameters were calculated

from cross-sectional areas of temporalis and masseteric muscles.
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Models were restrained following procedures applied by Wroe et al. (2007). A rigid link
framework at the occipital condyle was used to restrain the cranium in all simulations.
Static loading cases were set to an optimum gape angle of 35°, which is consistent with

the optimum gape angle found in the dingo (Bourke et al. 2008).

Figure 2.1 Muscle origin and insertion areas and lines of action of muscle forces for
skulls of (a) spotted-tailed quoll (b) Tasmanian devil, and (c) thylacine constructed

using finite element software (Strand 7, Vers 2.4).

Table 2.2 Force used for each jaw muscle division in unscaled models of the spotted-
tailed quoll, Tasmanian devil and thylacine. These were calculated using muscle mass

proportions from a dissected Virginia opossum (Turnbull 1970).

Muscle force distribution (in Newtons) for different muscle groups

Spotted-tailed quoll Tasmanian devil Thylacine

Temporalis superficialis ~ 76.00 176.00 274.00
Temporalis profundus 132.00 307.00 478.00
Masseter superficialis 55.00 128.00 199.00
Masseter profundus 36.00 83.00 129.00
Zygomaticomandibularis  34.00 79.00 123.00
Pterygoideus internus 27.00 62.00 97.00

Pterygoideus externus 6.00 14.00 21.00
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2.3.3 Load cases

We applied six loading cases to each model: two intrinsic loading cases to simulate bites
driven solely by jaw musculature and four extrinsic loading cases to test skull
performance under the influence of unrestrained prey. The intrinsic cases comprised a
bilateral bite at the canines and a unilateral bite at the fourth molar, or ‘carnassial’.
Constraints were applied at the tip of the upper and lower canines on both sides of the
skull for the bilateral bite and at the upper and lower fourth molar on the right side of
the skull for the unilateral bite.

The maximum bite force of each specimen was measured for both intrinsic cases using
unscaled models with specimen-specific estimated muscle forces (Table 2.2). We also
solved two sets of load cases with models scaled to the same total surface area of the
thylacine to remove the effects of size where (1) the same muscle forces were applied to
each specimen to quantify differences in bite forces after adjusting for size differences;
(2) the same bite reaction force as the thylacine (747 N at canines and 1659 N at
carnassial) was allocated to each model to determine how well adapted each species was
to withstand the stresses generated in the production of a given bite reaction force.
Scaled models were also used to measure the muscle recruitment required to produce

the same bite force as the thylacine.

Extrinsic loading cases were applied only to scaled models, and consisted of (1) a lateral
‘shake’ (50 N); (2) axial twist (5000 Nmm); (3) pull back (50 N); (4) dorsoventral force
(50 N). These extrinsic loading cases simulated different behaviours used by carnivores
during prey capture and killing. Axial twisting and lateral shaking in particular are used
by dasyurids to disorient unrestrained prey and assist in canine penetration into the skull
of restrained prey (Pellis and Officer 1987). All extrinsic forces were applied using an
H-frame that linked the upper and lower jaws, with forces applied at the centre of the
frame (and see Wroe et al. 2007). The extrinsic forces applied were based on the

estimated body mass of the thylacine taken from Wroe ef al. (2007) and are low relative
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2. SKULL MECHANICS AND FEEDING BEHAVIOUR OF THE THYLACINE

to the size of the predators. However, as this is a comparative analysis using scaled
models, the actual value used is immaterial, provided that it is held constant across

species (Dumont et al. 2009).

In routine mastication in mammals, not all muscles are recruited at the same time, or
maximally on both working and balancing sides (Thexton and Hiiemae 1977). The
activity patterns in masticatory muscles are also highly variable between species
(Crompton et al. 2008). However, in this study, as in most other comparable studies, we
predicted the maximum bite force in each species where all jaw adductor muscles have
been activated as we wanted to assess the maximal bite forces. The overarching
objective here is to determine mechanical performance limits, as these are most likely to
put a ceiling on potential killing behaviours and prey size. The actual bite force used by
these species in reality will likely not be as high as our values because animals will vary

their bite force depending on the task and context.

The general approaches applied here have been validated against experimental data
from other taxa (Tsafnat and Wroe 2010; Wroe ef al. 2010), but not yet using FEMs of
marsupial carnivores. In the absence of validated data for material properties and forces
generated in the despatch of large prey, actual mechanical limits on maximal prey size
cannot be directly predicted. We apply a comparative approach wherein the results must
be interpreted in relative context and not as predictions of absolute stress magnitudes

(Wroe et al. 2010).

Bone fails under a ductile model of fracture and von Mises stress is a good predictor of
failure in ductile materials (Nalla ef al. 2003; Tsafnat and Wroe 2010). Therefore, VM
stress was used here as a metric to compare the structural strength of FEMs under
different loading conditions. Brick elements were selected at set points along the mid-
sagittal plane, zygomatic arch and mandible to assess changes in stress magnitudes and
distributions under different loadings. At each point, values were calculated by

averaging VM stress of the bricks surrounding each node, with between five and nine
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bricks joined at any given point. Nodes were equally distributed and VM stress was
measured using the same node points in each simulation. For mid-sagittal sampling,
stresses were sampled from the anterior edge of the nasal bone to the posteriormost
point of the sagittal crest. At the zygomatic arch, nodes were selected midway between
the top and the bottom of the arch from the most anterior extreme of the jugal to the
posterior extreme of the zygomatic arch. Nodes were also selected along the right side
of the jaw from the mid-point between the first incisors and ventral surface of the jaw to

the temporomandibular joint.

Our FEMs were not of sufficient resolution to accurately incorporate material property
distributions within teeth. Enamel thickness and distribution may play a major role in
the processing of hard materials (Koenigswald et al. 1987). Differences in enamel
microstructure between marsupial carnivores has not been clearly correlated with diet,
however it may reflect the function of different tooth types and the loading conditions of
specific sites within the teeth (Stefen 1999). The Tasmanian devil and thylacine have
complex decussation in the middle and lower section of their teeth which may help

prevent cracking due to vertical tensile stresses.

The proportion of cortical to cancellous bone in the mandible and cranium was
estimated based on volume ratios (Table 2.3). Brick elements with material properties
1-4 were allocated as cancellous bone, while 5 (i.e., density of 1855.9 kg m™) and

higher were considered cortical bone.
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2. SKULL MECHANICS AND FEEDING BEHAVIOUR OF THE THYLACINE

Table 2.3 Volume (mm®) and percentage volume (%) of each material property in the

skull of the spotted-tailed quoll, Tasmanian devil and thylacine.

Material property Combined volume (%) of cranium and mandible
type Spotted-tailed quoll Tasmanian devil Thylacine
1 8.80 10.48 17.33

2 6.65 9.53 13.01

3 7.72 11.21 11.32

4 18.16 33.51 21.14

5 8.49 11.75 10.04

6 9.44 9.92 10.41

7 11.30 6.39 9.37

8 29.43 7.23 7.38

2.4 RESULTS

Bite forces were higher at the carnassial than at the canines for each model and were
positively correlated with body size (Figure 2.2a). Despite having an estimated body
size only 44% of the thylacine, the Tasmanian devil has a modeled canine and
‘carnassial’ bit force of 89% and 87% of the thylacine in unscaled models, respectively.
However, among models scaled to a uniform surface area and muscle recruitment force,
the Tasmanian devil had the lowest bite force for both intrinsic cases (Figure 2.2b) and
required the highest muscle recruitment to produce the same bite force (Figure 2.3).
Overall, the magnitudes and distributions of VM stress in Tasmanian devil loading
simulations are broadly similar to those generated in the thylacine and spotted-tailed
quoll. The spotted-tailed quoll produced the highest bite forces in scaled models for
both loading cases (Figure 2.2b), which suggests that the geometry of its lever system is

the most efficient.
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Figure 2.2 Bite force reaction in the spotted-tailed quoll, Tasmanian devil and thylacine

during a bilateral bite and unilateral carnassial bite for (a) unscaled models and (b)

models scaled to the same surface area and muscle force as the thylacine.
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2. SKULL MECHANICS AND FEEDING BEHAVIOUR OF THE THYLACINE

Figure 2.3 Muscle recruitment of the spotted-tailed quoll and Tasmanian devil to

produce the same bite force as the thylacine in models scaled to a uniform surface area.

The distribution of stress in all models was similar on both sides of the skull for
bilateral loads (Figure 2.4a—) and was largely concentrated on the working side for
unilateral loads (Figure 2.4d—f). Peak VM stresses in the thylacine during a canine bite
were the highest at the nasal and temporal line (Figure 2.4c, g), which may be attributed
to its relatively long rostrum. Unilateral carnassial loading on the thylacine resulted in
localised stress at the temporal line, with higher peak stresses than other species (Figure
2.4h). In the cranium, VM stresses were greatest at the frontal line of the Tasmanian
devil and at the temporal line for the spotted-tailed quoll in both intrinsic loads (Figure
2.4g, h). The marsupial carnivores studied here all showed a similar distribution of
stress along the zygomatic arch that peaked posteriorly. The highest stresses were
located along the mandible in scaled models during intrinsic loads (Figure 2.5), a
finding consistent with studies in other taxa (Wroe 2008). The mandible may be a more
reliable indicator of feeding behaviour than the cranium because selective pressure on
its morphology is less likely to be influenced by competing demands such as olfaction,

hearing and vision (Figueirido et al. 2008; Wroe et al. 2010).
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The ability to resist extrinsic forces may be a better indicator of a predator’s ability to
subdue relatively large prey (Preuschoft and Witzel 2005). Differences between species
undergoing extrinsic loads were greatest in the cranium (Figure 2.6). Lateral shaking
caused the highest stresses along the zygomatic arches and mid-sagittal planes of each
species. Stresses were higher for the thylacine than the other two species in all extrinsic
loading cases. The highest VM stresses accumulated at the parietal of the thylacine
during a pullback (Figure 2.6f, h) and dorsoventral (Figure 2.61, p) loading and at the

anterior point of the rostrum and parietal during a lateral shake (Figure 2.6i, o).

The proportion of cortical and cancellous bone in the skull varied considerably between
species (Figure 2.7). The spotted-tailed quoll had the highest proportions of cortical
bone in the cranium and mandible and the Tasmanian devil had the highest proportion

of cancellous bone.
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2. SKULL MECHANICS AND FEEDING BEHAVIOUR OF THE THYLACINE

Figure 2.4 Dorsal view of the stress distribution in scaled heterogeneous models with a
uniform bite force during a bilateral canine bite (a—c) and a unilateral carnassial bite (e,
f). Dorsal views of models are displayed for the spotted-tailed quoll (a, d), Tasmanian
devil (b, e) and thylacine (c, f). von Mises (VM) stress was measured from the anterior
to posterior along the mid-sagittal plane for a bilateral canine bite (g) and a carnassial
bite (h). Symbols for each species are: thylacine (square), Tasmanian devil (triangle)

and spotted-tailed quoll (circle).
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Figure 2.5 Lateral view of the stress distribution in heterogeneous models with a
uniform bite force in scaled models during a bilateral canine bite (a—c) and a unilateral
carnassial bite (d—f). von Mises (VM) stress was measured from the anterior to posterior
along the jaw for a bilateral canine bite (g) and a carnassial bite (h). Symbols for each
species are: thylacine (square), Tasmanian devil (triangle) and spotted-tailed quoll

(circle).
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Figure 2.6 Stress distribution for extrinsic loads. Comparison of the distribution of von
Mises (VM) stresses in MPa in models scaled to the same surface area during four
extrinsic loads: an axial twist (a—c), pullback (d—f), lateral shake (g—1) and dorsoventral
(J-1). Species from left to right are the spotted-tailed quoll (a, d,g, j), Tasmanian devil
(b, e, h, k) and thylacine (c, f, i, 1). VM stress was measured from the anterior to the
posterior along the mid-sagittal plane for each species during an axial twist (m),
pullback (n), lateral shake (0) and dorsoventral (p). Symbols for each species are:
thylacine (square), Tasmanian devil (triangle) and spotted-tailed quoll (circle). White

areas indicate VM stress exceeds the scale maximum (2.5 MPa) in those areas.
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Figure 2.7 Volume ratio of cortical to cancellous bone in the mandible and cranium of

the spotted-tailed quoll, Tasmanian devil and thylacine.

2.5 DISCUSSION

Comparatively high levels of stress in the thylacine may be related to its relatively long
rostrum (Werdelin 1986). A longer snout may enable higher velocities at the canine, a
characteristic of predators specialising in relatively small, more agile prey and use a
pounce-pursuit or ambush hunting style. The spotted-tailed quoll and Tasmanian devil
can catch prey considerably larger than themselves (Jones 1995; Jones and Barmuta
1998). Anecdotal accounts suggest that thylacines may have consumed only soft tissue
(Paddle 2000). Certainly, its dentition shows none of the features present in specialised
osteophages, such as the Tasmanian devil, which can consume whole carcasses,
including teeth, bone and fur (Owen and Pemberton 2005), or species consuming
significant proportions of invertebrate food. Given the evidence for a diet restricted with
respect to prey size, type and the proportion of the prey item that it could effectively
consume, we suggest that the thylacine was particularly sensitive to environmental

disturbance. Our results also suggest a potential overlap between the thylacine and the
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two dasyurids regarding prey size. Niche overlap has been found between sub-adult
Tasmanian devils and male spotted-tailed quolls (Jones and Barmuta 1998), although
male spotted-tailed quolls consume a significantly higher proportion of arboreal prey
than do sub-adult Tasmanian devils. Current hypotheses suggest that the thylacine
preyed on juvenile Tasmanian devils, and Tasmanian devils ate thylacine young and
scavenged from kills made by thylacines (Jones 1998). Until late Pleistocene times, this
guild also included the still larger marsupial lion (7hylacoleo carnifex) (Wroe et al.
1999) that likely preyed upon these smaller predators. A shared preference towards
mammalian prey may have exposed these species to increased periods of resource

scarcity (Wiens 1993).

Our finding that the thylacine was not well adapted to take relatively large prey
compared with other marsupials brings into question the putative role of its large gape if
not as a means to assist in the capture and killing of large prey. It is possible that
thylacines used their wide gape as a threat display, as does the Tasmanian devil
(Pemberton and Renouf 1993). Several instances of agonistic gaping behaviour were
described in both wild and captive thylacines in response to humans (Paddle 2000).
Alternatively, the wide gape angle of thylacines may have been a retained
plesiomorphy. The contention that thylacines would have been able to open its jaws to
angles of 120° (Mittelbach and Crewdson 2005) is unrealistic and would almost
certainly cause dislocation due to the physical constraints of the pivot joint. It is more
probable that they were capable of gape angles similar to the Tasmanian devil, which
can open their jaws 75-80° (Pemberton and Renouf 1993), which is still a very wide
gape for a mammal. Possession of a relatively high bite force in the Tasmanian devil
(Wroe et al. 2005) was expected and supported by our results. We anticipated that the
short, broad skull shape of the Tasmanian devil was primarily responsible for the
production of extremely high bite forces in this species by reducing the length of the
jaw out-lever, thereby increasing the leverage of the jaw musculature. However, contra
our expectations, the skull and muscle geometry of the Tasmanian devil did not transmit

jaw muscle forces into bite forces more efficiently, with this species producing the
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lowest bite forces in models scaled to the same surface area and muscle force. Rather,
these high bite forces are the product of a relatively greater muscle force.

As a bone-crunching specialist, we anticipated that the Tasmanian devil would generate
less stress in the skull than flesh eating carnivores. In contrast to our expectations, the
magnitude and distribution of stress in the mandible of scaled models with uniform bite
reaction forces were similar for all species studied here. Differences in the mechanical
performance of these dasyuromorphians may be related to their different foraging
strategies. Tasmanian devils primarily scavenge whereas spotted-tailed quolls are
predominantly active hunters. They are both able to crush the skull of live prey (Ewer
1969; Buchmann and Guiler 1977), although the enlarged cheek-tooth cusps of
Tasmanian devils are better adapted for breaking open and consuming bone. Spotted-
tailed quolls feed on both fast- and slow-moving prey of various sizes, utilise patchy
resources and will take advantage of short term fluctuations in prey abundance (Glen
and Dickman 2006; Dawson et al. 2007). Distinct differences between the relative
proportions and distributions of cancellous and cortical bone in the skull, as revealed in
our study, may influence the distribution and magnitude of stress (Thomason 1995).
Surprisingly, the Tasmanian devil showed the highest proportion of less stiff cancellous
bone. However, it may be that a more compliant skull may enable Tasmanian devils to

absorb the shock induced by biting down on relatively hard bone.

Allometric factors may further complicate interpretation here. Recent work on primates
suggests that cranial rigidity decreases with increasing size (Strait et al. 2010). Our
findings are partially consistent with this suggestion insofar as we found that the skull
of the smallest species, the spotted-tailed quoll, had the highest proportion of stiff

cortical bone.

The Tasmanian devil is currently critically endangered by both facial cancer and the
introduction of the red fox (Vulpes vulpes) (Hawkins et al. 2006). It has been argued
that interference competition with Tasmanian devils has been an important factor in

thwarting the success of previous attempts to establish red foxes in Tasmania. This may
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have been through either aggressive exclusion or predation on denned juveniles.
Spotted-tailed quolls also experience competition from feral cats (Felis catus) for food
and den sites (Jones and Barmuta 1998). Future comparisons of mechanical
performance in marsupial carnivores with a wider range of placental carnivores,
including potential exotic competitors, may yield useful insights into the likely

outcomes of such competition.
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Chapter 3

VIRTUAL RECONSTRUCTION AND PREY SIZE
PREFERENCE OF THE MID CENOZOIC THYLACINID,
NIMBACINUS DICKSONI (THYLACINIDAE, MARSUPIALIA)

In review in PLOS ONE

43



3.1 Abstract

3.1 ABSTRACT

Thylacinidae is an extinct family of Australian and New Guinean marsupial carnivores,
comprising 12 species, the oldest of which are late Oligocene in age. Except for the
recently extinct thylacine (Thylacinus cynocephalus), most are known from fragmentary
craniodental material only. However, a particularly well-preserved skull of the fossil
species Nimbacinus dicksoni Muirhead and Archer, 1990, has been recovered from
middle Miocene deposits in the Riversleigh World Heritage Area, north-western
Queensland. Here, to determine whether N. dicksoni was more likely a relatively small
or large prey specialist, we have digitally reconstructed its skull and applied three-
dimensional (3D) Finite Element Analysis (FEA) to compare its mechanical
performance with that of three extant marsupial carnivores and the thylacine. Under
loadings adjusted for differences in size that simulated forces generated by both jaw
closing musculature and struggling prey, we found that stress distributions and
magnitudes in the skull of N. dicksoni were more similar to those of the living spotted-
tailed quoll (Dasyurus maculatus) than to its recently extinct relative. Considering FEA
results and dental morphology, we predict that N. dicksoni likely occupied a broadly
similar ecological niche to that of the spotted-tailed quoll, and were likely capable of

hunting vertebrate prey that may have exceeded its own body mass.
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3.2 INTRODUCTION

Thylacinids first appear in the Australian fossil record during the late Oligocene and
include the largest representatives of the Dasyuromorphia, i.e., families Thylacinidae,
Dasyuridae and Myrmecobiidae (Lowenstein ef al. 1981; Sarich et al. 1982; Szalay
1982; Thomas et al. 1989; Krajewski ef al. 1992; Krajewski et al. 1997; Muirhead and
Wroe 1998; Wroe and Archer 2006). While these marsupial predators are generally
considered morphologically conservative, variation in their dentition, skull shape and
body size (~1-60 kg), suggests considerable trophic diversity within the family (Wroe
2001; Wroe and Milne 2007). In addition to the recently extinct thylacine or Tasmanian
'tiger' (Thylacinus cynocephalus), eleven fossil species of thylacinid have been
described (Muirhead and Archer 1990; Wroe 1996; Muirhead 1997; Murray 1997;
Muirhead and Wroe 1998; Murray and Megirian 2000; Wroe and Musser 2001; Archer
et al. 2006). Up to five species may have co-existed in the Riversleigh World Heritage
Area, north-western Queensland between the late Oligocene to middle Miocene

(Murray and Megirian 2000; Archer et al. 2006).

The Riversleigh thylacinids inhabited forests (Archer et al. 1994; Travouillon et al.
2009). These regions were co-habited by an assortment of other
carnivorous/omnivorous taxa, including ‘giant’ carnivorous rat-kangaroos (Ekaltadeta
spp.), crocodiles (Mekosuchinae, e.g. Baru darrowi and Trilophosuchus rackhami),
flightless dromornithid birds, marsupial lions (Thylacoleonidae), large bandicoots
(Peramelemorphia), dasyuruids (Dasyuridae), pythons (Pythonidae) and the world's
oldest known venomous snakes (Wroe ef al. 1999; Archer et al. 2002; Wroe 2002).
Subsequent drying of the Australian continent in the late Miocene led to the gradual
replacement of forest environments with open woodlands, shrublands and grasslands
(Archer et al. 1994; Archer et al. 2002; Travouillon et al. 2009). These changes appear
to broadly correlate with declining thylacinid diversity (Wroe 2003).

45



3.2 Introduction

To date, interpretations of ecology and feeding behaviour of fossil thylacinids have been
largely qualitative. This is, at least in part, because most extinct species are known only
from jaw fragments and teeth. The near-complete skull of Nimbacinus dicksoni
(Muirhead and Archer 1990; Muirhead and Wroe 1998; Wroe and Musser 2001), a
medium-sized thylacinid, provides a unique opportunity to investigate feeding ecology

in a fossil thylacinid.

Nimbacinus dicksoni was approximately 5 kg in body mass (Wroe 2001). Fossils of V.
dicksoni have been recovered from Oligocene-Miocene deposits in the Riversleigh
World Heritage Area, north-western Queensland and Bullock Creek, Northern Territory
(Muirhead and Archer 1990; Murray and Megirian 2000; Wroe and Musser 2001;
Archer et al. 2006). Its dentition is less specialised than that of the species of
Thylacinus, but broadly comparable to the living dasyurid, the spotted-tailed quoll
(Dasyurus maculatus) in the arrangement and geometry of molar shearing crests

typically associated with carnivory (Wroe ef al. 1998; Wroe and Musser 2001).

To date conflicting evidence has been presented regarding the body size of prey N.
dicksoni may have hunted. Predictions of bite force adjusted for body mass, based on
application of 2D beam theory, have suggested that N. dicksoni may have taken
relatively large prey, as does the slightly smaller spotted-tailed quoll (Wroe et al. 2005).
However, shape analysis of the cranium has suggested that the species may have been
restricted to smaller prey and/or included a higher proportion of invertebrate food in its

diet (Wroe and Milne 2007).

Vertebrate skulls are adapted to support a specific suite of functions, including food
procurement and processing, protection of the brain and sensory organs (by absorbing
the shock of impact) and support the face and neck muscles (Preuschoft and Witzel
2005). According to Wolff's law, bones are formed of mechanically optimised structures
of maximal strength and minimal weight that accurately reflect its function (Wolff
1892). The skull shape, function and optimal use can therefore be predicted by its

mechanics.
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The loads imposed on an animal during prey acquisition and feeding play an important
role in the evolution of its skull morphology (Dumont et al., 2005). Testing
hypothesises regarding the relationship between the form and function of skulls from
extinct species requires an understanding of this relationship in living animals (Ross,
2005). A comparative biomechanics approach involving living analogues has
increasingly been applied to predict the feeding behaviour of extinct species (McHenry
et al.,2007; Wroe et al., 2007; Tseng 2008; Bell et al., 2009; Wroe et al., 2010; Young
et al., 2012). Here, to gain further insight in the feeding ecology of N. dicksoni, we
perform a biomechanical analysis of the skull of N. dicksoni to predict its mechanical
behaviour. We apply a powerful engineering tool called Finite Element Analysis (FEA)
to determine relative stress magnitudes and distributions in the skull of N. dicksoni in
response to loads simulating the capture and processing of prey. An analysis of the
mechanical function of the N. dicksoni skull will benefit from comparisons with
members of the extinct lineage as well as extant relatives with extensively studied diets.
Skull fossils of Thylacinidae are exceeding rare, with only three species known from
fossil crania. Results are compared to those from a range of extant marsupial ‘carnivore’
species including the Tasmanian devil (Sarcophilus harrisii), spotted-tailed quoll and
northern quoll (Dasyurus hallutus). We also include the thylacine to establish whether
the biomechanical performance of N. dicksoni more closely resembles that of this larger,

more derived thylacinid than dasyurids.

Finite Element Analysis (FEA) is a three-dimensional (3D) computer modelling
approach more commonly used by biologists and palaeontologists to examine and
compare mechanical performance in biological structures in comparative contexts
(Rayfield et al. 2001; Moazen et al. 2008; Strait et al. 2010; Attard et al. 2011; Chamoli
and Wroe 2011; Oldfield et al. 2012). In FEA, continuous structures, such as the skull,
are divided into a discrete, finite numbers of elements, allowing the prediction of
mechanical behaviour for complex geometric shapes. The structure is analysed in the
form of a matrix algebra problem that is solved with the aid of a computer (Thresher

and Saito 1973).
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Studies of feeding ecology for thylacinids have primarily focused on the most recently
extinct member of the family, the thylacine, which survived in Tasmania until 1936
(Paddle 2000). Our understanding of the ecology of the thylacine is chiefly based on
morphological comparison and 2D beam theory (Wroe et al. 2005; Wroe and Milne
2007), as well as anecdotal accounts of their behaviour in the wild (Guiler 1985; Paddle
2000; Bailey 2001). Elbow joint morphology of thylacines evidently most closely
resembles that of extant ambush predators, a compromise between efficient distance
locomotion and the ability to manipulate and grapple with prey (Figueirido and Janis
2011). Three-dimensional biomechanical modelling of the skull of the thylacine, extant
dasyurids and an introduced Australian predator (Canis lupus dingo) have suggested

potential limitations on prey body size (Wroe ef al. 2007; Attard et al. 2011).

Morphological and biomechanical comparisons including sympatric native predators in
Tasmania indicate that diet of thylacines may have overlapped considerably with the
two largest extant marsupial carnivores, the Tasmanian devil and spotted-tailed quoll
(Jones and Barmuta 1998; Jones and Stoddart 1998; Attard ef al. 2011). These species
represented the three largest marsupial carnivores in Tasmania at the time of European

settlement.

The Tasmanian devil is today the largest living marsupial carnivore (mean adult male
weight 8.7 kg, female 6.1 kg) (Bradshaw and Brook 2005). Relative to its body size, its
predicted bite force is greater than that of any other extant mammal studied to date
(Wroe et al. 2005). The robust jaw-closing muscles of the Tasmanian devil generate
powerful bites capable of crushing bone and teeth (Werdelin 1986; Jones 2003; Attard
et al. 2011). They are able to consume up to 40% of their body mass in a single meal
(Pemberton and Renouf 1993) and are the only specialised scavengers among living
marsupials, filling a broadly similar ecological niche to that of osteophageous hyenas
(Jones and Stoddart 1998). However, they are also opportunistic hunters known to prey
on a range of species, including small- to medium-sized mammals and birds that may
exceed their body mass, as well as occasionally consuming plant material (Guiler 1970;

Taylor 1986).
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Quolls are represented by four extant species in Australia and two in New Guinea
(Groves et al. 2005). The largest quoll, the spotted-tailed quoll (maximum weight 7 kg)
has a broad diet consisting of a variety of taxa, mainly consisting of mammals and
insects, but will occasionally feed on birds and reptiles (Edgar and Belcher 1995; Glen
and Dickman 2006). They are opportunistic hunters, varying their diet in response to
environmental disturbances and short-term fluctuations in prey abundance (Glen and
Dickman 2006; Dawson ef al. 2007). They are capable of catching mammals
approaching or exceeding their body mass, including the common brushtail possum
(Trichosurus vulpecula), common ringtail possum (Pseudocheirus peregrinus), red-
necked pademelon (Thylogale thetis) and long-nosed bandicoot (Perameles nasuta)
(Belcher 1995; Glen and Dickman 2006; Belcher ef al. 2007). These larger prey species
constitute a higher proportion of the diet of adult male spotted-tailed quolls, while
females and immature spotted-tailed quolls more frequently feed on smaller bodied
mammals (Jones 1997; Dawson et al. 2007). The northern quoll is the smallest and most
arboreal of the four Australian quolls, weighing up to 1.2 kg (Braithwaite and Begg
1995; Strahan 1995). Although primarily insectivorous, this active hunter can feed on a
variety of foods: fruits, small mammals, birds, reptiles, frogs and carrion (Belcher 1995;

Oakwood 1997; Pollock 1999).

In this study we determine whether N. dicksoni was capable of killing large prey relative
to their body size, or was restricted to catching small bodied species. By digital
reconstruction of its skull and applied 3D FEA, we compare its mechanical performance
with that of three extant marsupial carnivores and the thylacine. We use previously
applied scaling procedures (McHenry ef al. 2007) to account for differences in body
mass, allowing for comparison of results between species. We predict that N. dicksoni
will have similar distributions and magnitudes of craniomandibular stress to that of the
similar-sized D. maculatus, which would suggest a dietary niche including relatively
large-bodied prey. We further hypothesise that the relatively long rostrum of 7.
cynocephalus will result in higher stresses in the skull during biting and prey

procurement than other dasyuromorphians.
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3.3 MATERIALS AND METHODS

3.3.1 Specimens

Biomechanical performance of the skull of N. dicksoni (QMF36357) was compared
with that of four dasyuromorphian species covering a range of craniodental
morphologies and feeding ecologies. These comprised three extant dasyurids (northern
quoll, TMM M-6921; spotted-tailed quoll, UNSW Z20; Tasmanian devil, AM10756),
and one thylacinid (thylacine, AM1821). Institutional abbreviations are QMF
(Queensland Museum Fossil), TMM (Texas Memorial Museum), UNSW (University of
New South Wales) and AMNH (American Museum of Natural History).

We generated 3D FEMs of each skull on the basis of computed tomography X-ray (CT)

scan data. Digimorph (University of Texas; http://www.digimorph.org) was the source

of CT data of a northern quoll skull (0.0784 mm slice thickness, 0.0784 mm inter-slice
distance). Other skulls were scanned in a Toshiba Aquillon 16 scanner (ToshibaMedical
Systems Corporation, Otawara, Tachigi, Japan) at the Mater Hospital, Newcastle, NSW
(1 mm slice thickness, 0.8 mm inter-slice distance, 240 mm field of view). Surface
meshes were generated from the CT data using Mimics 13.2 and converted to FEMs in
STRAND?7 (ver. 2.4) following previously established protocols (McHenry et al. 2007;
Wroe 2008; Attard ef al. 2011).

3.3.2 Digital reconstruction of Nimbacinus dicksoni

For detailed descriptions of N. dicksoni see Muirhead and Archer (1990) and Wroe and
Musser (2001). The skull is very well preserved, although some regions are absent or
damaged. Specifically, some damage/deformation is present at the postorbital processes,
frontal, maxillary and nasal bones, which are compressed dorsoventrally. These
damaged regions were reconstructed according to the morphology of surrounding bone
regions once the damaged areas had been isolated and deleted (Benazzi et al. 2011).
Regions of bone that showed only minor damage were smoothed to create a coherent

surface mesh for later solid meshing.
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The right and left dentaries were largely intact but missing the superior regions of the
coronoid processes, the temporomandibular joints (TMJ), condyles and angular
processes. The anterior of the mandible is broken, separating both dentaries. We used
the right dentary as a basis for reconstruction because its dentition was more far more
complete, with only the incisors missing. We used a surface mesh of the right dentary of
the spotted-tailed quoll to reconstruct posterior regions of the right dentary of N.
dicksoni. The spotted-tailed quoll was chosen as its mandible was most similar in shape

to that of V. dicksoni, thereby minimising the extent of warping needed (and see below).

Reconstruction involved scaling the dentary of the spotted-tailed quoll to the same size
as that of N. dicksoni, the missing posterior region of the N. dicksoni specimen was then
isolated on the spotted-tailed quoll specimen and the mesh fitted to the existing structure
in the mesh of N. dicksoni using Iterative Closest Point (ICP) registration. ICP is an
algorithm that revises the transformation needed to minimize the distance between the
points of two partially overlapping meshes. This process re-oriented the spotted-tailed
quoll dentary in accordance with the morphology of the N. dicksoni dentary (Besl and
McKay 1992). The anterior region of the spotted-tailed quoll dentary was deleted and
the posterior region ‘warped’ so that overlapping regions of the coronoid process and
angular process from the spotted-tailed quoll mesh matched the existing morphology of
N. dicksoni (method followed Oldfield et al. 2012; Parr et al. 2012). Similarly, the TMJ
was warped so that the condyle articulated with and fitted the cotyle of the cranium. The
left dentary was created by mirroring the reconstructed right dentary. These were
positioned so that the condyles articulated with the cranium, the outer surfaces of the
lower molars made contact with the inner surface of the upper molars, and the tips of

the lower canines aligned with their 'sockets' in the cranium (see Figure 3.1).

It is important to note that the shape of the warp was determined by the existing regions
of the N. dicksoni dentary, the need for the condyle to articulate with the cotyle at the
TMJ and for the coronoid process to fit between the cranium and the zygomatic arch.
These requirements act as restraints on the warp such that the shape of the starting mesh

(spotted-tailed quoll in this case) is not important in the sense that the warping process
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would always end with a similarly shaped posterior region of the mandible regardless of
which taxon was used. We reiterate that spotted-tailed quoll was used because it was the

most similar in shape and therefore required less ‘warping’.

The N. dicksoni cranium was missing the following teeth: left I1-4, right I1, 3-4, both
right and left C1 and right LDP2. The existing 12 and LDP2 on N. dicksoni were
mirrored. All incisors were missing from the mandible. Incisors from the spotted-tailed
quoll were isolated, scaled and fitted into the empty tooth sockets on N. dicksoni. Figure

3.1 displays the completed reconstruction of N. dicksoni.
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Figure 3.1 Digital reconstruction of Nimbacinus dicksoni. Original (grey) and
reconstructed 3D (yellow) in (a), lateral view; (b), dorsal view; (c), Pre-processed FE

model of N. dicksoni, showing jaw musculature represented by trusses.
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3.3.3 Finite element models

The assembly of FEMs largely follows previously published procedures (McHenry et
al. 2007; Wroe et al. 2010; Attard et al. 2011). As the skull of N. dicksoni was not fully
preserved, we were unable to assign multiple material properties to the digital
reconstruction without introducing additional assumptions. Consequently, as in most
FEA incorporating fossil material (Rayfield ez al. 2001; Rayfield 2007; Wroe et al.
2010), all FEMs were homogeneous and assigned a single material property for cortical
bone (£ =13.7 GPa, v = 0.3, where E is Young’s modulus of elasticity and v is
Poisson’s ratio) (Cook et al. 1982) in order to enable direct comparisons between
species. Young's modulus is a measure of stiffness in the material, whereas Poisson's
ratio is used for stress and deflection analysis of structures. Each homogenous model

was comprised of four-noded tetrahedral elements or 'bricks'.

3.3.4 Modeling masticatory muscle forces

Jaw elevators were modeled as seven muscle subdivisions: temporalis superficialis,
temporalis profundus, masseter superficialis, masseter profundus,
zygomaticomandibularis, pterygoideus internus and pterygoideus externus (Wroe et al.
2007). Proportions used for each jaw muscle division were based on muscle mass
proportions from a dissected Virginia opossum (Didelphis virginiana) (Turnbull 1970).
Muscle forces were predicted on the basis of maximum cross-sectional areas (CSA)
using the ‘dry skull” method (Thomason 1991). To improve the accuracy of our CSA
measurements, we used our FEMs to record the co-ordinates of ~100 nodes at the
perimeter of each muscle cross sectional area (Chamoli and Wroe 2011). The FEM was
moved to the correct orientation described by Thomason (1991) to select nodes
outlining the CSA. The node co-ordinates were then plotted in plane geometry software,
GEUP 5 (version 5.0.3) and connected to form a multi-sided polygon. The area of the
polygon was measured to estimate the CSA of each major jaw closing muscle. Data for
muscle forces are in Table 3.1. To minimise the incidence of artifacts at bite points and
muscle origin and insertion areas, surface regions at these sites were tessellated using a

network of stiff beam elements (Clausen et al. 2008).
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Table 3.1 Muscle forces used for each jaw muscle division in unscaled intrinsic models
of the northern quoll, spotted-tailed quoll, Tasmanian devil, Nimbacinus dicksoni and
thylacine. These were calculated using muscle mass proportions from a dissected
Virginia opossum (Turnbull 1970). Muscle forces were scaled for a bilateral canine bite
by multiplying the muscle force by the ratio between bite force estimated using body

mass regressions and maximum bite force estimated from the unscaled FEM.

Muscle force distribution (in Newtons) of jaw muscle groups

Northern  Spotted- Nimbacinus Tasmanian

quoll tailed quoll  dicksoni devil Thylacine
Temporalis
superficialis 2.13 6.73 11.24 11.84 26.78
Temporalis profundus ~ 2.13 6.71 11.21 11.80 26.70
Masseter superficialis ~ 2.06 6.51 10.87 11.45 25.90
Masseter profundus 2.01 6.34 10.58 11.14 25.20
Zygomaticomandibular
is 2.31 7.29 12.17 12.81 28.98
Pterygoideus internus ~ 2.26 7.13 11.90 12.53 28.35
Pterygoideus externus  2.01 6.34 10.58 11.14 25.20
TOTAL 14.91 47.04 78.56 82.72 187.11
Scaled muscle force 0.67 0.52 0.59 0.68 1.02

3.3.5 Restraints, loading conditions and scaling

Dasyurids frequently use a penetrating canine bite to kill prey (Fleay, 1932; Jones,
1995; Jones and Stoddart, 1998; Pellis and Nelson, 1984; Pellis and Officer, 1987)
which involves the application of a bending load (Dumont and Herrel, 2003). We
simulated bilateral canine biting (intrinsic load) and four extrinsic loads to simulate
loads generated by struggling prey (axial twist, lateral shake, pullback and dorsoventral)
for all models using protocols described by Attard ef al. (2011) and following McHenry
et al. (2007). Extrinsic loads were modelled without applying bite forces so as to clearly
reveal the different influences of each separate loading (McHenry et al. 2009). A gape

angle of 35° was applied in all linear static load cases.
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A considerable size range exists between specimens considered in the present study.
The relationship between bite force and body mass is negatively allometric (Wroe et al.
2005; Christiansen and Wroe 2007). To account for differences in body mass, load
cases were solved following the scaling procedures of McHenry et al. (2007). Here, for
each model, an estimate of bite force was made based on regression of body mass to
bite force for dasyuromorphians [z = 0.6998 (log y) + 1.8735, where and y = mass (g)
and z = bite force at canines (N)] (Wroe ef al. 2005), with body mass for each specimen
predicted using the equation based on lower molar row length [log y =—1.075 +
3.209(log x), where x = lower molar length (mm), and y = mass (g)] as presented by
Myers (2001). Muscle forces were then scaled for each specimen to achieve bite forces
predicted on the basis of body mass. FEMs were solved using these scaled mucle forces.
The maximum bite force measured in Newtons (N) was estimated for a bilateral canine

bite using FEMs with unscaled, specimen-specific estimated muscle forces.

An H-frame connecting the canines of the upper and lower jaws was used to apply
extrinsic forces, with forces applied at the centre of the frame (Wroe ef al. 2007; Attard
et al. 2011). The force (N) applied to extrinsic loads was equivalent to 100 times the
animal’s estimated body mass for an axial twist, and 10 times the animal’s estimated

body mass for a lateral shake, pullback and dorsoventral (Myers 2001).

Von Mises (VM) stress is a good predictor of failure in ductile materials such as bone
(Nalla et al. 2003; Tsafnat and Wroe 2010) and VM stress is used here as a metric for
comparison between models following Attard et al. (2011). Nodes were selected at
equidistant points along the mid-sagittal plane, zygomatic arch and mandible (Figure
3.2) and at each node values were calculated by averaging VM stress recorded in the
surrounding elements to assess changes in stress magnitudes and distributions under

different loadings.

56



3. PREY SIZE PREFERENCE OF NIMBACINUS DICKSONI

Figure 3.2 Position of nodes selected at equidistant points along the (a) mid-sagittal
plane, (b) zygomatic arch, and (c) mandible to measure distribution of VM stress for

each loading case.

3.4 RESULTS

The predicted body mass (kg) of each species was generally within the expected range
for each of the extant species (Table 3.2). Body mass estimates ranged from 0.78 kg for
the northern quoll, up to 32.49 kg for the thylacine. However, the body mass estimated
for the Tasmanian devil of 14.20 kg was slightly above the upper limit observed for
males (13 kg) (Owen and Pemberton 2005), possibly because the teeth and skull are
relatively large in this species. Predicted maximum muscle forces for N. dicksoni (407
N) were relatively high, being intermediate between the spotted-tailed quoll (300 N) and
Tasmanian devil (706 N) (Table 3.3).
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Table 3.2 Predicted body mass (kg) calculated using the regression equation for

dasyuromorphians provided by Myers (2001) based on lower molar row length.

Temporalis and masseteric muscle forces (N) were calculated based on cross-sectional

area (Thomason 1991).

Predicted Temporalis Masseteric Total

body mass muscle force muscle force ~ muscle
Species (kg) (N) (N) force (N)
Northern quoll 0.78 67.60 55.89 123.49
Spotted-tailed quoll 2.88 211.00 178.67 389.67
Nimbacinus
dicksoni 5.25 282.38 368.33 650.71
Tasmanian devil 14.20 300.46 384.73 685.19
Thylacine 32.49 706.64 843.21 1, 549.86

Table 3.3 Maximum bite forces (N) for unscaled homogeneous models during a

bilateral canine for the nothern quoll, spotted-tailed quoll, Tasmanian devil, Nimbacinus

dicksoni and the thylacine.

Maximum bite force (N) for a
bilateral canine

Northern quoll 93.70

Spotted-tailed quoll 299.81
Nimbacinus dicksoni 406.81
Tasmanian devil 705.84
Thylacine 835.94
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The thylacine displayed comparatively high levels of VM stress in the cranium and
mandible for most simulations (Figure 3.3-3.6). This is consistent with results of Attard
et.al. (2011), who applied 3D FEA to compare mechanical performance in the skull of
the thylacine with extant Tasmanian marsupial carnivores. The northern quoll showed
relatively high levels of stress in the posterior of the mandible for a canine bite (Figure

3.3a), and along the ventral surface of the ramus for most extrinsic loads (Figure 3.5a-

c).

The regions of highest stress along the dentary of N. dicksoni were located at the
coronoid fossa and condylar process (Figure 3.3¢). These regions of peak stress may be
in part an artifact of reconstruction. Otherwise the dentary of N. dicksoni revealed
similar stress patterns for a bilateral bite to the spotted-tailed quoll (Figure 3.3). The
distribution of stress for N. dicksoni in the cranium in response to a bilateral bite was
intermediate between the Tasmanian devil and spotted-tailed quoll (Figure 3.4). The
magnitudes of stress along the mid-sagittal plane of N. dicksoni were slightly higher
than for the Tasmanian devil and lower than for the spotted-tailed quoll (Figure 3.3g).

The highest stress in the cranium occurred within the posterior regions of the zygomatic
arches for all species in response to a bilateral canine bite (Figure 3.4). The thylacine
was the only species to show two distinct peaks in stress for a bilateral bite along the
mid-sagittal crest (Figure 3.4f). These stress points occurred at the temporal ridge and at
the most narrowed region of the nasal (Figure 3.4¢e). Von Mises stress measured along
the mid-sagittal crest for a bilateral bite revealed one point of peak stress halfway along
the frontal of the spotted-tailed quoll, Tasmanian devil and N. dicksoni and at the
temporal ridge for the northern quoll (Figure 3.4).

Stress was quite evenly distributed along the dentaries for all species in response to
lateral shaking and axial twisting, with the exception of the northern quoll, wherein
stresses peaked anteriorly (Figure 3.5u, v). An axial twist resulted in much higher levels

of stress along the mid-sagittal crest for the northern quoll compared to all other
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species, and peaked at the anterior of the nasal and at the frontal (Figure 3.6b). The
northern quoll also had notably higher levels of stress along the mandible than the other
species for a lateral shake and axial twist (Figure 3.5u, v), while the Tasmanian devil
and thylacine showed higher levels of stress along the mandible for a pullback and
dorsoventral shake (Figure 3.5w, x). Two points of peak stress were apparent along the
dentary for the thylacine in these two simulations; one at the most anterior point, and the
second at the coronoid fossa. Stress distribution along the dentary of the Tasmanian
devil followed a similar trend for a pullback and dorsoventral shake; peaking at the

ramus inferior to M1 then gradually decreasing posteriorly.
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Figure 3.3 Stress distribution along mandible during a bilateral canine bite. Stress
distribution in scaled homogeneous models with bite force scaled based on theoretical
body mass during a bilateral canine bite for (a) northern quoll, (b) spotted-tailed quoll,
(c) Tasmanian devil, (d) Nimbacinus dicksonim, and (e) thylacine. (f) Distribution of

von Mises (VM) stress was measured from anterior to posterior along the mandible.
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Figure 3.4 Stress distribution along mid-sagittal crest during a bilateral canine bite.
Stress distribution in homogeneous models with bite forces scaled based on predicted
body mass during a bilateral canine bite for (a) northern quoll, (b) spotted-tailed quoll,
(c) Tasmanian devil, (d) Nimbacinus dicksoni, and (e) thylacine. (f) Distribution of von

Mises (VM) stress was measured from anterior to posterior along the mid-sagittal plane.
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Figure 3.5 Stress distribution along mandible for extrinsic loads. Stress distribution in
scaled homogeneous models with bite force scaled based on predicted body mass during
a (a), (e), (1), (m), (q) lateral shake, (b), (f), (j), (n), (r) axial twist, (c), (g), (k), (0), (s)
pullback, and (d), (h), (1), (p), (t) dorsoventral. Species compared were (a-d) northern
quoll, (e-h) spotted-tailed quoll, (i-1) Tasmanian devil, (m-p) Nimbacinus dicksoni,and
(g-t) thylacine. Distribution of von Mises (VM) stress was measured from anterior to
posterior along the mandible for a (u) lateral shake, (v) axial twist, (w) pullback, and (x)

dorsoventral.
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Figure 3.6 Stress distribution along mid-sagittal crest for extrinsic loads. Stress
distribution in scaled homogeneous models with bite force scaled based on predicted
body mass during a (a), (e), (i), (m), (q) lateral shake, (b), (f), (j), (n), (r) axial twist, (c),
(g), (k), (0), (s) pullback, and (d), (h), (1), (p), (t) dorsoventral. Species compared were
(a-d) northern quoll, (e-h) spotted-tailed quoll, (i-1) Tasmanian devil, (m-p) Nimbacinus
dicksoni, and (g-t) thylacine. Distribution of von Mises (VM) stress was measured from
anterior to posterior along the jaw for a (u) lateral shake, (v) axial twist, (w) pullback,

and (x) dorsoventral.
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3.5 DISCUSSION

Differences in biomechanical performance between the three extant dasyurids included
in this study appear consistent with their respective known feeding behaviours. The
northern quoll showed comparatively higher levels of stress in most simulations than
the Tasmanian devil and spotted-tailed quoll. The northern quoll eats invertebrates and
other relatively small prey (Belcher 1995; Oakwood 1997; Pollock 1999), which may
not require adaptation to sustain the full range of extrinsic loads simulated here. This
species shows particularly high VM stress in axial twisting. However, it performs
relatively well under pull-back loading, may be linked to a capacity for pulling
invertebrates from the ground. Observational studies on wild northern quolls will be
required to confirm the functional role of their skull in prey acquisition. Overall
consistencies found between known prey size and biomechanical performance for extant
dasyuromorphians underscore the potential value of projections based on comparative

FEA for extinct taxa.

Our comparative biomechanical modelling of dasyuromorphian skulls suggests
considerable differences in the predatory behaviour between the two thylacinids
considered here. Our 3D based results indicate that the Oligo-Miocene N. dicksoni had a
high bite force for its size, comparable to that of extant dasyurids known to specialise on
relatively large prey, the spotted-tailed quoll and Tasmanian devil (Belcher 1995; Jones
and Barmuta 1998). In light of comparable levels of carnassialisation in the cheektooth
dentition with the spotted-tailed quoll, and a lack of obvious dental specialisation
consistent with regular bone-cracking, our results suggest a predominantly carnivorous

diet for N. dicksoni that may have included relatively large prey.

Although our FEA results for N. dicksoni show a capacity to kill prey approaching or
exceeding its own body mass, its prey range may have been limited by competition with
sympatric carnivores. The extent of niche overlap and competition within this ancient,

large carnivore community may have been partially alleviated by occupying different
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habitats and specialising in different hunting strategies. Variation in the mode of killing
and habitat use of each carnivore may have made them suited to particular types of prey,
and allow partitioning of food resources. The recovery of a near complete skeleton of N.
dicksoni (Muirhead and Archer 1990) will provide further information on the
locomotion and predatory behaviour based on postcranial material; for example, was N.

dicksoni as arboreal as the extant spotted-tailed quoll?

Differences in mechanical performance suggest that the thylacine is unusual relative to
other dasyuromorphians, including, N. dicksoni, as indicated by distinctly higher VM
stresses than all other species in response to each loading case. These results further
support the contention by Attard ef al. (2011) that niche breadth of thylacines may have
been more limited and that it likely preyed on small- to medium-sized vertebrates such

as wallabies, possums and bandicoots.

Although measures of skull performance in response to forces imposed by struggling
prey revealed closer similarity between the fossil thylacinid N. dicksoni and large extant
carnivorous dasyurids, than with the thylacine, there were differences. Our
reconstruction suggests that the TMJ was more elevated in N. dicksoni than in the
spotted-tailed quoll, and higher relative to the height of the cheektooth row. The precise
positioning of the TMJ could influence masticatory function (Greaves 1980). The TMJ
is a complex joint and is important for occlusion and mastication (Breul et al., 1999;
Hylander, 1979). The position of the TMJ can influence bite strength and muscle
activation (Hickman and Cramer, 1998). Trends in the position of the TMJ along the
anterior-posterior axis have been observed in terrestrial mammalian carnivores (Wroe
and Milne, 2007). Conclusive determination must await the discovery of more complete

cranial material.
Morphological evidence from past studies further demonstrates diversity within this

family. The smallest thylacinid, Muribacinus gadiyuli, is believed to have fed on

relatively small vertebrates because it lacks dental features present in large prey
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specialists (e.g. robust protoconids and brachycephalisation) such as similarly sized
spotted-tailed quoll (Wroe 1996). The only dasyurid cranial specimen dating from pre-
Pliocene deposits was recovered in Riversleigh. The archaic dasyurids were no longer
present by the Pliocene, and modern genera such as Planigale and Sminthopsis begin to
appear (Archer et al., 2000). The variety of feeding behaviours among thylacinids may
have helped facilitate their co-existence within different ecological niches that were

later filled or displaced by diversifying carnivorous dasyurids.
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4.1 Abstract

4.1 ABSTRACT

Maximum prey size and competition are important indicators of species extinction
vulnerability, particularly among large mammalian carnivores. The thylacine
(Thylacinus cynocephalus) was the largest marsupial carnivore to survive up to
European settlement in Tasmania and became extinct in 1936. Factors contributing to
their extinction have been debated and will benefit from an improved understanding of
their feeding ecology. The dietary composition of Tasmanian thylacines was explored
using carbon (8'°C) and nitrogen (8'°N) stable isotope ratios of preserved tissues from
thylacines and potential prey species. Tissues from sympatric marsupial carnivores were
also collected to test for niche overlap with the thylacine. Furthermore, we integrate
historical and recent stable isotope data of marsupial carnivore tissues to assess long-
term shifts in their diet and habitat use following European arrival in Tasmania. Using a
multiple-source mixing model (MixSIR), we speculate that hunting of medium-sized
(13-30 kg) mammals was likely to be a major element of thylacine subsistence in
Tasmania. This may have included the common wombat (Vombatus ursinus), red-
necked wallaby (Macropus rufogriseus) and Tasmanian pademelon (7hylogale
billardierii). Severe overexploitation of predominant prey species by humans since the

early 19" century may have had bottom-up effects on thylacine abundance.

There was a high degree of trophic niche overlap both between thylacine sexes and
across other members of the marsupial carnivore guild, which may have resulted in high
competitive pressure. Alternatively, there may have been little intraguild competition, as
stable isotopes give an averaged indication of the prey used, rather than identifying
specific prey types. Differences in 8'°C values between the thylacine and the two largest
remaining marsupial carnivores, the Tasmanian devil (Sarcophilus harrisii) and spotted-
tailed quoll (Dasyurus maculatus), suggest differences in habitats utilised by these

predators, which may have helped alleviate the pressure of intraguild competition. The
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Tasmanian devil and spotted-tailed quoll showed shifts in their '°N values following
European settlement. This may be attributed to changing prey availability or changes in
the source nitrogen at the base of the food as a result of landscape modification.
Lowering of Tasmanian devil and spotted-tailed quoll keratin 8"°C values over ~180
years is suggestive of a transition in habitats used as animals moved from predominately
mosaic grassland landscapes towards denser vegetation. This increased understanding of
top predator ecology and their response to disturbances in the ecosystem are relevant for
the conservation and preservation of Australia's last few remaining large marsupial

carnivores that face similar challenges as the thylacine for their survival.
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4.2 INTRODUCTION

Large mammalian carnivores are being lost from the planet at an astonishing rate
(Morrison et al. 2007). This is primarily due to humans activities such as exploitation
(Brashares ef al. 2001) and the removal and fragmentation of habitats (Woodrofte 2000;
Ceballos and Ehrlich 2002; Sechrest 2003; Munday 2004). Specialised predators are
more vulnerable to environmental fluctuations and so are at a higher risk of extinction
than generalised predators (Mufioz-Duran 2002). Niche overlap among predators can
lead to an increase in competition and a reduction in available resources in the
ecosystem (Charnov et al. 1976). The loss of high trophic level species can cause
cascading trophic effects and alter trophic interactions (Crooks and Soulé 1999; Berger
et al. 2001b; Coté et al. 2004; Estes et al. 2011). Understanding how biological species
traits have contributed to past and present population declines and extinctions will
provide us with a long-term perspective, which is essential to predict future changes in

species and food web structure.

The island of Tasmania contains the largest marsupial carnivores in the world (Jones
1997) and provides a unique system to study resource specialisation, competition and
extinction risk among large predators. At the time of European settlement, this guild
comprised of the thylacine (Thylacinus cynocephalus), Tasmanian devil (Sarcophilus
harrisii), spotted-tailed quoll (Dasyurus maculatus) and eastern quoll (Dasyurus
hallucatus). The thylacine became extinct in 1936 and all other species are now in
danger of extinction (IUCN 2012). The likelihood of endemic mammal extinctions on
islands are associated with a combination of factors, including island area and location,

species ecology and body size (Alcover et al. 2002).

The status of the thylacine as a meat specialist has been universally agreed upon, but
whether they were a predator of relatively large mammalian prey remains a long-
running subject of debate (Case 1985; Jones and Stoddart 1998; Paddle 2000; Johnson
and Wroe 2003; Wroe ef al. 2007; Attard et al. 2011). Thylacines were by far the largest
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marsupial carnivore to survive up to European settlement in Australia; with an average
head to tail length of 1.2 metres and average body weight of 30 kg (Watts 1993; Paddle
2000). As hunting is an energy consuming activity, large predators may be able to
optimise their net energy gain by targeting larger prey items (Caraco and Wolf 1975). A
striking transition in prey selection occurs at a predator mass of about 21.5 kg, with
those species below the threshold taking prey of <45% their mass and those above
taking prey of >45% their mass (Carbone ef al. 1999). As a large-bodied predator,
relying on prey <13 kg in mass would have been energetically constraining for
thylacines: their food may have been inadequate to support them unless smaller prey
species were abundant (Attard et al. 2011). However, pervasive selection for larger prey
size in large carnivores can lead to dietary specialisation and increased vulnerability to

extinction (Van Valkenburgh 2004).

The stable isotopes ratio of carbon (*C/**C; §'°C) and nitrogen (°N/'*N; §"°N) in
animal tissues have been increasingly used to provide a direct indication of the foraging
ecology and habitat of extinct species (Vogel and Van der Merwe 1977; Lee-Thorp et
al. 1989; Hobson and Montevecchi 1991; Hilderbrand et al. 1996; Richards et al. 2000;
Fernandez-Mosquera et al. 2001; Clementz et al. 2003; Feranec 2003; 2004;
MacFadden et al. 2004; Kohn et al. 2005; Koch et al. 2007; Crowley et al. 2011). By
measuring stable isotope ratios of various fauna in a paleo-ecosystem, it is possible to
examine aspects of food web structure (Peterson and Fry 1987). The step-wise
enrichment of '°N in a consumer's tissue from their diet (3-5%o) provides a robust
measure of an animal's trophic position (DeNiro and Epstein 1981; Minagawa and
Wada 1984; Vander Zanden et al. 1997; Post 2002). In terrestrial ecosystems,
differences in 8'°C are related to the photosynthetic pathway of plants at the base of the

food web and are used to reflect an animal's habitat (DeNiro and Epstein 1978).
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Human-caused disturbances are a fact but the ecological consequences are uncertain.
Monitoring stable isotopic signatures of high trophic level organisms are preferentially
used to indicate overall changes in the food web structure and vegetation, as they more
accurately reflect average isotopic fluctuations across the environment than lower
trophic level organisms (Bump ef al. 2007). Multi-decadal variability in predator
isotopic composition has been investigated extensively in marine and aquatic systems
(Burns et al. 1998; Hirons ef al. 2001; Hilton et al. 2006; Newsome et al. 2007; Cerling
et al. 2008; Christensen and Richardson 2008), yet has been rarely studied in terrestrial
systems (Féret et al. 2003; Bump et al. 2007). Due to the lack of empirical evidence, the
historical vegetation structure of the Tasmanian landscape and its impact on the ecology

of large predatory marsupials remains widely unknown (Seamster 2010).

The aim of this study is to (i) identify prey body size range and proportional
composition of prey items in the thylacine diet, (ii) assess niche partitioning within and
among sympatric marsupial carnivores, and (iii) assess long-term shifts in marsupial
carnivore diet and habitat use in Tasmania. To infer the diet of the thylacine, we
analysed stable isotope values of preserved tissues from thylacines and potential prey
species present in Tasmania. The diet of thylacines was compared with sympatric
marsupial carnivores by measuring the breath of each species' diet (i.e. niche width,
Schoener 1971) to assess their potential for competition. Due to their high degree of
scavenging, we predict that the Tasmanian devil would show higher variability in their
trophic niche compared to other marsupial carnivores. As a sexually dimorphic species,
we hypothesise that the thylacine would have intersexual differences in their feeding
and habitat preferences. The isotopic ecology of museum preserved tissues from
marsupial carnivores will provide important baseline data about Tasmanian native
vegetation and provide concurrent information about the long-term shifts in the ecology

of Tasmania’s marsupial carnivore guild.
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4.3 MATERIALS AND METHODS

4.3.1 Specimens and tissues

4.3.1.1 Marsupial carnivores

Tissues were collected from thylacine (n=34), Tasmanian devil (n=59), spotted-tailed
quoll (n=57) and eastern quoll (n=49) specimens for stable isotope analysis. All
specimens were from wild stock (i.e. died/killed in the wild) and were derived from
Tasmania. Only tissues from adult specimens were included in this study as juveniles
may have enriched 3'°N and 8"°C values from weaning (Fogel ez al. 1989; Millard
2000; Fuller et al. 2006). Due to the limited number of available wild thylacine and
sympatric carnivore museum-archived specimens, multiple different tissues were
acquired for this study. Bone was preferentially used, however, if bone was unavailable
or too invasive to sample, we instead collected hair or a vibrissa from the specimen.
Stable isotope results were pooled together for some analysis (see section 4.3.7 and
4.3.9) where there was an insufficient sample size to analyse each tissue type (collagen
and keratin) separately. Differences in stable isotope values between tissues were
accounted for prior to statistical analysis for pooled tissue types (see section 4.3.6). A
list of all marsupial carnivore specimens, including museum records and the tissue type

tissue used in this study are displayed in Appendix Al.

4.3.1.2 Potential prey species

We collected skin tissue from 12 potential prey species of the thylacine mentioned in
anecdotal accounts (Guiler 1985; Paddle 2000). Prey species were from a range of
feeding niches (herbivore-insectivore-carnivore) and body sizes (<1-66 kg) (Appendix
A3). Sample size and mean (+ SD) 8'3C and 8"N values for the thylacine and potential
prey species are shown in Figure 4.1. We limited our analysis to prey specimens
collected between 1905 and 1964 in Tasmania to control for potential sources of

variation in prey isotopic values over time (e.g. primary production shifts, nutrient
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inputs or changes in the prey dietary preferences) (Yoshioka ef al. 1994). Museum
records of all prey specimens included in this study are listed in Appendix A2. Due to
the rarity of preserved prey specimens from this era and location, only a relatively small

number of samples (1-6 specimens per species) were available for this study.

Prey muscle tissue is preferentially used in stable isotope food web studies as its 8'°N
values more closely reflects that of the whole body than other tissues (Kelly 2000;
Sotiropoulos et al. 2004; Becker et al. 2007). However, sampling muscle is not possible
in the reconstruction of most historic food webs, where only collagen or keratin tissues
have been preserved (Hilderbrand ef al. 1996). Studies on laboratory mice (Mus
musculus), domestic rabbits (Oryctolagus cuniculus), and American black bears (Ursus
americanus) fed on a fixed diet, as well as humpback whales (Megaptera novaeangliae)
from strandings showed no difference in "°C and 8'°N between skin collagen and lipid-
extracted muscle (Todd et al. 1997). Muscle and skin collagen also have similar
turnover rates, and are expected to reflect the integration of diet over the most recent
few months of the animal's life prior to collection (Tieszen ef al. 1983; Rucklidge et al.
1992; Hobson 1999). For this reason, we decided to analyse skin tissue for all prey

specimens.
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Figure 4.1 Relationship between stable isotope signatures of thylacines (circle symbol;
black = bone collagen, white = keratin) and potential prey species (square symbol).
Mean (+ SD) table isotope values are present for each species sampled between 1835
and 1964 (sample size in brackets). The stable isotope values have not been adjusted for
trophic enrichment. Refer to Appendix A4 for average C/N ratios of each potential prey

species.
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4.3.2 Sample acquisition

Bone was sampled from skull and skeletons, and vibrissae were preferentially collected
from skins and taxidermies. Where all vibrissae were absent or were too invasive to
sample, we instead collected skin and/or hair from the specimen. Bone fragment(s) that
had previously fallen from the specimen were preferentially used. If loose material was
not present, a small quantity of bone (approximately 0.2 g) was removed from the nasal
turbinates using tweezers to minimise external damage to the skull. A single vibrissa
was removed from each specimen by plucking it with tweezers, or cutting the vibrissa
close to the skin surface. A small sample of skin covering ~0.5 cm” surface was cut
from underside of the rear right limb of each specimen with a scalpel. As particular
preservation methods can alter stable isotope signatures (Bugoni ef al. 2008), we did not

collect any tissues preserved in solution.

4.3.3 Sample preparation

4.3.3.1 Bone

Collagen was extracted from bone using a method modified from Birchall ef al. (2005)
and Longin (1971). Dirt and any adhering soft tissue was removed from the exterior
bone surface using a scalpel blade. Bone fragment(s) were weighed (0.2-0.5 g) and
placed into pre-weighed 12 ml glass test tubes. The test tubes were covered with
aluminium foil and the samples demineralised by one rinse in cold (-2°C) 8 m1 0.5 M
HCI at -2°C for at least 2 days. Samples were shaken twice daily, and the solvent was
changed every 4 days. Demineralisation was complete once the bone softened and no
more bubbles were released. The solvent was decanted using 8 um EZfilters (Elkay
Laboratory Products (UK) Ltd., Basingstoke) and discarded. Remaining traces of the
solvent were removed by three rinses in distilled water. The remaining collagen pellet
was gelatinised by heating in 8 ml pH 3.0 water at 75°C for 48 h. Plastic lids were placed
on each tube and aluminium foil was used to cover the top of the tubes to keep the lids

securely in place. After 48 h, all the collagen should have dissolved, leaving behind all acid

78



4. ASSESSING MARSUPIAL CARNIVORE DIET USING STABLE ISOTOPES

insoluble material. The supernatant liquor was filtered off into labelled and pre-weighed
plastic test tubes using 8 um EZfilters. The samples were left overnight at -20°C, at a
sharp angle to increase surface area of the solution, and then transferred to -80°C for a
minimum of two days. The samples were freeze-dried for at least 6 days until dry. The
lyophilised material contained collagen. The plastic tubes containing collagen were
weighed to estimate the yield of collagen. Between 0.8-1.2 mg collagen was placed into

pre-weighed tin capsules.

4.3.3.2 Hair and vibrissae

Vibrissa and hair samples were washed in 12 ml glass test tubes by two rinses (30 min
each) in distilled water, one rinse (30 min) in a 2:1 (v/v) mixture of
methanol:chloroform followed by one rinse (30 min) in a 2:1 (v/v) mixture of
chloroform: methanol. Samples were then rinsed twice (30 min) in distilled water to
remove any solvent. Samples were ultrasonicated at room temperature for all washes
and were left to air dry between washes. The total length and weight of each vibrissa
was measured after the final wash. The vibrissa tip was cut using a scalpel (0.3-0.5 mg)
and analysed for each specimen. The length of each vibrissa segment was recorded
before placing it into pre-weighed tin foil capsules. Hairs were weighed (0.3-0.5 mg per
sample; equivalent to 10-20 hairs) and placed into pre-weighed tin foil capsules. Each
tin capsule was rolled into a small ball and stored in a 96-well plate for stable isotope

analysis.

4.3.3.3 Skin

Collagen was extracted from each skin sample using modified protocols from Finucane
(2007). The skin samples were cleaned physically by plucking and scraping hair from
the skin surface. Samples were then defatted by three rinses (1 h each) in a 2:1 (v/v)
mixture of chloroform-methanol in an ultrasonic bath at room temperature. All traces of
the solvent were removed from the soft tissue by two rinses (30 min each) in distilled

ionised water in an ultrasonic bath at room temperature. Skin samples were dissolved by
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placing them in ~8 ml of pH 3.0 water at 75°C for 48 hours. The dissolved protein was
then filtered using 8 um EZfilters, and the insoluble residue discarded. The gelatinised
protein was frozen overnight at -20°C, then was moved to -80°C for a minimum of two
days. The samples were freeze dried for 6 days to remove all moisture. Lyophilised
protein (0.8-1.2 mg) from skin tissue was measured into pre-weighed tin capsules. Each
tin capsule was rolled into a small ball and stored in a 96-well plate for stable isotope

analysis.

4.3.4 Sample analysis

Tissue 8"°C and 8"°N values were determined by flash combustion to produce CO, and
N; and measured in a Finnegan Mat 252 isotope-ratio mass spectrometer coupled with a
Finnegan control interface and Europa preparation element analyser (Environmental
Isotopes Inc., North Ryde, Sydney). Stable isotope abundances were measured as the
ratio between the heavy to light isotope in the sample compared to the same ratio in an
international standard. Isotope ratios were expressed as delta (3) values in parts per
thousand (%o or per mil) relative to Pee Dee Belemnite (C) and AIR (N), respectively.
We also obtained the ratio between carbon and nitrogen, which was used as a measure
of sample quality. Median values were used in analysis for each specimen when more
than one sample was analysed from the same tissue type. The 8'"°N value of thylacine
specimen GMN782 (29.5%o) and the 8"°C values of eastern quoll specimens A16
(1.7%0) were unusually high due to possible contamination. These values were excluded

from the study.

4.3.5 Controlling animal 8"C values for the Suess effect

Depletion in the 3'"°C of atmospheric carbon dioxide (CO,) over the past century due to
fossil fuel combustion can influence the 8"°C values of our specimens as they were
collected over a long period (Lee ef al. 2005; Long et al. 2005; Roth et al. 2007). To
control for this source of variation, known as the Suess effect (Suess 1955), we

subtracted the difference in atmospheric concentrations of 8'°C in the year the specimen

80



4. ASSESSING MARSUPIAL CARNIVORE DIET USING STABLE ISOTOPES

died from the raw 8'"°C value measured in the specimen. The atmospheric
concentrations of 5'°C was approximated by 8 Catm = k — “, where

k and a were estimated parameters and t was an index to year in which 1 represented
1880 (Long et al. 2005). We used a k value of -5.5656 and a value of 6.0932x 107,
obtained from Long et al. (2005). Thylacine specimens with an unknown year of death
or acquisition were adjusted for 8'°Cm levels from the year 1895, which is estimated to

be the peak year that thylacines were killed as part of the government bounty (Bulte et
al. 2003).

4.3.6 Inter-tissue isotopic spacing

A pilot study on Tasmanian devil tissues were used to correct for potential enrichment
in 8"°C and 8"°N values between bone collagen, skin collagen, hair and vibrissae (see
Appendix B for methodology). The average enrichment in 8"°C between bone collagen
and vibrissa was found to be significantly different (Wilcoxon matched pairs signed
rank test; P=0.01, Appendix B3). For analysis involving pooled tissue types, we applied
an average enrichment value of 1.69%o to all vibrissa samples to more closely reflect the
stable isotope signature of bone collagen. No other differences were detected between
average enrichment between bone collagen and other tissues, thereby allowing these

tissues to be used interchangeably in this study without applying a correction factor.

4.3.7 Niche overlap and sex-biased variation

The data did not fit the assumptions of a one-way ANOVA, so non-parametric methods
were used for species and sex-based comparisons. A bivariate plot was used to
qualitatively describe the spread of 8'°C and 8'°N values for each marsupial carnivore
dating between 1803 and 1936 (thylacine n=34, Tasmanian devil n=12, spotted-tailed
quoll =10 and eastern quoll n=8), regardless of sex. A Kruskall-Wallis test and Mann-
Whitney U-test was used to assess differences in 8'°C and 8'°N values between species

and test for niche overlap. Results were judged significant when P<0.05.
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The Mann-Whitney U-test was used to test for differences in "°C and 5"°N values
between sexes for the thylacine (female n=5; male n=8), Tasmanian devil (female n=24;
male n=19), spotted-tailed quoll (female »=7; male n=29) and eastern quoll (female
n=10; male n=20), regardless of their year of collection. Intersexual differences were
evaluated for collagen and keratin tissues separately where there was a sufficient sample
size in addition to pooled tissues after accounting for inter-tissue isotopic spacing

(section 4.3.6). Data was analysed in SPSS (version 20 SPSS Inc., Chicago, USA).
4.3.8 Diet reconstruction and prey size

There were very few large (average body mass >30 kg) native mammals in Tasmania
for thylacines to potentially hunt; the forester kangaroo (Macropus giganteus; female,
37 kg; male, 66 kg; Strahan 1995) and Tasmanian emu (Dromaius novaehollandiae
diemenensis; ~40 kg; Heupink et al. 2011). Tasmanian devils (mean weight females 6.1
kg, males 8.7 kg; Jones 1995) primarily consume medium-sized mammals (Jones 1997),
whereas spotted-tailed quolls (mean weight female 1.8 kg, males 3.5 kg; Jones 1995)
consume mostly small- to medium-sized prey (Glen and Dickman 2006). Eastern quolls
(mean weight males 1.1 kg, females 0.7 kg; Jones and Barmuta 1998) commonly hunt
prey less than 1 kg in body mass (Jones 1997). Understanding prey size patterns in the

thylacine can be used to identify trophic interactions in this historical food web.

To determine the relative contributions of potential prey types to the diet of the sampled
thylacine population, we used the Bayesian stable isotope mixing model, MixSIR.
MixSIR accounts for uncertainty associated with diet-tissue fractionation and stable
isotope values of the consumer (mixture) and its food (sources) by applying standard
deviations to predator, prey and diet-tissue fractionation data (Moore and Semmens
2008). The contribution of each source to the mixture can thus be accurately obtained in
the form of probability distributions while accounting for uncertainty in stable isotope

values for prey groups represented by a small sample size.

82



4. ASSESSING MARSUPIAL CARNIVORE DIET USING STABLE ISOTOPES

Bone collagen 8"°C and 8'°N values of 33 thylacines were included in MixSIR. As
stable isotope mixing models require that the isotopic values of all prey categories are
significantly different from each other, prey species with similar 8'°C and 8'°N values
were combined to form four isotopically distinguishable prey groups. Each group
belonged to a specific feeding niche. These were (1) Carnivores (Tasmanian devil,
spotted-tailed quoll and platypus (Ornithorhynchus anatinus)), (2) Insectivores (eastern
barred bandicoot (Perameles gunnii), southern brown bandicoot (Isoodon obesulus) and
short-beaked echidna (Tachyglossus aculeatus)), (3) Herbivores A (common wombat
(Vombatus ursinus), Tasmanian pademelon (7Thylogale billardierii) and red-necked
wallaby (Macropus rufogriseus)) and (4) Herbivores B (common brushtail possum
(Trichosurus vulpecula), common ringtail possum (Pseudocheirus peregrinus) and
forester kangaroo). Both herbivorous groups contained grazers and browsers (Appendix
A3) and were unable to distinguished based on food preferences. MixSIR assumes that
each individual predator consumes all possible sources incorporated in the model. For
each prey group, we applied a mean and standard deviation for 8°C (Carnivores,
mean=-21.5+0.7; Insectivores, mean=-20.9+0.7; Herbivores A, mean=-22.7+0.7 and
Herbivores B, mean=-21.3%1.5) and SN (Carnivores, mean=10.2+1.3; Insectivores,

mean=9.4+1.8; Herbivores A, mean=4.4+0.6 and Herbivores B, mean=2.5+1.7).

Potential prey species were divided into three size classes based on their average body
mass: small (<12kg), medium (13-30 kg) and large (>30 kg; exceeding thylacine’s
average body mass; Paddle 2000). A literature search was used to determine the body
mass average and range for each prey species, and is listed in Appendix A3. The group
Carnivores and Insectivores consisted only of small-sized species and Herbivores A
primarily consisted of medium-sized species. Herbivores B is primarily composed of
samples from small prey species (common brushtail possum and common ringtail
possum), and has one large prey species, the Forester kangaroo represented by a single
sample. Prey species referred to in the literature that were unaccounted for in this study
due to unavailable material include two smaller species of macropodids ((long-nosed

potoroo (Potorous tridactylus) and Tasmanian bettong (Bettongia gaimardi)), water
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birds, rodents (e.g. water rat (Hydromys chrysogaster), black rat (Rattus rattus) and
brown rat (Rattus norvegicus)) and sheep (Ovis aries) (Paddle 2000).

4.3.8.1 Diet-tissue fractionation

Diet-tissue fractionation values have been studied in one marsupial species, the long-
nosed bandicoot (Parameles nasuta) using plasma and blood. Fractionation values of
both tissues sampled from the long-nosed bandicoot were compared with fractionation
values reported in the same tissue of placental mammals to assess similarities
(Appendix C1 and C2). As §"°C and 3"°N fractionation values of the long-nosed
bandicoot fell within the range of other mammal species, it is reasonable to use
fractionation values of placental carnivores to estimate trophic fractionation in

marsupial species.

We estimated 8'°C and 8'°N fractionation between diet and bone for terrestrial
carnivores based on previous studies involving individual laboratory trials or field
observations on single species and whole ecosystems (Appendix C3). The mean A8'°C
and AS'"°N bone collagen-diet for terrestrial carnivores was 1.13%o and 3.89%o,
respectively. These values were higher than average enrichment values generally
accepted for mammals: 1.00%o and 3.40%o for 8'°C and 8'"°N, respectively (DeNiro and
Epstein 1981; Minagawa and Wada 1984; Peterson and Fry 1987; France and Peters
1997). Tissue and trophic level specific enrichment values are more appropriate to use
than these 'rule of thumb' values, where available (Eggers and Hefin 2000). Bocherens
et al. (2003) noted that most studies that investigate bone collagen to diet fractionation
values of terrestrial predators include only one species as the main prey, and thus may
not reflect the actual enrichment value, which would include contributions of other
possible prey. The standard deviation for A§"*C and A8'°N bone collagen-diet for
terrestrial carnivores obtained from the literature was averaged (0.60%o for 8'°C and
0.80%o for 8'"°N, Appendix C3) and incorporated into MixSIR. By fully accounting for
uncertainty in fractionation values, we were able to obtain accurate estimates of source

contributions. The model was run for 10, 000, 000 iterations.
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4.3.9 Long-term trends in marsupial carnivore stable isotope values

All marsupial carnivore specimens with a known year of collection were included to
examine temporal trends in 8'°C or 8"°N following European settlement in Tasmania.
Spearman correlation coefficient was used to examine temporal trends in 8"°C or 8"°N
values for thylacines (1852-1930), Tasmanian devil (1921-2012), spotted-tailed quoll
(1914-2008) and eastern quoll (1921-2012). The Spearman correlation coefficient is a
non-parametric test that measures whether a monotonic relationship exists between two
variables, whereby (1) as the value of one variable increases, so does the value of the
other variable; or (2) as the value of one variable increases, the other variable value

decreases.

To more accurately determine when any change in stable isotope values occurred for a
given species, 8 °C and 8"°N values were divided into four categories based on the year
of acquisition; 1900-1959, 1960-1979, 1980-1999, 2000-2012. These periods were
chosen somewhat arbitrarily but represent convenient 20-year periods for comparative
purposes, with the exception of 1900-1959 and 2000-2012. As few specimens were
available, category 1900-1959 includes all specimens collected from this longer time
frame. A General Linear Model with a post-hoc Tukey test was used to test for
differences between 8'°C and 8'°N values between the four time categories for all extant

species.

Stable isotope values of the thylacine were compared between specimens collected
before and after the initiation of the government bounty scheme in 1888 (<1888; n=16
and >1888; n=13, respectively). The Shapiro-Wilk test was used to test for data
departure from normality and is appropriate to use for small sample sizes. As the data
was not distributed normally, and was not able to be normalised by transformation
methods, this data was analysed using the Mann-Whitney U-test. Temporal data
analysis was performed using SPSS (version 20 SPSS Inc., Chicago, USA).
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4.4 RESULTS

The thylacine population has a large range of 8'°N (4.3%o) and 5'"°C (4.0%o) values. A
significant difference in s C (Kruskal-Wallis, X*=23.5 1, d.f=3, P<0.001) and non-
significant difference in 8'°N values (Kruskal-Wallis, X2=17.18, d.f=3, P<0.01) was
found between marsupial carnivores collected in 1936 or earlier. A Mann-Whitney U-
test was used to identify which species varied in their median stable isotope values for
pooled tissues. The 8'°C values of the thylacine were significantly (Mann-Whitney U-
test, Z=-3.81, P<0.001, n=34,12 for the Tasmanian devil; Z=-3.16, P<0.01, n=34,10 for
the spotted-tailed quoll; Z=-3.05, P<0.01, n=34,8 for the eastern quoll) lower (Figure
4.2) than all marsupial carnivores. The thylacine 5'°N values was significantly (Mann-
Whitney U-test, Z=-3.08, P<0.01, n=34, 12) lower (Figure 4.2) than the Tasmanian
devil. No other significant differences in 8'°C and 8'"°N values were detected between
species. There were no significant intersexual differences in 8"°C and "N values for
keratin, collagen or pooled tissues for all species (Table 4.1), though this result should

be taken with caution due to the small sample size available for this analysis.

The bivariate plot of isotopic signatures shows the mixing space of potential prey
groups (Figure 4.3), within which proximity to the thylacine indicates the greatest
contribution to diet (Moore and Semmens 2008). Enrichment values (1.13%o and 3.89%o
for 8"°C and 8"°N, respectively) were added to all prey groups in the plot. The average
stable isotope value of thylacines was shifted to the left of the prey mixing space,
represented by the polygon. Thylacine stable isotope values were closest to medium-
sized herbivores (Herbivores A), which included the common wombat, Tasmanian
pademelon and red-necked wallaby. Estimates for the group Herbivores A ranged from
81 to 100% of total diet for the thylacine population. Estimates for the group
Carnivores, Insectivores and Herbivores B were 0 to 17%, 0 to 16% and 0 to 8% of total
diet for the thylacine, respectively. The 8'°C standard deviation of the thylacine
population falls slightly outside of the prey mixing space. This may be caused by prey
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species unaccounted for in the model or the variance of prey group stable isotope values
may be greater than that estimated. MixSIR had 988 posterior draws, with no duplicate
draws in the posterior chain. The ratio between the posterior at the best draw and the

total posterior density was less than 0.01.

Figure 4.2 Bivariate plot of 3"°C and §'°N values of the thylacine (n=34; red),
Tasmanian devil (n=12; dark blue), spotted-tailed quoll (»=10; light blue) and eastern
quoll (n=8; yellow) dating from 1803 to 1936 in Tasmania. Symbols represent tissue

analysed; bone collagen (square), hair (circle) and vibrissa (triangle) samples.
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Table 4.1 Mann-Whitney U-test for comparisons in 8"°C and 8'"°N values between sexes
(M = male, F = female) for the thylacine, Tasmanian devil, spotted-tailed quoll and
eastern quoll. All specimens were wild adults collected from Tasmania at any time
following European settlement. Mean (£SD) 8"°C and 8"°N values for each sex are
provided. Comparisons between sexes were completed for bone collagen, keratin (hair
and vibrissae) and both tissue types combined (corrected for inter-tissue differences

between vibrissae and bone collagen) for species where there was a sufficient sample

size.
Species Sex 3"C (%o) 8N (%o)
Mean £SD Z P-value n Mean +£SD Z P-value n

Bone collagen
Tasmanian M -22.0+£0.7 -1.29 -0.20 14 9.6+1.7 -1.37  0.17 14
devil

F -21.4+1.1 12 9.0£1.8 12
Keratin
Eastern quoll M -21.3+1.0 -1.15 0.25 12 9.6+1.5 -0.93  0.35 12

F -20.3+1.8 7 8.8+1.6 7

Keratin and bone collagen

Thylacine M -21.8+£1.2 -0.22 0.83 8 9.241.6 -1.10 0.27 8
F -22.240.3 5 10.8+2.8 5
Tasmanian M -21.9+0.9 -0.57 0.57 19 10.1+2.1 -1.09  0.28 19
devil F -22.1+2.2 24 9.6+2.1 24
Spotted-tailed M -21.0£1.4 -0.34 0.73 29 9.2+2.4 -0.42  0.67 29
quoll F -21.1+1.8 7 9.7+1.9 7
Eastern quoll M -21.4+0.9 -1.66 0.09 20 8.6+2.1 -0.46  0.64 20
F -20.3£1.7 10 9.0+1.4 10

*Denotes significant trend (where ***P < 0.001; **P < 0.01; *P <0.05; ns, P> 0.05).
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Figure 4.3 Bivariate plot of 8°C and 8'°N values (+SD) of thylacine bone collagen
(n=33; black circle symbol) and skin collagen of potential prey species (square symbol)
grouped into four isotopically distinguished categories; Carnivores (blue), Insectivores
(purple), Herbivores A (red square) and Herbivores B (yellow square). The polygon
describes the mixing space of potential prey groups. Prey stable isotope values have
been enriched by 1.13+0.60%o for 8"°C and 3.89+0.80%o for 8'°N. The proximity of the
mixture (thylacine) to the source (prey groups) indicates the greatest contribution to the
diet. Posterior contributions are measured for each prey group from the Bayesian

mixing model, MixSIR.
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4.4 Results

The 8'"C values for collagen and keratin samples from these four marsupial carnivores,
for which the year of collection was known, were compared with the 8'°C values of the
same samples corrected with an atmospheric model (Figure 4.4). The thylacine showed
no monotonic trend in stable isotope ratios from 1852 to 1930 before and after
correcting for the Suess effect (Table 4.2 and Table 4.3), nor was there a significant
difference in thylacine stable isotope values of pooled tissue types before and after the
initiation of the government bounty in 1888 (Mann-Whitney U-test; Z = -0.23, P=0.82,
n=15,13 for 8"°C and Z = -1.32, P=0.19, n=15,13 for §"°N).

Uncorrected and corrected keratin 8'°C values were negatively correlated with
collection year for the Tasmanian devil (Spearman’s correlation coefficient;
uncorrected, n=23, g=-0.56, P<0.01; corrected, n=23, g=-0.41, P=0.05; Table 4.2) and
spotted-tailed quoll (Spearman’s correlation coefficient; uncorrected, n=40, g=-0.55,
P<0.01; corrected, n=40, g=-0.34, P=0.03; Table 4.2). Uncorrected collagen s13C
values were negatively correlated with collection year for the Tasmanian devil
(Spearman’s correlation coefficient; n=38, g=-0.38, P=0.02; Table 4.2), yet were not
significantly correlated for uncorrected collagen 8'°C values (Spearman’s correlation
coefficient; n=38, g= 0.12, P=0.47; Table 4.2). Uncorrected keratin 8"3C values in the
eastern quoll revealed a significant negative correlation with the collection year
(Spearman’s correlation coefficient; n=34, g= -0.46, P<0.01). However, no significant
correlation was evident in the eastern quoll keratin 8'°C values after applying the
atmospheric model correction (Spearman’s correlation coefficient; n=34, g=-0.12,
P=0.51). Both corrected and uncorrected collagen 8'"°C values showed no significant

correlation with collection year for both quoll species (see Table 4.2).

Keratin 8'°N values were positively correlated with collection year for the Tasmanian
devil (Spearman’s correlation coefficient; n=23, g= 0.45, P=0.03; Table 4.3). No

significant correlation was evident for collagen or keratin 8'°N in other species (Table

43).
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Figure 4.4 Comparison of the 8'°C values for the thylacine, Tasmanian devil, spotted-
tailed quoll and eastern quoll from 1830 to 2012, Tasmania. Values were corrected with
an atmopsheric model calculation (Long et al. 2005). Blue squares with no dashed
treadline and pink triangles with dashed treadline indicate values for collagen (bone)

and keratin (hair and vibrissa) from specimens, respectively.
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Figure 4.5 Comparison of the 8"°N values for the thylacine, Tasmanian devil, spotted-
tailed quoll and eastern quoll from 1830 to 2012, Tasmania. Circles and triangles
indicate values for collagen (bone) and keratin (hair and vibrissa) from specimens,

respectively.
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Table 4.2 Spearman correlation coefficient for 8'°C values for thylacines (1852-1930),
Tasmanian devil (1921-2012), spotted-tailed quoll (1914-2008) and eastern quoll (1921-
2012) in Tasmania that were uncorrected and uncorrected with an atmospheric model

(Long et al. 2005).

Collagen 8"°C (%) Keratin 8"°C (%o)

Species » q P B p p
Uncorrected

Thylacine 17 0.22 0.40 10 0.12 0.73

Tasmanian devil 38 -0.38 0.02%* 23 -0.56 <0.01%*

Spotted-tailed quoll 15 -0.14 0.62 40 -0.55 <0.001***

Eastern quoll 14 -0.34 0.23 34 -0.46 <0.01%*
Corrected

Thylacine 17 0.24 0.36 10 0.15 0.67

Tasmanian devil 38 0.12 0.47 23 -0.41 0.05*

Spotted-tailed quoll 15 0.06 0.83 40 -0.34 0.03*

Eastern quoll 14 -0.15 0.61 34 -0.12 0.51

n is the number of samples and q is the normal variate.

*Denotes significant trend (where ***P < (0.001; **P < 0.01; *P <0.05; ns, P> 0.05).

Table 4.3 Spearman correlation coefficient for 8'°N for the thylacine (1852-1930),
Tasmanian devil (1921-2012), spotted-tailed quoll (1914-2008) and eastern quoll (1921-

2012) in Tasmania.

Collagen 8"°N (%o) Keratin 8"°N (%o)
Species n q P n q P
Thylacine 17 -0.01 0.97 10 -0.26 0.5
Tasmanian devil 38 0.17 0.31 23 0.45 0.03*
Spotted-tailed quoll 15 -0.03 0.92 40 -0.01 0.98
Eastern quoll 14 -0.32 0.27 34 0.04 0.85

n is the number of samples and q is the normal variate.

*Denotes significant trend (where ***P < 0.001; **P < 0.01; *P <0.05; ns, P> 0.05).
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For each extant species, 8 °C and 8"°N values were divided into four categories based
on the year of collection to identify temporal isotopic shifts over a shorter time frame.
The Tasmanian devil showed differences between categorised decades for §'°C
(General Linear Model: df=3, F=7.167, P<0.001; Table 4.4) and 8'°N (General Linear
Model: df=3, F=7.330, P<0.001; Table 4.5). Tasmanian devil specimens collected from
1980-1999 had significantly (Table 4.3) lower (Figure 4.5b) 8'°C values than those
collected in 1960-1979 and 2000-2012. Tasmanian devil 5'°N records from 1980-1999
were significantly (P<0.01; Table 4.3) higher (Figure 4.5a) than specimens collected in
1900-1959 and 1960-1979. The spotted-tailed quolls showed differences between
categorised decades for 8"°N (General Linear Model: df=3, F=10.398, P<0.001; Table
4.5), but not s (General Linear Model: df=3, F=1.405, P=0.25; Table 4.4). Spotted-
tailed quoll 8"°N values from 1980-1999 were significantly (Table 4.5) lower (Figure
4.5d) than specimens collected from 1900-1959 and 2000-2012. Spotted-tailed quoll
8'°N values from 1960-1979 were also significantly (Table 4.5) lower (Figure 4.5d)
than specimens collected from 2000-2012. The eastern quoll showed no significant
differences in 8'°C (General Linear Model: df=3, F=1.386, P=0.26; Table 4.4) and §"°N
(General Linear Model: df=3, F=0.354, P=0.79; Table 4.5) values between the four time

periods.
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Figure 4.6 Box and whisker plot of 8"C and 8"N values of (a, b) Tasmanian devil, (d,
e) spotted-tailed quoll and (g, h) eastern quoll specimens collected between 1930 and
2012 in Tasmania. Specimen 8'°C values were combined for years dating 1803-1939,
1940-1959, 1980-1999 and 2000-2012. Values were corrected for the Suess effect and
inter-tissue differences (see section 4.3.5 and 4.3.6, respectively). Box shows median,
lower and upper quartiles, whiskers cover 10"+90™ percentile range, and circles are
statistical outliers. Overall specimen sample size is displayed in brackets. For tissue type
see Appendix Al. Significant differences between groups are denoted in *, where ***P
<0.001; **P <0.01; *P <0.05; ns, P> 0.05. Geographic distribution of tissue samples
collected of (¢) Tasmanian devil, (f) spotted-tailed quoll and (i) eastern quoll based on
museum records. Samples are categorised for each species by year of collection.

Locality records were unavailable for most historic samples.
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Table 4.4 Post-hoc Tukey test comparing 8'°C values for Tasmanian devil, spotted-
tailed quoll and eastern quoll specimens collected in Tasmania during four time periods:
1900-1959, 1960-1979, 1980-1999 and 2000-2012. The §13C values for one Tasmanian
devil specimen (QVM:1984:1:0260) and two eastern quoll specimens (65344 and
A1516) were identified as extreme outliers based on box and histogram plots and were
excluded from the analysis. P values and sample sizes are listed for each comparison

between grouped decades.

Year collected

1960-1979 1980-1999 2000-2012
Tasmanian devil 1900-1959 P=0.56, n=16,14 P=0.06, n=16,19 P=0.48, n=16,13
1960-1979 P<0.01, n=14,19**  P=1.00, n=14,13
1980-1999 P<0.01, n=19,13**
Spotted-tailed quoll 1900-1959 P=0.75, n=14,14 P=0.74, n=14,19 P=0.18, n=14,10
1960-1979 P=1.00, n=14,19 P=0.67, n=14,10
1980-1999 P=0.60, n=19,10
Eastern quoll 1900-1959 P=0.20, n=6,15 P=0.60, n=6,15 P=0.51, n=6,10
1960-1979 P=0.75, n=15,15 P=0.92, n=15,10
1980-1999 P=0.99, n=15,10

Note: Significant differences between groups are denoted in *, where ***P < 0.001; **P < 0.01; *P <

0.05; ns, P> 0.05

Table 4.5 Post-hoc Tukey test comparing 8'°N values of Tasmanian devil, spotted-
tailed quoll and eastern quoll specimens collected in Tasmania at four time periods:
1900-1959, 1960-1979, 1980-1999 and 2000-2012. P values and sample sizes are listed

for each comparison between grouped decades.

Year collected

1960-1979 1980-1999 2000-2012
Tasmanian devil 1900-1959 P=0.90, n=16,14 P=0.02, n=16,20* P=0.93, n=16,13
1960-1979 P<0.01,n=1420**  P=0.61,n=14,13
1980-1999 P=0.15, n=20,13
Spotted-tailed quoll  1900-1959 P=1.43, n=14,14 P<0.01,n=14,19%*  P=031, n=14,10
1960-1979 P=0.59, n=14,19 P<0.01, n=14,10%*
1980-1999 P<0.001, n=19,10%**
Eastern quoll 1900-1959 P=1.00, n=8,15 P=1.00, n=8,15 P=1.12, n=8,10
1960-1979 P=1.00, n=15,16 P=0.75, n=15,10
1980-1999 P=0.85, n=16,10

Note: Significant differences between groups are denoted in *, where ***P < 0.001; **P < 0.01; *P <

0.05; ns, P>0.05
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4.5 DISCUSSION

This study suggests that medium-sized (13-30 kg) prey species may have formed the
bulk of the thylacine’s diet in Tasmania which, if this is the case, would challenge
previous notions of their diet and prey size. The dramatically reduced abundance and
range of medium-sized mammalian herbivores following European settlement has
important implications for the thylacine population that may have heavily relied on
these species as a source of food. The extreme difficulty of accessing prey specimens
acquired around the time that thylacines were alive meant that some potential prey
species were excluded while others were represented by a small sample size so caution
must be taken in interpreting this data. A high degree of trophic niche overlap, as
identified here between the thylacine and both quoll species in their 8N values, is
known to occur when space and resources become limiting factors in the presence of
multiple predators (Pimm 2002). This may have lead to high competitive pressure
among these apex predators unless strategies were used to reduce resource competition.
For instance, specialising in different habitats, as suggested by differences in 8"°C
between the thylacine and all other marsupial carnivores, may have reduced direct
competition. Surprisingly, intersexual isotopic differences were not detected in the
thylacine despite their marked sexual dimorphism, with adult male thylacines on
average being 10 kg heavier and up to 10 cm longer than females (Paddle 2000).
However, our sample size to test for intersexual differences was limited as most
thylacine specimens incorporated in this study did not have a known sex. There has
been a long-term shift in stable isotope ratios of extant marsupial carnivores, which is
possibly due to anthropogenic impacts such as hunting, agriculture and changing habitat
and fire regimes. Our temporal perspective of extant marsupial carnivore isotopic niche,
spanning nearly 200 years, has provided invaluable insight into the ecological flexibility

of these threatened species and may help improve conservation strategies.
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4.5 Discussion

4.5.1 Diet and prey size of the thylacine

Our findings suggest that medium-sized mammalian herbivores may have been the
dominant native prey of adult thylacines in Tasmania following European settlement.
This may have included red-necked wallabies, Tasmanian pademelons and common
wombats. Red-necked wallabies were the most commonly reported prey species of
thylacines based on anecdotal accounts, though post-settlement records also suggest
thylacine predated on the smaller macropod species, the Tasmanian pademelon (Paddle
2000). Common wombats share similar habitat preferences to thylacines (i.e. temperate
forested areas, sclerophyll forest, coastal scrub and heathland), increasing the likelihood
of their co-occurrence (Mcllroy 1995; 2008). Post-European hunting of red-necked
wallabies and Tasmanian pademelons for meat, skins and sport may have limited their
availability (Animal Welfare Advisory Committee Australia 2003). Thylacines may
have been prevented from catching larger prey species due to morphological constraints
(Jones and Stoddart 1998; Wroe et al. 2007; Attard et al. 2011) or low availability of
larger animals (Pearse and Wapstra 1988; Green 1989). As the availability of medium
and large prey species were in decline thylacines may have needed to shift their

foraging efforts to smaller, energetically less profitable prey.

Pleistocene cave deposits associated with human hunting in Tasmania reveal a fauna
assemblage dominated by red-necked wallabies (75%) and common wombats (25%)
(McWilliams et al. 1999; Cosgrove and Allen 2001). It is possible that these species
were highly abundant before European settlement (Garvey 2010), and as such, may
have been preferentially targeted by thylacines. As medium-sized herbivores likely
formed a staple diet of adult thylacines, as indicated in our study, the extinction and loss
of thylacines from the ecosystem may be linked to the decrease in vigilance reported in
macropod species today (Blumstein and Daniel 2003). Reduced anti-predator behaviour
of prey species in the absence of a predator is a common occurrence in island
communities like Tasmania, as they usually support fewer top predators than the
adjacent mainland and are thus more directly affected by the removal of a predator

(Blumstein 2002; Blumstein and Daniel 2005).
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Small- to medium-sized Macropus were the main taxa associated with thylacine fossils
recovered from caves in South Australia and Victoria (Case 1985). Common wombats
occurred in 30% of caves where mainland thylacine fossils were present. We speculate
that thylacines from mainland Australia may have shared similar prey preferences as
that reported here for Tasmanian thylacines. Bettongs and potoroos also frequently
occurred in association with mainland thylacine deposits but unfortunately were unable
to be incorporated in the stable isotope mixing model as we did not have specimens
from this time period. It is important to note that associations between predator and prey
deposits cannot definitely determine maximum prey size as large prey may be too heavy

to take back to the den and are instead eaten on site once killed.

Our stable isotope data suggest that the largest Tasmanian marsupial, the forester
kangaroo, may not have formed a major prey item of thylacines following European
settlement; however, our limited number of forester kangaroo samples makes this
speculative. Forester kangaroos were viewed by early settlers as a main prey item
(Paddle 2000). The stomach contents of a dissected male thylacine were described as
"filled with a quantity of kangaroo weighing 5 Ibs" (Paterson 1805). Whether the
kangaroo was actively hunted or found as carrion by this thylacine is unknown.
Additionally, this singular account does not necessarily mean that forester kangaroos

formed a staple food item for the species.

The other large and potentially significant prey of the thylacine was the Tasmanian emu.
This endemic emu subspecies became locally extinct in some areas by the 1830's (Dove
1924) and was severally depleted by the 1840's (Le Souef 1904). The species is believed
to have survived in the wild until 1865 (Green 1989). Pleistocene remains of the
Tasmanian emu indicate that they were similar in size to the modern emu (Heupink et
al. 2011). The extinction of this species predates most of the thylacine specimens
collected for this study though even if they had survived emus may have been too large

for thylacines to procure.
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4.5 Discussion

Small prey species included in this study (i.e. two herbivore species and all carnivores
and insectivores) formed a negligible contribution to the diet of thylacines. A short-
beaked echidna was identified in the stomach contents of one thylacine in the early
1800's (Harris 1808); though our isotopic results show that short-beaked echidnas did
not form a significant portion of the thylacine’s diet. There were five species of possum
in Tasmania, with two possum species represented in this study; the common brushtail
possum and common ringtail possum. Possums were the main prey type to represent the
group Herbivores B in our mixing model, and were shown to form a minor component
of the thylacine’s diet. The common brushtail possum was thought to form part of the
thylacine’s diet, potentially because they frequently forage on the ground (Kerle 2001),
whereas the highly agile and arboreal common ringtail possum (Cronin 1991) would

have been more difficult to catch.

Many assumptions of the thylacine’s diet during early settlement are based on the
behaviour of captive animals (Paddle 2000). In the 19™ century, a captive thylacine
reportedly refused to eat wombats despite the high abundance of wombats in the region
where the thylacine was caught. In the late 1920's a different captive thylacine refused
to eat wallaby carcasses. These singular accounts may not reflect typical behaviour of
wild individuals, however potentially illustrates variability in individual dietary

preferences.

4.5.2 Niche overlap among sympatric marsupial carnivores

The wide isotopic width of thylacines indicates that they were feeding across an entire
trophic level and likely showed variation in habitat use patterns between individuals.
The 8'°N values of the Tasmanian devil showed that this species fed at a slightly higher
trophic level compared to the thylacine and also spanned over a wider trophic space. We
also report a large trophic overlap between the thylacine and both quoll species. The
wide isotopic niche shows that a range of different kinds of prey were taken by each

carnivore and may reflect their opportunistic foraging behaviour (Guiler 1970), though
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an overlap in 8'°N values may not necessarily mean that the same species were taken by
each. Tasmanian devils hunt or scavenge a wide variety of prey including the common
wombat, red-necked wallaby, birds, sheep and lamb (Green 1967; Guiler 1970;
Pemberton 2008). As the only specialised scavenger in Tasmania (Jones 2003), the
Tasmanian devil may have made use of the carcass remains of prey killed by the
thylacine, including bone and teeth unlikely to be consumed by thylacines. Both quoll
species are opportunistic hunters and will occasionally scavenge for food (Fleay 1932;
Sharland 1963; Mansergh 1995; Jones and Barmuta 1998). Mammalian prey forms the
bulk of the spotted-tailed quoll diet although they also prey on other taxa including
birds, reptiles and invertebrates (Settle 1978; Belcher 1995). The diet of eastern quolls
includes small- to medium-sized mammals, birds, skinks, invertebrates and plant

material (Jones and Barmuta 1998).

Divergence of resource-exploiting traits (e.g. canine strength and size of the temporalis
muscle) has occurred in this guild over an evolutionary time scale, potentially to reduce
interspecific competition (Jones 1997). Despite these morphological distinctions,
interspecific competition has been documented in modern food webs of marsupial
carnivores, and has led to disparities in population densities among the guild (Jones and
Barmuta 1998). Interference competition in the form of kleptoparasitism, intraguild
killing, spatiotemporal avoidance or a combination of these may occur among sympatric
predators if they utilise similar prey resources (Palomares and Caro 1999; Glen and
Dickman 2005). Kleptoparasitim refers to the interspecific stealing of already procured
food (Ruxton and Moody 1997), whereas intraguild killing involves the killing or eating
of potential competitors for a resource that is usually limited (Polis ez al. 1989).
Tasmanian devils display dominance behaviour at carcasses and have the capacity to
steal food from quolls (Jones 1998; Jones and Barmuta 2000). The specialised auditory
region of dasyurids (Archer 1976) may have given them a competitive advantage over
thylacines by helping them locate prey and avoid predators and bounty hunters (Wroe
1996).
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By far the largest carnivore, the thylacine may have suppressed the population size of
other marsupial carnivores by killing them or their young. Thylacine predation on both
quoll species was suggested within several decades following the thylacine's extinction,
yet there were no direct evidence of marsupial carnivore predation by the thylacine
(Paddle 2000). Suppression of predators by larger competitors is common in terrestrial
ecosystems (Carbone et al. 1997; Mills and Gorman 2003). Tasmanian devils currently
have no known natural predators (Jones 1998) and have been observed killing the much
smaller eastern quoll (Jones et al. 2004b). Tasmanian devils are less vigilant with
increasing body size and age (Jones 1998) and were small enough to be killed by
thylacines. The overlap in 8'°N values between thylacines and quolls would suggest that
thylacines were not largely eating marsupial carnivores. Tasmania's carnivorous
megafauna, specifically the marsupial lion (7hylacoleo carnifex) may well have hunted

the thylacine and other large species (Owen 2003).

Interspecific differences in 8'°C values between the thylacine and all remaining
Tasmanian marsupial carnivores may be attributed to distinctions in their habitat or prey
utilisation. C4 photosynthesisers (e.g., tropical and warm-climate grasses) have
relatively high 8'"°C values (-8%. to -16%.), C; photosynthesisers (e.g. all tress and most
shrubs, herbs and cool climate grasses) have low 8'"°C values (-23%o to -34%,) and CAM
photosynthesisers have 8'°C values anywhere between these extremes (Smith and
Epstein 1971; Smith and Brown 1973; Deines 1980; O'Leary 1981; 1988). The lower
8'°C values of the thylacine may suggest that they tended to inhabit denser, wooded
regions compared to the Tasmanian devil, spotted-tailed quoll and eastern quoll (Pate
and Noble 2000). This distinction in predator 8'"°C values may also partly be attributed
to the canopy effect, whereby the 8'°C of leaves in closed forests gradually decrease
from the canopy to the floor (Medina and Minchin 1980; Schleser and Jayasekera 1985;
van der Merwe and Medina 1989; Hanba ef al. 1997). The spotted-tailed quoll is
distinguished by a greater degree of arboreal activity than the other marsupial

carnivores, allowing them to gain access to arboreal prey species (Jones and Barmuta
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2000). The spotted-tailed quoll has higher 8'°C values than ground-dwelling carnivores
in closed forests partly because they consume a higher proportion of arboreal prey that
feed from the upper canopy. There are many documented cases of small predators
modifying their behaviour to reduce the risk of encounters with larger predators
(Switalski 2003; Berger and Gese 2007; Thompson and Gese 2007; Merkle et al. 2009)
and this may contribute to different habitat use patterns in sympatric carnivores.
Herbivorous prey in mosaic habitats may include grazer and browser species that would
have different 8'"°C values. In this situation, predators in the same habitat would have
different 8'°C values if they were consuming a different proportion of browser to grazer
species. Therefore, the difference in predator 8'"°C values could reflect different habitat

preference or simply different prey in the same habitat.

4.5.3 Sexual dimorphism and resource use

Sexually dimorphic species are likely to possess differences in reproductive costs,
metabolic rate and morphology. These distinctions may lead to sex-based differences in
foraging strategies or habitat use, partly due to divergence in the energetic needs of each
sex (Breed et al. 2006). Despite their marked sexual dimorphism, we saw no intersexual
differences in their 8'°N and 8'"°C values. The sexual dimorphism of thylacines may
alternatively be a product of their polygynous breeding system but this would not
preclude them from needing different diets. In general, large male body size often
increases mating success due to intra-sexual competition or female choice and the
ability to exploit a wider range of prey (McPherson and Chenoweth 2012), while
smaller females may be favoured to reduce energy needs for daily maintenance and are
more efficient in hunting smaller prey (Moors 1980). Thylacines were territorial and
occasionally formed breeding pairs and small family groups (Paddle 2000). Competition
among males for breeding females may potentially have occurred in this species, with

larger-sized males favoured (Clutton-Brock and Harvey 1978).
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As no sex-based differences in 8'°N values were detected in any of the marsupial
carnivores investigated in this study, it is likely that they share a similar diet, or at the
least, are feeding from the same trophic level, whereas similarities in 8'°C values

between sexes may indicate shared habitat use within each species.

4.5.4 Long-term change in stable isotope ratio of thylacines

The thylacine showed no change in their 8'°C or 8'°N values over the several decades
explored, nor did they change after the initiation of the government bounty scheme.
Processes that may account for the lack of change in the stable isotope ratio of
thylacines include having a consistent trophic position, foraging habits/location and
isotopic composition of the base of the food web. We note that the time frame
investigated for the thylacine was considerably smaller than extant marsupial carnivores
and the change observed in other carnivores was after the time the thylacine was
removed from the ecosystem. Further research is required to assess the biological
effects of anthropogenic disturbances on the thylacine population and will benefit from
the inclusion of recovered fossil specimens that predate European arrival (Sleightholme

2011).

4.5.5 Long-term change in 8"C of extant marsupial carnivores

The gradual decline in Tasmanian devil and spotted-tailed quoll keratin 8'°C values is
suggestive of a change in the average isotopic composition of plants that serve as the
base of the food web. Finer scaled analysis of the temporal dataset revealed a lowering
of Tasmanian devil 8"°C values during 1980-1999. As 8'°C changes little up the food
chain, the 8'"°C values of terrestrial generalist predators should provide a good
indication of the surrounding plant community. Plants in dense-canopied environments
have 8"°C values that are at least 2%o lower than plants found in open environments due
to differences in the relative proportions of Cs and C,4 plants in these ecosystems

(Heaton 1999). In view of this information, the trend observed in marsupial carnivore
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8'"°C values may be caused by (i) the movement of marsupial carnivores to closed
environments (forests and rainforests) from open mosaic environments (grasslands and
woody grasslands) as mosaic habitats changed to completely open agricultural
landscapes, (ii) changes to the dominant plant forms and species in Tasmania through

woody-weed invasion, or (iii) a combination of these.

4.5.5.1 Movement of marsupial carnivores from open to closed environments

The loss of mammalian carnivores worldwide has been greatest in open environments;
these areas have undergone substantial land conversion from native vegetation to
agricultural land and plantations (Laliberté and Ripple 2004) and have increased species
risk of predation (Gittleman 1985; Warwick 1998). In Tasmania, deliberate killing of
marsupial carnivores by landholders shortly after European settlement was largely in
response to poultry and livestock losses (Fleay 1932; Green and Scarborough 1990;
Burnett 1993; Watt 1993; Burnett and Marsh 2004). Spotted-tailed quolls were shot,
trapped and poisoned by farmers regardless of whether or not they were threatening
poultry (Watt 1993; Long and Nelson 2010) and bounty schemes were introduced as
early as 1830 to remove Tasmanian devils from rural areas in northwest properties
(Guiler 1982; Owen and Pemberton 2005). The selective removal of native predators
from farming and agricultural regions would have placed selective pressure on the both
species, favouring individuals that inhabited and foraged in relatively undisturbed dense

forested habitats.

The effect of increased disturbance to open environments such as agriculture and
livestock grazing may have forced animals in these areas to relocate to denser forest
areas. The risk-disturbance hypothesis explains that animals should seek a balance
between avoiding disturbance and pursuing activities that may increase fitness such as
food and mating (Frid and Dill 2002). Prior to European settlement, native herbivores,
including the forester kangaroo and common wombat undoubtedly played an important

role in the ecology of lowland grasslands. They graze on the native grasses and used
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tussocks for shelter (Lunt 1991). Spotted-tailed quolls are considered forest-dependent
(Green and Scarborough 1990; Jones and Barmuta 2000) although they have been
observed hunting in grassland and pastoral areas adjacent to forested areas (Jones and
Rose 1996). The movement of carnivores from an open grassland community to a
closed forest community will result in a decrease to their '°C values. Tasmanian devils
were legally protected from 1941 and their population began to expand into former
areas since the 1960's though much of their habitat has been modified for human
purposes (Bradshaw and Brook 2005) and has experienced extreme changes in

vegetation cover (Gilbert 1959; Jackson 1968).

4.5.5.2 Woody plant invasion

The second process that could account for the observed trends in extant marsupial
carnivore &' °C values is one in which there is a gradual shift in the dominant plant
forms and species towards denser vegetation as a result of changes in fire regimes,
livestock grazing pressure, fertilisation and climate. Woody plants typically possess the
Cs; photosynthetic pathway while grasses primarily use the C4 photosynthetic pathway
(Heaton 1999; Cerling et al. 1997). Frequent fires are sufficient to limit the cover and
spread of woody plants, while fire exclusion can lead to shrub dominace or complete
conversion to woodlands in as little as a few decades. Aboriginal people used frequent,
low-intensity burning regimes, and were usually initiated under conditions when the
vegetation was too wet to burn (Marsden-Smedley 1998; Marsden-Smedley and
Kirkpatrick 2000; Enright and Thomas 2008). The fire regime shifted following the
displacement of Aboriginal people by Europeans to fewer fires, followed by regional
scale fires (Marsden-Smedley and Kirkpatrick 2000; Enright and Thomas 2008).
Cessation of Aboriginal fire regimes increased the chance of trees, such as Eucalyptus

and rainforest undershrubs becoming dominant (Jackson 1968).

Increases in atmospheric CO; over the past 200 years has potentially given a significant

advantage to Cs species relative to C,4 plant species in many regions of the world with
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respect to physiological activity, growth and competitive ability (Archer ef al. 1995).
Furthermore, when native pastures have an increase in available resources (e.g. adding
fertilisers), the vegetation may change and can result in the loss of native grass cover
(Mokany et al. 2006). It total, more than 83% of native grasslands have been replaced
after nearly 180 years of agricultural exploitation and exist today as small fragmented
patches (Fensham 1989). The encroachment of woody plants into grass-dominated
communities is a global phenomenon and has far reaching consequences; altering plant
resource availability, hydrology and patterns of nutrient cycling (Van Auken 2009).
Woody plant invasion can also have bottom-up effects on native fauna through changes
in habitat structure, prey abundance and species richness (Seamster 2010). Further
understanding of these potentially long emerging threats is imperative to improve

biodiversity conservation and land management practices.

4.5.6 Long-term change in §"°N of extant marsupial carnivores

During the mid 20" century the spotted-tailed quoll experienced a lowering in their 8'°N
values of nearly one trophic level, followed by an increase in recent times, whereas the
Tasmanian devil experienced an increase in 8'°N values during 1980-1999. Two
processes may account for the variability in the 8'°N values of both species over time;
temporal changes in the isotopic composition of the base of the food web and/or

changes in marsupial carnivore diet/trophic position.

4.5.6.1 Diet/trophic variability

A shift in the prey consumed may be accompanied by a change in trophic level of the
consumer as shown by their 8'°N values. A decrease in consumer 8'°N values would
indicate that they are consuming a greater proportion of lower trophic level prey than
they were formerly. As opportunistic predators, the Tasmanian devil and spotted-tailed
quoll should be able to switch to alternative prey items when there are shifts in the

density of other trophic groups (Ben-David et al. 1997). Dietary shifts have been
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reported seasonally in the Tasmanian devil and both quoll species (Jones and Barmuta
2000) and over several consecutive years in the spotted-tailed quoll (Belcher 1995) but

have not been investigated over longer time scales.

The disappearance of large carnivores often leads to the simplification of ecosystems
through cascading effects that reduce species diversity. The population collapse of
Tasmanian devils in the early 1900's and extinction of the thylacine in 1936 (Guiler
1992) may have had a drastic cascading effect down the food chain, resulting in changes
to prey abundance and distribution. Smaller predators, such as the Tasmanian devil and
quoll species may have switched to larger prey when the thylacine went extinct
(Dickman 1988). Consequently, prey size selection could depend more on competition
among predator guild members than on inherent relationships between predator and

prey sizes (Radloff and Du Toit 2004).

Multiple other factors may have driven the apparent decline in native prey populations
in Tasmania over the past century (Edgar et al. 2005); overexploitation, habitat
alteration, exotic species introduction, climate change and rainfall variation (Belcher
1995; Steffen and Scientific 2009). Many native mammalian herbivores were killed by
Europeans, with more than 900, 000 possums and wallabies caught in 1923 for their
pelts (Owen and Pemberton 2005). Most animals that were hunted for meat and fur
were herbivores, which have lower 8'°N values compared to insectivorous or
carnivorous species. It has been suggested that the arboreal lifestyle of spotted-tailed
quolls may have allowed them to easily access these snared animals when they were
suspended above the ground (Owen and Pemberton 2005). An overall reduction in
spotted-tailed 8'°N values would occur if a higher proportion of low trophic level
species were consumed, such as snared possums and wallabies. Controlled trapping and
killing of native animals was introduced under the Animal and Birds Protection Act
1929 and may have assisted the recovery of herbivore species, making them more

readily available to native predators (Guiler 1957). The trade of red-necked wallaby,
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Tasmanian pademelon and common brushtail possum fur and/or meat continues today
but is now under strict regulation, whereas the large forester kangaroo and common

ringtail possum are no longer hunted commercially.

The supplementation of introduced herbivores in the diet of Tasmanian devils and
spotted-tailed quolls in the form of carcasses of domestic animals (Guiler 1970; Owen
and Pemberton 2005) or killing of lambs and poultry (Gould et al. 1974) may also have
contributed to changes in predator '°N values. During the 19™ and early 20" century,
poultry were usually fed from the stubble fields and waste grain (Knibbs 1913), whereas
sheep grazed in pastures. Given this herbivorous diet, sheep and poultry should have a
low 8'°N value during early European settlement compared to meat eaters. The §'°N
values of a nursing lamb will be one trophic level higher than its mother until weaning
begins as the lamb is consuming its mother's milk (Polischuk ez al. 2001; Newsome e?
al. 2006; Dalerum et al. 2007). Introduced species are more likely to be hunted by
native carnivores than native prey if they are more readily catchable, accessible or
abundant, as has been observed in many regions of the world (Andelt 1985; Corbett and
Newsome 1987; MacCracken and Hansen 1987; Newsome ef al. 1989; Macehr ef al.
1990; Pech et al. 1992). Only recently have nitrogen fertilisers been applied to pastures,
which would increase the 8'°N value of livestock feeding in these areas and

subsequently, marsupial carnivores feeding off livestock.

4.5.6.2 Environmental influences

A shift in the 8'°N of consumers may represent changing processes at the base of the
food chain due to nitrogen inputs into the terrestrial system, uptake of nitrogen by plants
or a combination of these. Agriculture contributes excessive amounts of nitrogen to
terrestrial systems, primarily in the form of manure (~5%o) and inorganic fertiliser
(~0%o) (Kendall 1998). The 8"°N of manure is often further elevated through ammonia
volatilisation during storage and application, and N from both sources is subject to

further 8'"°N increases through denitrification (Kendall 1998). Leaching or gaseous
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losses occur when nitrogen deposits exceed the biological demand of the ecosystem,
resulting in the preferential loss of '*N from terrestrial environments (Templer et al.
2007). Plants will take up the remaining relatively enriched °N as the ecosystem gets
closer to reaching nitrogen saturation (Hogberg and Johannisson 1993). Herbivores will
have 8"°N values reflecting that of the leaf tissues consumed and are subsequently
transferred up the food web (Evans 2001). Thus, the increased 8"°N values reported
over recent decades in the Tasmanian devil and spotted-tailed quoll could be an

indicator of animal waste pollution or nitrogen loss through denitrification.

4.5.6.3 Verifying cause of temporal 8°N shift

The cause of temporal changes in top predator 8'°N values may be verified by tracking
8'"°N values of prey species over the same time frame. An analogous temporal shift in
prey and predator 8'°N values would lend support towards changes to nitrogen uptake

by plants or nitrogen input into the ecosystem (e.g. fertiliser).

4.6 CONCLUSION

We infer that hunting of small to medium bodied mammals was likely a major element
of thylacine subsistence in Tasmania, and may have included the Common wombat,
Bennett's wallaby and Tasmanian pademelon. The dramatically reduced abundance and
range of Tasmania's herbivorous mammals following European settlement has
important implications for the thylacine population that were heavily reliant on
medium-bodied prey. We also detected several differences in the 8"°C and 8'°N values
between the thylacine and sympatric marsupial carnivores, suggesting potential
variation in the habitat use and/or diet between these species. By combining historic and
contemporary marsupial carnivore samples dating back to the 19" Century, we provide
a new perspective of the ecology of marsupial carnivores and insight into past

vegetation changes in Tasmania that can be used to aid land management initiatives.
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Chapter 5

CONCLUSION: THE INTERACTION BETWEEN DIET AND
EXTINCTION RISK AND THE FUTURE OF AUSTRALIA'S
CARNIVOROUS MARSUPIALS

"What escapes the eye is the most insidious kind of extinction - the extinction of
interactions"

Dan Janzen
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5.1 KEY FINDINGS OF THE THESIS

5.1.1 Thylacine prey size and extinction risk

The primary aim of this thesis was to identify and assess the role of prey size and
resource competition in the extinction of the thylacine (Thylacinus cynocephalus) in
Tasmania. The skull mechanics of two extinct members of Thylacinidae were compared
with extant relatives for the first time using finite element modelling to determine the
maximum prey size of the thylacine (Chapter 2 and 3). Using this approach, we found
that the thylacine was not well-adapted to tackle prey approaching or exceeding their
own body mass, particularly if they were hunting alone. The mainland fossil thylacinid,
Nimbacinus dicksoni, appears to share greater similarities in predatory behaviour to
generalist daysurids than the thylacine (Chapter 3), and supports the notion that the
thylacine was a more specialised carnivore (Wroe and Musser 2001). By assessing the
capacity of the thylacine skull to withstand loads generated by jaw adductors or
struggling prey in relative contexts has provided new insight in how its skull once

functioned and why it was shaped in a particular way.

In both biomechanics studies in this thesis (Chapter 2 and 3), the thylacine was the only
marsupial carnivore to experience peak stress at the rostrum during a canine bite, which
may be because of their unique skull shape (Wroe and Milne 2007). Carnivores with
different snout lengths experienced a trade off in mechanical performance (Pierce ef al.
2008). In theory, a longer snout is mechanically weaker at the canines than in shorter
snouted species due to an increased distance between the canines and the point of jaw
articulation. In trade, longer snouts offer an increased speed of attack through having a
longer outlever and are typically considered better suited to small, agile prey (Wroe and
Milne 2007). The skull of the thylacine was large but lightly constructed and possessed
a long, narrow rostrum adapted to quickly snapping up live prey. Snout morphology did
not appear to be a limiting factor for the thylacine in an earlier comparative study with

placental dingo (Canis lupus dingo) (Wroe et al. 2007). However, predictions relating to
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the morphological function of extinct species benefit from comparisons to close living

relatives (Lauder and Thomason 1995).

The prey composition of the thylacine was estimated using a stable isotope mixing
model that incorporated native predator and prey tissues dated prior to the extinction of
the thylacine (Chapter 4). Medium-sized mammalian prey were likely to form the bulk
of the thylacine diet and may have included the common wombat (Vombatus ursinus),
red-necked wallaby (Macropus rufogriseus) and Tasmanian pademelon (Thylogale
billardierii). These species fall within the expected size range of prey needed to sustain
large (>21.5 kg) mammalian carnivores within a terrestrial environment (Carbone et al.
1999). This would suggest that the thylacine diet was sufficient to meet their energetic
requirements. However, the average body mass of prey identified isotopically did not
exceed the body mass of thylacines, and may reflect a preference in prey size or
physical limitation in the size of prey they could catch. Co-operative hunting may have
permitted predation upon larger prey, such as the forester kangaroo (Macropus
giganteus), but the stable isotope signature of this herbivore suggested that they were a

less important component of the thylacine’s diet.

The contention that thylacines hunted prey weighing less than their own body mass is
supported by other comparative biomechanical and morphological studies. The bite
force of the thylacine has been predicted to be higher than the dingo. However, its skull
experienced greater stress under conditions that simulate the influence of struggling
prey, suggesting they were limited to small- to medium-sized prey (Wroe et al. 2007).
Mammalian predators that target larger prey have a greater risk of breaking and
fracturing their canines from catching and killing larger prey compared to predators that
specialise in smaller prey. Jones and Stoddart (1998) observed low rates of canine tooth
wear and fracture in the thylacine compared to large prey specialists and proposed that
the thylacine relied on prey weighing up to 5 kg. The stable isotope findings of this
thesis suggest that slightly larger species formed the bulk of their diet (Chapter 4).

Anecdotal and historical evidence reveal a decreasing availability of medium-sized
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herbivores following European settlement (Animal Welfare Advisory Committee
Australia 2003). This would have had unintended consequences for thylacines that
heavily relied on these species for survival unless they were able to adapt to changing

food resources and still meet their energetic needs.
5.1.2 Predatory behaviour of Nimbacinus dicksoni

Australia has long been dominated by marsupials, and among these one family now
dominate carnivorous niches, the dasyurids, which include quolls or native ‘cats’ and
the notorious Tasmanian devil, as well as dozens of smaller marsupial ‘mice’ species .
However, in recent decades it has become clear that dasyurids were once relatively rare
and another, related, but now extinct marsupial carnivore family, the thylacinids, were
dominant. Although the number of known fossil species of thylacinid has greatly
increased from 1 to 11, few are known from substantial cranial material and predictions
of feeding ecology have been largely qualitative. However, one species the ~25-15
million year old Nimbacinus dicksoni is represented by a well-preserved skull. It is now
thought that the thylacine was more specialized than large living dasyurids and far more
restricted in dietary breadth, possibly making it more vulnerable to extinction. Using a
sophisticated virtual 3D reconstruction techniques and a digital engineering approach
we asked whether killing behaviour and prey size in the fossil N. dickoni was more
similar to that of the thylacine, or to similar-sized living dasyurids. We find that
mechanical behaviour of the N. dicksoni skull was closest to that of the largest native
‘cat’, the spotted-tailed quoll and well-removed from that of the thylacine and conclude
that unlike its recently extinct relative, the fossil species hunted a wide range of prey, up

to and likely exceeding its own body mass.
5.1.3 A case for intraspecific competition

There are many instances where carnivores have been adversely influenced by other
members of the guild when they use the same resources (Mills and Mills 1982; Johnson

and Franklin 1994; Palomares et al. 1996; White and Garrott 1997). This thesis
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demonstrates that thylacines fed on similar sized prey as the Tasmanian devil
(Sarcophilus harrisii) and spotted-tailed quoll (Dasyurus maculatus) (Chapter 1). There
was also marked trophic overlap between thylacines and both quoll species, while the
Tasmanian devil had a marginally higher trophic position than the thylacine (Chapter 4).
The diet of the Tasmanian devil and both quoll species has been studied in detail and
include species isotopically identified as the main prey of the thylacine. For example,
Tasmanian devil have been observed catching live prey up to 30 kg in size, including
common wombats and red-necked wallabies (Jones and Barmuta 1998). The diet of
spotted-tailed quoll and eastern quoll (Dasyurus viverrinus) consist primarily of
mammals, though female spotted-tailed quolls also eat a high proportion of birds (Jones
and Barmuta 1998). The presence of the thylacine may have affected the space use by
the two largest remaining carnivores, the Tasmanian devil and spotted tailed quoll, as
signified by differences in their 8'°C values (Chapter 4). If the space use of smaller
carnivores was influended by thylacine presence, then the dramtic decrease and eventual
extinction of the thylacine may have allowed the smaller carnivores to increase their

numbers.

Surprisingly, we did not identify intersexual differences in the stable isotope
composition of the thylacine despite their marked sexual dimorphism however
additional samples will be required to confirm these findings. Similarly, none of the
extant marsupial carnivores displayed intersexual differences in stable isotope values,

which suggests potential intraspecific competition for food and habitat resources.
5.1.4 Ecological responses to prolonged human disturbances

Our stable isotope findings augment the limited understanding of the changes in the
terrestrial Tasmanian food web over the last ~180 years, since few records exist that
might provide insights into historical food web interactions and energy flow pathways
(Fensham 1989; Marsden-Smedley 1998). Century-long transition in keratin 8'"°C values

were found for the Tasmanian devil and spotted-tailed quoll and provide evidence of
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major ecosystem responses to prolonged anthropogenic disturbances. Grassy woodlands
and grasslands have been the most seriously affected vegetation type in Tasmania, being
replaced by crops, pastures and aggressive woody plants since Europeans arrived over
200 years ago (Fensham 1989). Our isotopic data reflect significant changes between
the proportion of C; and C4 vegetation inhabited by marsupial carnivores over time,
supporting a gradual transition in habitats utilised by apex predators towards denser

woody areas.

We identified two processes that may separately or in combination be responsible for
decadal changes in Tasmanian devil and spotted-tailed quoll 8'°N values following
European settlement. Temporal variation in '°N consumer tissues is normally
interpreted as a shift in their trophic position, reflecting a change in the relative
proportions of each prey species assimilated. Severe habitat modification and predation
by humans, foxes and feral cats is likely to have reduced the number of native terrestrial
prey available to marsupial carnivores. As opportunistic predators, the Tasmanian devil
and spotted-tailed quoll take advantage of carrion and are able to hunt a range of prey
including species exceeding their own body mass (Jones and Barmuta 1998), allowing
them to make full use of available prey. Changes in the community assemblage are
likely to be reflected in the tissues of generalist predators as they typically switch their
diet in response to changes in prey species abundance (Murdoch 1969). Alternatively,
this perceived trophic level shift may actually be the result of changing isotopic
compositions at the base of the food web. For example, nitrogen inputs into the soil
from agriculture (e.g. manure and inorganic fertiliser) can lead to the preferential loss of
N from terrestrial environments through leaching or gaseous losses (Templer et al.
2007). Plants will take up the remaining relatively enriched 5'°N (Hogberg and
Johannisson 1993) that is then assimilated into the tissue of primary consumers.
Ecosystem-based restoration efforts typically involve the establishment or rehabilitation
of self-sustaining native communities that reflect historical conditions (Lichatowich et

al. 1995). The lack of baseline information on vegetation assemblage and food web
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interactions presents a major challenge in evaluating changes of a given ecosystem
(Vander Zanden et al. 2003). The isotope-based food web and environment
reconstructions presented in this thesis reveal long-term ecological changes that may be

used to set historically relevant restoration targets in Tasmania.

5.2 RECOMMENDATIONS FOR FUTURE WORK

5.2.1 Were thylacines individual specialists?

Thylacines in Tasmania occupied a wide trophic range and may be described as a
generalist population (Chapter 4). In recent years, attention has been drawn to the idea
that individuals can occupy a specialised niche within a generalist population (Bolnick
et al. 2003). Individual specialisation is common among generalist carnivore
populations (Shaffer 1971; Pierotti and Annett 1987; Thiemann et al. 2011) and has
significant ecological and evolutionary implications (Van Valkenburgh 2007). Scientific
evidence to support individual dietary variation in the thylacine is largely limited.
Robson and Young (1990) reported individual variation in tooth microwear, which may
potentially be attributed to dietary differences within the species. However dietary
interpretations based on this study were inconclusive due to their low sample size. Intra-
and inter-individual dietary variation was not addressed in this study as the isotopic data
for each individual only looked at a 'snapshot' in time. Accurate designation of resource
variation within and between thylacine individuals will be important in assessing the
complete diversity of trophic interactions and will require longitudinal records of

individual behaviour.

The excellent preservation of thylacine tissues in museums raises the possibility of
obtaining temporal dietary records of thylacine individuals long after they have become
extinct. The analysis of multiple tissue types with different turnover rates from the same
individual can be used to assess temporal variation in individual diet, and has been

frequently applied to wild populations (Dalerum and Angerbjorn 2005). Alternatively,
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metabolically inactive tissues that grow progressively over time such as hair, vibrissae
and nails can be used to provide chronological isotopic records of individuals from
ancient and modern populations (White et al. 1999; O'Connell et al. 2001; Bearhop et
al. 2003; Roy et al. 2005; Furness et al. 2006; Cherel et al. 2007; Harrison et al. 2007).
The stable isotope signature of inert tissues remains unchanged once synthesised as the
protein remains biochemically unchanged as it is laid down (Gannes ef al. 1998). This
allows stable isotopes measurements to be serially sampled along inert tissues to infer
isotopic changes within an individual over the period of tissue growth (Hobson and
Wassenaaar 1997). For example, thylacine vibrissae collected as part of this thesis may

be used to unlock sequential isotopic information of these individuals.
5.2.2 Temporal change in predator 8'5N values: is it a real 'trophic' shift?

To verify the cause of the temporal 8'°N shift observed in Tasmanian devil and spotted-
tailed quoll, isotopic information of prey species will need to be compared over the
same time period where the change in predator 8'°N values has occurred. A large
collection of prey materials are available in museum achieves that were collected from
different times since European settlement. A temporal shift in primary consumer 8'°N
values at the same time as that found in these predators would support the notion that
this change is due to variation in 8'°N at the base of the food chain. Consistency in prey
8"°N values over time would more likely indicate that marsupial carnivores have altered

their diet.
5.2.3 Caveats to stable isotope studies

The caveats of applying stable isotope methods to extinct species complicate their use in
reconstructing their ecology and environment. Firstly, the isotopic fractionation (change
in isotope ratios) between a consumer tissue and their diet must be accurately estimated
to reconstruct the diet of extinct species and infer historic inter-specific trophic
relationships (Ambrose et al. 2003). It is ideal to obtain species-specific trophic

fractionations for a given tissue, however, in most cases this is not possible, and trophic
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fractionations from a related species, or averaged trophic fractionations from multiple
species with similar feeding niches are used (McCutchan ef al. 2003). Species-specific
fractionation values are unable to be obtained for extinct species, so we applied values
taken from placental carnivores in the literature to construct the diet of the thylacine.
The examination of diet-bone collagen enrichment factors in marsupials, particularly
marsupial carnivores, would be preferable to taking enrichment factors of placental
carnivores from the literature. As of yet, diet-bone collagen enrichment factors has not

been studied in marsupials and presents a new avenue for future research.

Secondly, the collective use of multiple tissues in this study may be problematic due to
variation in the amino acid concentration or composition of tissues within an individual,
which can lead to small isotopic differences between tissues (Hedges 2003). Tissues
may also vary isotopically due to variation in the composition of different dietary
constitutions. Our pilot study compared stable isotope ratios in Tasmanian devil tissues
to control for potential isotopic differences between tissues, and thereby allow multple
tissue types to be used in conjunction. Most studies used to determine isotopic
fractionation between consumer tissues use captive animals fed fixed diets to control for
potential biases in amino acid composition between diets (Gratton and Forbes 2006;
MacNeil et al. 2006). As some of the tissues of interest are highly invasive to sample
from live animals (e.g. bone), the tissue enrichment values used in this study were based
on tissues collected opportunistically from deceased animals. As these animals were not
fed fixed diets, variations in stable isotope enrichment in predator tissues may due, at
least in part, to differences in food quality and diet (Oelbermann and Scheu 2002). This
pilot study would benefit from using a higher sample size and including additional taxa

to verify the findings.

An important caveat was that we did not control for the specific region in Tasmania
where specimens were collected due to the rarity of historic specimens. Heterogeneity
in isotope values among conspecifics may be due to variation in consumer prey

preferences, or may be caused by temporal and/or spatial variation in prey availability
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or isotopic composition (Layman et al. 2007). In the latter case, individuals specialised
on the same resource by feeding consistently in different areas may differ greatly in
isotope values if there is spatial heterogeneity in resource isotopes, so that habitat-
derived variation in consumer isotopes may be mistaken as diet variation (Flaherty and
Ben-David 2010). Similarly, individuals sampled at different time periods that
specialise in the same resource may have temporal heterogeneity in consumer isotope
values. Knowledge of spatial and temporal variability in prey isotope values will greatly
improve the interpretation of consumer isotopic space (Layman et al. 2007), yet are near
impossible to obtain for historical food webs. Nevertheless, the potential role of diet and
competition in the marsupial carnivores investigated cannot be ignored, and the
available data suggests interesting and important temporal trends, which should be

explored further.

5.2.4 Looking into the future: the management of critically endangered

carnivores

Since the extinction of the thylacine there has been a renewed need to understand the
behaviour of critically endangered species. The diet of Australia’s large threatened
dasyurids is quite broad and variable as their diet consists of multiple species that can
change over space and time (Jones and Barmuta 1998; Dawson et al. 2007). A
comprehensive understanding of the present diet and habitat use of these top predators
will be critical for the effective management of both wild and captive populations by (i)
providing clarity on their ecological function, (ii) identifying important habitats and
prey species, and (iii) assessing ecological impacts of free-range enclosures and natural
populations on prey as well as mesopredators (middle trophic level predators) that are

normally controlled through competition or predation by larger predators.
Analysis of prey remains from fecal samples or stomach contents have provided

important insights into the diet of marsupials including Tasmanian devils (Taylor 1986;

Marshall and Cosgrove 1990; Pemberton ef al. 2008), yet have several disadvantages
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and potential biases. These conventional dietary techniques are limited in their ability to
resolve temporal patterns in diet due to small sample sizes and nonrandom sampling,
and potential pseudeoreplication when independent samples are from the same subject
(Reynolds and Aebischer 1991; Deb 1997; Darimont and Reimchen 2002). Partial
remains and the prevalence of indigestible material such as bone limits the accuracy of
assessing the relative importance of particular prey species to an individual's diet
(Burton and Koch 1999) and represent their most recently digested food rather than diet
per se. Stable isotope measurements in animal tissues overcome some of the
shortcomings of traditional dietary studies because they reflect an individual's diet over
time. A further advantage is that unlike conventional techniques, results based on stable
isotope data reflect assimilated and not ingested foods (Hobson et al. 1996). Through
our investigation we found that 8"°C and 5'°N can be used to discriminate among prey
species belonging to different niches (Chapter 4) and may be further used to address the
diet of other terrestrial predators in Australia. Stable isotope techniques are most
effectively used in combination with conventional approaches to verify diet (Dehn et al.

2007) and we highly recommend its use in future ecological studies.
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APPENDIX

APPENDIX A

Specimen records and prey information

Appendix A1 Specimen records for all carnivorous marsupials included in the study,
including the thylacine, Tasmanian devil, spotted-tailed quoll and eastern quoll.
Information is provided on the sex (M = male, F = female, U = unknown), year of

death/acquisition, locality and institution where each specimen.

Year of

Scientific name Specimen number death Locality/Source Sex Institution*  Tissue type
Thylacinus SMF15682 1852 Tasmania M FSS Whisker
cynocephalus

Thylacinus 4088 1869 Tasmania U LCM Bone
cynocephalus

Thylacinus 4089 1869 Tasmania U LCM Bone
cynocephalus

Thylacinus 4091 1869 Tasmania U LCM Bone
cynocephalus

Thylacinus LEED 1869.46.7 1869 Tasmania U LCM Hair
cynocephalus

Thylacinus LEED 4087 1869 Tasmania U LCM Bone
cynocephalus

Thylacinus LEED 4090 1869 Tasmania U LCM Bone
cynocephalus

Thylacinus As. 7/2 1871 Tasmania U CZM Hair
cynocephalus

Thylacinus As. 7/3 1871 Tasmania M CZM Bone
cynocephalus

Thylacinus As. 7/4 1871 Tasmania U CZM Hair
cynocephalus

Thylacinus As. 7/5 1871 Tasmania F CZM Bone
cynocephalus

Thylacinus As. 7/8 1871 Tasmania F CZM Bone
cynocephalus

Thylacinus C28746 1883 Tasmania M MV Hair
cynocephalus

Thylacinus NZM6279 1885 Tasmania U NHM Bone
cynocephalus

Thylacinus NZM6288 1885 Tasmania U NHM Bone
cynocephalus

Thylacinus FMNH 81522 1888 Tasmania F FMNH Bone
cynocephalus
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Appendix Al continued.

Specimen Year of

Scientific name number death Locality/Source Sex Institution*  Tissue type
Thylacinus NZM411 1888 Tasmania M NHM Bone
cynocephalus

Thylacinus 7503 1888 Tasmania F HM Whisker
cynocephalus

Thylacinus 300130 1897 Tasmania M BM Hair
cynocephalus

Thylacinus C5746 1901 Tasmania M MV Hair
cynocephalus

Thylacinus 26.9.1910 1910 Tasmania U WML Bone
cynocephalus

Thylacinus GMN782 1911 Tasmania U GNHM Whisker
cynocephalus

Thylacinus A295 1920 North-west coast, U TMAG Bone
cynocephalus Tasmania

Thylacinus A297 1920 North-west coast, U TMAG Bone
cynocephalus Tasmania

Thylacinus RCSOM/A 1922 Woolnorth, M RCS Bone
cynocephalus 368.5 Tasmania

Thylacinus 14788 1923 Tasmania U AMNH Bone
cynocephalus

Thylacinus 100102 1925 Tasmania F BM Bone
cynocephalus

Thylacinus NMA 1930 Pieman River, U NMA Hair
cynocephalus 1991.0016.0001 Tasmania

Thylacinus 77701 Unknown  Tasmania 8] AMNH Bone
cynocephalus

Thylacinus A300 Unknown  North-west coast, U TMAG Bone
cynocephalus Tasmania

Thylacinus Al1277 Unknown  Tasmania U TMAG Bone
cynocephalus

Thylacinus Al1278 Unknown  Tasmania U TMAG Bone
cynocephalus

Thylacinus A890 Unknown  Florentine Valley M TMAG Bone
cynocephalus

Thylacinus NZM2010 Unknown  Tasmania U NHM Bone
cynocephalus

Sarcophilus harrisii 16200 1852 Tasmania U FSS Whisker
Sarcophilus harrisii ~ SMF 16200 1852 Tasmania U FSS Whisker
Sarcophilus harrisii  NZM2011 1888 Tasmania M NZM Bone
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Appendix Al continued.

Year of

Scientific name Specimen number death Locality/Source Sex Institution*  Tissue type
Sarcophilus QVM:OLD:1:2017 1903 Launceston-PtB, M QVM Whisker
harrisii Tasmanian

Northern Midlands,

Doctors Creek, N.

Tasmania
Sarcophilus A263 1908 Tasmania U TMAG Bone
harrisii
Sarcophilus 1921 - G Estate 1921 Gunns Estate, U QVM Bone
harrisii Launceston,

Tasmania
Sarcophilus 65670 1922 Arthur River, M AMNH Bone
harrisii Tasmania
Sarcophilus 65671 1922 Arthur River, M AMNH Whisker
harrisii Tasmania
Sarcophilus 65672 1922 Arthur River, F AMNH Bone
harrisii Tasmania
Sarcophilus 65673 1922 Arthur River, F AMNH Whisker
harrisii Tasmania
Sarcophilus 65675 1922 Arthur river mill, F AMNH Whisker
harrisii Tasmania
Sarcophilus 65676 1922 Arthur river mill, M AMNH Whisker
harrisii Tasmania
Sarcophilus QVM:1941:1:0179 1941 Launceston, U QVM Hair
harrisii Underwood,

Tasmania
Sarcophilus QVM:1941:1:0226 1941 Kentish, M QVM Bone
harrisii Tasmanian central

highlands, Cradle

Mountain,

Tasmania
Sarcophilus QVM:1942:1:0157 1942 Winnaleah, U QVM Hair
harrisii Tasmania
Sarcophilus QVM:1946:1:0019 1946 Meander, Tasmania F QVM Hair
harrisii
Sarcophilus RCSOM/A 369.83 1951 Wynard, Tasmania U RCS Bone
harrisii
Sarcophilus RCSOM/A 369.87 1951 Wynard, Tasmania U RCS Bone
harrisii
Sarcophilus QVM:1963:1:0243 1962 Westbury, F QVM Hair
harrisii Tasmania
Sarcophilus 1963.173.2 1963 Tasmania U WML Bone
harrisii
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Appendix Al continued.

Year of

Scientific name Specimen number death Locality/Source Sex Institution*  Tissue type
Sarcophilus A2844 1963 Greens Creek, M TMAG Bone
harrisii Tasmania
Sarcophilus A2827 1964 Woolnorth, M TMAG Bone
harrisii Tasmania
Sarcophilus QVM:1964:1:0151 1964 Gladstone, F QVM Hair
harrisii Tasmania
Sarcophilus QVM:1964:1:0157 1964 Ansons bay, , F QVM Hair
harrisii Tasmania
Sarcophilus QVM:1964:1:0203 1964 Gladstone, F QVM Hair
harrisii Tasmania
Sarcophilus A774 1967 Pedder Hut, U TMAG Whisker
harrisii Tasmania
Sarcophilus A2824 1969 Cape Portland, F TMAG Bone
harrisii Tasmania
Sarcophilus QVM:1981:1:0129 1976 Avoca, Tasmanian F QVM Bone
harrisii Northern Midlands
Sarcophilus QVM:1982:1:0198 1980 Greens Beach, F QVM Hair
harrisii Tasmania
Sarcophilus QVMI1988:1:0041 1980 Oxford, Tasmania M QVM Hair
harrisii
Sarcophilus QVM:1982:1:0016 1982 Meander Valley, F QVM Bone
harrisii Tasmanian

Northern Midlands
Sarcophilus QVM:1982:1:0017 1982 Meander Valley, F QVM Bone
harrisii Tasmanian

Northern Midlands
Sarcophilus QVM:1982:1:0159 1982 Meander Valley, U QVM Bone
harrisii Tasmanian

Northern Midlands
Sarcophilus QVM:1984:1:0260 1984 Cressy, Tasmania U QVM Hair
harrisii
Sarcophilus QVM:1986:1:0021 1986 Dorset, Ben M QVM Bone
harrisii Lomond,

Scottsdale,

Tasmania
Sarcophilus QVM:1987:1:0056 1987 Greens Beach, U QVM Bone
harrisii Tasmania
Sarcophilus QVM:1987:1:0085 1987 Greens Beach, F QVM Hair

harrisii

Tasmania
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Appendix Al continued.

Year of

Scientific name Specimen number death Locality/Source Sex Institution*  Tissue type
Sarcophilus QVM:1988:1:0040 1988 Meander Valley, F QVM Bone
harrisii Tasmanian

Northern Midlands
Sarcophilus 160043 1991 Tasmania M FMNH Whisker
harrisii
Sarcophilus 160044 1991 Liavenec-Breona F FMNH Bone
harrisii Hwy, Tasmania
Sarcophilus 160045 1991 Tasmania F FMNH Whisker
harrisii
Sarcophilus 160046 1991 Mud Walls road, M FMNH Bone
harrisii near Colebrook,

Tasmania
Sarcophilus QVM:1996:1:0001 1992 Kentish, Tasmanian F QVM Bone
harrisii central highlands,

Cradle Mountain,

Tasmania
Sarcophilus QVM:1996:1:0006 1992 Kentish, Tasmanian M QVM Bone
harrisii central highlands,

Cradle Mountain,

Tasmania
Sarcophilus QVM:1996:1:0004 1993 Cradle Mountain, M QVM Bone
harrisii Tasmania
Sarcophilus QVM:1996:1:0008 1993 Cradle Mountain, M QVM Bone
harrisii Tasmania
Sarcophilus 160047 1996 Campbell Town F FMNH Whisker
harrisii Road, 10 km W

Lake Leake,

Tasmania
Sarcophilus 160049 1996 Smithton, Tasmania F FMNH Whisker
harrisii
Sarcophilus SHO02 2000 Tasmania F QVM Bone
harrisii
Sarcophilus SH04 2000 Mole creek, M QVM Bone
harrisii Tasmania
Sarcophilus SH10 2000 Tasmania M QVM Bone
harrisii
Sarcophilus SH14 2000 Tasmania F QVM Bone
harrisii
Sarcophilus SH12 2003 Adjacent to Coles U QVM Bone
harrisii Bay, Tasmania
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Appendix Al continued.

Year of

Scientific name Specimen number death Locality/Source Sex Institution*  Tissue type
Sarcophilus SH13 2004 Bothwell, Tasmania F QVM Bone
harrisii
Sarcophilus Freezer No. 2008 Lake Cresent Road, U TMAG Bone
harrisii CO2744 Bothwell near Lake

Cresent
Sarcophilus Freezer No. 2008 Tasmania U TMAG Bone
harrisii C02745
Sarcophilus A3303 2010 Bothwell, Tasmania M TMAG Bone
harrisii
Sarcophilus TAS12 019 2012 Cradle Mountain, F Fieldwork  Bone
harrisii Tasmania
Sarcophilus TAS12 020 2012 Cradle Mountain, M Fieldwork  Bone
harrisii Tasmania
Dasyurus A610/3 1869 Tasmania F CZM Bone
maculatus
Dasyurus AS552 1914 Macquarie Plains, U TMAG Whisker
maculatus Tasmania
Dasyurus QVM:1993:1:0032 1919 Waratah/Wynyard, U QVM Whisker
maculatus Tasmania
Dasyurus 65682 1922 Arthur river mill, M AMNH Whisker
maculatus Tasmania
Dasyurus 65683 1922 Arthur river mill, F AMNH Whisker
maculatus Tasmania
Dasyurus 65684 1922 Arthur river mill, M AMNH Whisker
maculatus Tasmania
Dasyurus 66162 1922 Arthur river mill, M AMNH Whisker
maculatus Tasmania
Dasyurus 65685 1923 Authur River M AMNH Whisker
maculatus Sawmill, Tasmania
Dasyurus 65687 1923 Authur River M AMNH Whisker
maculatus Sawmill, Tasmania
Dasyurus 65688 1923 Arthur River, M AMNH Bone
maculatus Tasmania
Dasyurus QVM:1940:1:0164 1940 George Town, U QVM Bone
maculatus Tasmania
Dasyurus A3492 1951 Tarrleah, Tasmania U TMAG Bone
maculatus
Dasyurus RCSOMA 37042 1951 Wynard, Tasmania U RCS Bone
maculatus
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Appendix Al continued.

Year of

Scientific name Specimen number death Locality/Source Sex Institution*  Tissue type
Dasyurus A22 1954 Central Highlands, F TMAG Whisker
maculatus Tarraleah,

Tasmanian

Southern Ranges
Dasyurus AS553 1957 East Tamar U TMAG Whisker
maculatus Highway
Dasyurus A21 1960 Buckland, U TMAG Whisker
maculatus Glamorgan-Spring

Bay, Tasmania
Dasyurus QVM:1963:1:0018 1963 Tasmania M QVM Hair
maculatus
Dasyurus QVM:1963:1:0019 1963 Liffy Road, North M QVM Hair
maculatus Tasmania
Dasyurus QVM:1963:1:0232 1963 Liffey Falls, M QVM Hair
maculatus Tasmania
Dasyurus SMF 15507 1963 Bell Bay- M FSS Whisker
maculatus Lannceston,

Tasmania
Dasyurus A701 1965 West Hobart, U TMAG Whisker
maculatus Tasmania
Dasyurus A903 1974 Zeechan, Tasmania U TMAG Whisker
maculatus
Dasyurus A906 1974 Zeechan, Tasmania U TMAG Whisker
maculatus
Dasyurus A910 1974 Crotty, Tasmania U TMAG Bone
maculatus
Dasyurus QVM:1975:1:0039 1974 North Tasmania U QVM Bone
maculatus
Dasyurus QVM:1978:1:0301 1978 Wyena, Tasmania M QVM Hair
maculatus
Dasyurus QVM:1978:1:0545 1978 Meander Valley, F QVM Bone
maculatus Tasmanian

Northern Midlands
Dasyurus A1259 1979 Buckland, U TMAG Whisker
maculatus Tasmania
Dasyurus A1330 1979 Triabunna, U TMAG Bone
maculatus Tasmania
Dasyurus QVM:1982:1:0050 1982 Northern Tasmania U QVM Hair
maculatus
Dasyurus QVM:1984:1:0226 1984 Launceston, M QVM Hair
maculatus Underwood,

Tasmania
Dasyurus QVM:1984:1:0245 1984 Patersonia, M QVM Hair
maculatus Tasmania
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Year of

Scientific name Specimen number death Locality/Source Sex Institution*  Tissue type
Dasyurus QVM:1985:1:0053 1985 Underwood, M QVM Hair
maculatus Tasmania
Dasyurus QVM:1987:1:0087 1987 Hollybank Forest M QVM Hair
maculatus Reserve, Tasmania
Dasyurus QVM:1987:1:0109 1987 Mount Direction, F QVM Hair
maculatus Tasmania
Dasyurus QVM:1988:1:0024 1987 Bridpost, Tasmania F QVM Hair
maculatus
Dasyurus QVM:1988:1:0013 1988 West Tamar, M QVM Hair
maculatus Tasmania
Dasyurus QVM:1988:1:0044 1988 Ben Lomond, M QVM Hair
maculatus Launceston,

Tasmania
Dasyurus QVM:1994:1:0010 1991 Launceston, M QVM Bone
maculatus Tasmania
Dasyurus QVM:1995:1:0003 1991 Waratah/Wynyard, M QVM Bone
maculatus Tasmania
Dasyurus QVM:1993:1:0217 1992 Northern Midlands, M QVM Bone
maculatus Evandale,

Tasmania
Dasyurus QVM:1994:1:0004 1992 Kentish, Tasmanian M QVM Bone
maculatus Northern slopes,

Sheffield, Tasmania
Dasyurus Al1532 1993 Cardigan Flats, U TMAG Whisker
maculatus Tasmania
Dasyurus A1540 1994 Hillwood, U TMAG Whisker
maculatus Tasmania
Dasyurus QVM:1996:1:0002 1994 West Tamar, M QVM Bone
maculatus Tasmania
Dasyurus QVM:1996:1:0003 1995 Meander Valley, F QVM Bone
maculatus Tasmanian

Northern Midlands
Dasyurus 160039 1996 Queenstown, M FMNH Bone
maculatus Tasmania
Dasyurus SQ04 2000 Mole Creek Hwy M QVM Whisker
maculatus Near Lobster Falls,

Tasmania
Dasyurus SQO05 2000 Mole Creek Hwy M QVM Whisker
maculatus Near Lobster Falls,

Tasmania
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Appendix Al continued.

Scientific name Specimen number dYee;t;lOf Locality/Source Sex Institution*  Tissue type
Dasyurus SQ06 2000 Al Epping Forest, M QVM Whisker
maculatus Tasmania
Dasyurus SQO03 2001 Mole creek, M QVM Whisker
maculatus Tasmania
Dasyurus A2489 2004 Oatlands, Tasmania U TMAG Whisker
maculatus
Dasyurus SQ02 2004 A2 Hwy, , M QVM Whisker
maculatus Tasmania
Dasyurus A2490 2006 Huon Valley, M TMAG Whisker
maculatus Castle Forbes Bay,
Tamanian Southern
Ranges

Dasyurus A2491 2006 Tasmania U TMAG Whisker
maculatus
Dasyurus A2659 2008 Berwent valley, U TMAG Whisker
maculatus Tasmania
Dasyurus A2660 2008 Bothwell, Tasmania U TMAG Whisker
maculatus
Dasyurus A611/2 1869 Tasmania F CZM Bone
hallucatus
Dasyurus 1921 No ID 1921 Gunns Estate, U QVM Bone
hallucatus "native cat" Gunns Launceston,

Estate Tasmania
Dasyurus 65344 1922 Hobart, Tasmania U AMNH Bone
hallucatus
Dasyurus 65689 1922 Hobart, Tasmania F AMNH Bone
hallucatus
Dasyurus 65690 1922 Huon, Tasmania M AMNH Bone
hallucatus
Dasyurus 65693 1922 Huon, Tasmania M AMNH Bone
hallucatus
Dasyurus 65694 1922 Huon, Tasmania M AMNH Bone
hallucatus
Dasyurus QVM:1976:1:0106 1955 Lilydale, Tasmania M QVM Bone
hallucatus
Dasyurus Al7 1956 Mount Wellington, U TMAG Whisker
hallucatus Tasmania
Dasyurus Al6 1959 Ridgeway, U TMAG ‘Whisker
hallucatus Tasmania
Dasyurus All 1960 Westbury, U TMAG Whisker
hallucatus Tasmania
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Appendix Al continued.

Scientific name Specimen number g:;;l()f Locality/Source Sex Institution*  Tissue type
Dasyurus A399 1962 Sandfly, Tasmania U TMAG Whisker
viverrinus
Dasyurus A484 1963 Collinsvale, U TMAG Whisker
viverrinus Tasmania
Dasyurus A492 1963 Westbury, U TMAG Whisker
viverrinus Tasmania
Dasyurus QVM:1964:1:0155 1964 Gladstone, F QVM Hair
viverrinus Tasmania
Dasyurus QVM:1964:1:0164 1964 Gladstone, F QVM Hair
viverrinus Tasmania
Dasyurus QVM:1964:1:0169 1964 Gladstone, F QVM Hair
viverrinus Tasmania
Dasyurus QVM:1964:1:0175 1964 Gladstone, M QVM Hair
viverrinus Tasmania
Dasyurus A905 1973 Campbell town, U TMAG Whisker
viverrinus Tasmania
Dasyurus A916 1974 Cygnet, Tasmania U TMAG Whisker
viverrinus
Dasyurus A1370 1982 Brightwater Road, U TMAG Whisker
viverrinus Howden, Tasmania
Dasyurus A1383 1983 Hamilton, U TMAG Whisker
viverrinus Tasmania
Dasyurus Al1372 1984 Molesworth, U TMAG Bone
viverrinus Derwent Valley,

Tasmania
Dasyurus Al1372 1984 Molesworth, Derwent U TMAG Whisker
viverrinus Valley, South East

TAS
Dasyurus QVM:1985:1:0032 1985 Launceston, Tasmania M QVM Hair
viverrinus
Dasyurus Al517 1986 Lake St Clair, U TMAG Whisker
viverrinus Tasmania
Dasyurus Al519 1986 Buckland, M TMAG Whisker
viverrinus Glamorgan-Spring

Bay, Tasmania
Dasyurus QVM:1986:1:0029 1986 Underwood, F QVM Hair
viverrinus Tasmania
Dasyurus QVM:1986:1:0032 1986 Rocherlea, Tasmania M QVM Hair
viverrinus
Dasyurus QVM:1988:1:0029 1988 Rocherlea, Tasmania M QVM Hair
viverrinus
Dasyurus 160040 1991 Brown's Mt Road, M FMNH Bone
viverrinus Capania, Tasmania
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Appendix Al continued.

Year of

Scientific name Specimen number death Locality/Source Sex Institution*  Tissue type
Dasyurus QVM:1994:1:0011 1991 Kentish, Tasmanian M QVM Bone
viverrinus central highlands,

Cradle Mountain,

Tasmania
Dasyurus Al516 1993 Petchey's Bay, U TMAG Whisker
viverrinus Tasmania
Dasyurus QVM:1993:1:0006 1993 Launceston, U QVM Bone
viverrinus Ravenswood,

Tasmanian

Northern Midlands
Dasyurus QVM:1994:1:0025 1993 Kentish, Tasmanian M QVM Bone
viverrinus central highlands,

Cradle Mountain,

Tasmania
Dasyurus QVM:1994:1:0025 1993 Kentish, Tasmanian M QVM Bone
viverrinus central highlands,

Cradle Mountain,

Tasmania
Dasyurus QVM:2006:1:0046 1994 Meander Valley, F QVM Bone
viverrinus Tasmanian

Northern Midlands
Dasyurus A1530 1995 Hobart, Tasmania U TMAG Whisker
viverrinus
Dasyurus RK14 2011 Bruny Island, M UTAS Whisker
viverrinus Tasmania
Dasyurus RK15 2011 South Hobart, F UTAS Whisker
viverrinus Tasmania
Dasyurus RK16 2011 Allen's Rivulet, , M UTAS Whisker
viverrinus Tasmania
Dasyurus RK18 2011 Kettering, M UTAS Whisker
viverrinus Tasmania
Dasyurus RK19 2012 Cradoc, Tasmania M UTAS Whisker
viverrinus
Dasyurus RK20 2012 Cradoc, Tasmania M UTAS Whisker
viverrinus
Dasyurus RK25 2012 Brwhhy Island, F UTAS Whisker
viverrinus Tasmania
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Appendix Al continued.

Scientific name Specimen Year of Locality/Source Sex Institution*  Tissue type
number death
Dasyurus viverrinus ~ RK27 2012 Mountain River, M UTAS Whisker
Tasmania
Dasyurus viverrinus ~ RK28 2012 Crabtree, Tasmania  F UTAS Whisker
Dasyurus viverrinus ~ RK29 2012 Tasmania M UTAS Whisker

* Institution Abbreviations: AMNH (American Museum of Natural History), BM
(Booth Museum), CZM (Cambridge Zoological Museum), FMNH (Field Museum of
Natural History), FSS (Forschungsinstitut and Schaumuseum Senckenberg), GNHM
(Gothenburg Natural History Museum), HM (Hunterian Museum), LCM (Leeds City
Museum), MV (Museum Victoria), NHM (National History Museum), NMA (National
Museum of Australia), NZM (Natural Zoological museum), QVM (Queen Victoria
Museum and Art Gallery), RCS (Royal College of Surgeons of England), UTAS
(University of Tasmania), WML (World Museum Liverpool). Tissues collected during
2011 fieldwork are listed under 'fieldwork'.
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Appendix A2 List of specimens representing potential prey species of the thylacine.

Skin was analysed for all prey specimens. The list includes specimen records including

sex (male=M; female=F, unknown=U), year of death/acquisition and locality. All

specimens were held at the Queen Victoria Museum and Art Gallery.

Scientific name Specimen number Year of Locality/Source Se  Institutio  Tissue
death X n* type
Dasyurus maculatus ~ SMF 15507 1963 Bell Bay- M  FSS Skin
Lannceston,
Tasmania
Isoodon obesulus QVM:1964:1:0010 1964 St Patericks river, M QVM Skin
Tasmania
Macropus giganteus ~ NA 1931 Tasmania U QVM Skin
Macropus QVM:1959:1:0039 1946 Avoca, F QVM Skin
rufogriseus Tasmanian
Northern
Midlands
Macropus QVM:1964:1:0120 1964 Leana, Gladston, F QVM Skin
rufogriseus Tasmania
Ornithorhynchus NA 1940 Tasmania U QVM Skin
anatinus
Ornithorhynchus QVM:1948:1:0011 1948 Mole creek, M QVM Skin
anatinus Tasmania
Ornithorhynchus QVM1946:1:0013 1946 Deloraine, F QVM Skin
anatinus Tasmania
Perameles gunnii QVM:1945:1:0080 1938 Launceston, N. M QVM Skin
Tasmania
Potorous tridactylus ~ NA 1939 Myrtle Bank, M QVM Skin
Tasmania
Potorous tridactylus  QVM:1939:1:0100 1939 Sheffield, N.W. U QVM Skin
Tasmania
Potorous tridactylus ~ QVM:1993:1:0052 1908 Tasmania U QVM Skin
Pseudocheirus QVM:1939:1:0096 1939 Sheffield, N.W. U QVM Skin
peregrinus Tasmania
Pseudocheirus QVM:1939:1:0097 1939 Sheffield, N.W. U QVM Skin
peregrinus Tasmania
Pseudocheirus QVM:1940:1:0193 1940 Mt. Arthur, U QVM Skin
peregrinus Tasmania
Pseudocheirus QVM:1946:1:0088 1946 Deloraine, F QVM Skin
peregrinus Tasmania
Pseudocheirus QVM:1993:1:0073 1917 Tasmania U QVM Skin
peregrinus
Pseudocheirus QVM1946:1:0092 1946 Westbury, M QVM Skin
peregrinus Tasmania
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Appendix A2 continued.
Scientific name  Specimen number Year of  Locality/Sourc Sex Institution ~ Tissue
death e * type

Sarcophilus QVM:1941:1:0179 1941 Launceston, U QVM Skin
harrisii Underwood,

Tasmania
Sarcophilus QVM:OLD:1:2017 1903 Launceston - M QVM Skin
harrisii PtB,

Tasmanian

Northern

Midlands,

Doctors Creek,

N. Tasmania
Sarcophilus SMF 16200 1852 Tasmania U FSS Skin
harrisii
Tachyglossus QVM:1946:1:0014 1946 Tasmania F QVM Skin
aculeatus
Thylogale QVM:1964:1:0121 1964 Leana, M QVM Skin
billardierii Gladston,

Tasmania
Thylogale QVM:1964:1:0123 1964 Leana, M QVM Skin
billardierii Gladston,

Tasmania
Thylogale QVM:1964:1:0196 1964 Leana, M QVM Skin
billardierii Gladston,

Tasmania
Trichosurus QVM:1963:1:0282 1959 Gladstone, F QVM Skin
vulpecula Tasmania
Vombatus 2191 1905 Tasmania M QVM Skin
ursinus
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Appendix A3 Diet and body mass of potential prey species of the thylacine included in

this study. Average body mass are given for males (M) and females (F) where available.

Species Scientific Diet Diet description Adult body Reference
name category mass range;
average (kg)*
Common Trichosurus Browser Primarily Eucalyptus and  1.2-4.5 Owen and Thomson
brushtail vulpecula Acadia foliage, flowers, (1965); Freeland and
possum shoots, fruits and seeds. Winter (1975); Cronin
(1991)
Common Pseudocheiru  Browser Primarily Eucalyptus 0.6-1.1 Freeland and Winter
ringtail s peregrinus leaves but will also eat (1975); Fitzgerald
Possum foliage, flowers and (1984); Kerle (1984);
fruits from other tree and Cronin (1991)
shrub species.
Common Vombatus Grazer/ Primarily native grasses ~ 20.0-40.0; 26 Cronin (1991);
wombat ursinus Browser but shrubs, roots, sedges, Rishworth et al.
bark, herbs and moss are (1995); Triggs, B.
also eaten (1996); Skerratt et al.
(2004); Evans et al.
(2006)
Eastern Perameles Insectivore  Crickets, beetles and 0.5-1.5 Cronin (1991); Mallick
Barred gunnii earthworms et al. (2000)
Bandicoot
Forester Macropus Grazer Variety of grasses 25.0-66.0; Strahan (1995);
kangaroo giganteus M=66, F=37 Menkhorst (2001)
Platypus Ornithorhync  Insectivore  Annelid worms, insect 0.7-2.6 Grant (1982); Cronin
hus anatinus larvae, freshwater (1991); Grant and
shrimps, tadpoles, water Temple-Smith (1998)
bugs, beetles and yabbies
Red-necked Macropus Grazer Grass and herbs 11.0-27.0; Cronin (1991); Watts
wallaby rufogriseus M=27, F=16 (1993); Strahan
(1995); Menkhorst
(2001)
Short-beaked ~ Tachyglossus  Insectivore  Ants and termites 2.0-7.0 Abensperg-Traun
echidna aculeatus (1991); Cronin (1991);
Menkhorst (2001)
Nicol and Andersen
(2007)
Southern Isoodon Insectivore  Insects and their larvae, 0.4-1.6; M=3.5,  Cronin (1991); Quin
brown obesulus underground fungi, F=0.7 (1988); Menkhorst
bandicoot worms, lizards and (2001)
berries
Spotted- Dasyurus Carnivore Rats, gliding possums, 1.8-7.0; M=3.5,  Cronin (1991); Jones
tailed quoll maculatus wallabies, reptiles and F=1.8 (1995); Menkhorst
insects, birds and eggs (2001)
Tasmanian Sarcophilus Carnivore Wallabies, small 6.0-11.0; M Guiler (1978); Cronin
devil harrisii mammals and birds =8.7, F=6.1 (1991); Jones (1995)
Tasmanian Thylogale Grazer Prefers short green grass, 2.4-12.0; M=9,  Cronin (1991);
pademelon billardierii but also eats herbs and F=5.8 Belcher (1995);
green shoots Strahan (1995);
Menkhorst (2001)

* Average body mass for females (F) and males (M), where available. The average species body

mass is listed for common wombats as no information was available on each sex.
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Appendix A4 Sample size, mean 8'"°C and 8"°N values (+SE), and C/N ratios (mean +

SD) of museum-preserved skin of potential prey species. All specimens were collected

between 1835 and 1964.

Common name Scientific name n 8"C %o 8"N %o C/N ratio
Common brushail Trichosurus vulpecula 1 -199 6.2 3.5
possum

Common ringtail Pseudocheirus peregrinus 6 -209+15 6.0+19 34+0.1
possum

Common wombat Vombatus ursinus 1 229 8.7 33
Easte;n barred Perameles gunnii 1 -205 11.6 33
bandicoot

Forester kangaroo Macropus giganteus 1 -193 7.0 3.5
Short-beaked echidna  Tachyglossus aculeatus 1 -19.7 11.4 34
Long-nosed potoroo Potorous tridactylus 3 -205+04 145+£0.6 34+0.2
Platypus Ornithorhynchus anatinus 3 -21.2+£05 140+ 1.9 33+0.1
Red-necked wallaby Macropus rufogriseus 2 -21.7+£03 7.7+£0.2 34+0.0
Southern brown Isoodon obesulus 1 -195 10.8 32
bandicoot

Spotted-tailed quoll Dasyurus maculatus 1 -192 13.3 34
Tasmanian devil Sarcophilus harrisii 3 -207+x05 13.6+£1.2 35+0.2
Tasmanian Thylogale billardierii 3 222+05  7.8+08 3.5+0.1
pademelon
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APPENDIX B

Tissue enrichment of carbon and nitrogen stable isotopes

in marsupial carnivore tissues

Tissues were sampled from 10 Tasmanian devils, including two road kill collected in
February 2011, and eight frozen specimens acquired by the Queen Victoria Museum
and Art Gallery and the Tasmanian Museum and Art Gallery between 2000 and 2012.
The manner of death for museum derived animals was largely unknown, but we were
able to attribute the deaths of most individuals to vehicle collisions based on visual
inspection of the bodies. Protocols for collection of frozen tissues varied from that
described for historic specimens. A toe was removed from each fresh or frozen
specimens and the bone defleshed by rinsing in distilled water for ~3 weeks. Skin and
hair were removed from the upper thigh of each animal, and the longest posterior
vibrissa was plucked. For skin samples, the subcultaneous tissue (fat tissue layer)
underneath the dermis was removed by scraping with a scalpel. Refer to section 4.3.3

for further information on protocols used for sample preparation and analysis.

Raw data for '"°C and 8'°N values and C/N ratios are listed in Appendix B1. The C/N
ratio is a simple measure of chemical quality in preserved samples. Bone collagen that
has a C/N ratio outside the range of 2.9 to 3.6 are considered to have an excellent level
of preservation, while ratios outside this range can give anomalous 5"°C and 8'°N values
(DeNiro 1985). For Tasmanian devil tissue comparisons, three bone collagen samples
had a C/N ratio slightly above this range, with the highest value at 4.22%o (Appendix

B1), and were all included in subsequent analysis.
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We tested stable isotope data for normality using the Shapiro—Wilk statistic. A
Wilcoxon matched-pairs signed-ranks test was used to compare 8'°C and 5'°N values
between tissues within each individual. As samples were collected around the same
time, we did not account for the Suess effect prior to analysis. The isotopic spacing
between paired samples of each tissue are displayed in Appendix B2 and outcomes for
the Wilcoxon matched pairs test between each tissue type for 8°C and 3'"°N are

displayed in Appendix B3.

The interpretation of the Tasmanian devil tissue enrichment estimates are limited by our
low sample size, however provide a general indication of isotopic differences between
tissue types. Paired samples of skin and bone (see Appendix B2a) showed no difference
in isotopic signatures (P=0.20 for 8'°C and P=0.14 for '°N; Appendix B3), and
conformed to expectations based on controlled feeding studies (Hare ef al. 1991). The
turnover rate of skin collagen usually reflects stable isotope values averaged over the
previous 2-3 months of an animal's life (Tieszen et al. 1983), while bone collagen can
represent diet of the lifetime of the individual (Stenhouse and Baxter 1979). Skin and
the protein fraction of bone comprise primarily of Type 1 collagen (Epstein Jr and
Munderloh 1978; Wheeless 2009), and therefore are expected to possess similar stable
isotope values after controlling for diet. We found no significant difference in 8'°C and
8'°N between bone and hair (P = 0.07 and 0.72 for "°C and §"°N, respectively;
Appendix B3). Hair and vibrissae have a similar biochemical composition (Lehninger
1973), being composed of keratin, and showed no difference in stable isotope values (P
=0.09 and 0.28 for 8"°C and 8'°N, respectively; Appendix B3). Differences in §"°C
values of bone and vibrissa (P=0.01, Appendix B3) may be attributed to these tissues
representing diet over different time period; the vibrissae tip of Tasmanian devils reflect
the isotopic signature of the animal from a 'snapshot' in time from ~9 months prior to
sampling (unpublished data), whereas bone collagen undergoes constant remodelling

over the lifetime of an animal (Finucane 2007).
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Appendix B2 Stable carbon (5'°C) and nitrogen (8'°N) isotope ratios of paired (a) bone
and skin, (b) bone and whisker, (c) bone and hair, (d) skin and whisker, (e) skin and
hair, and (f) vibrissa and hair from ten wild adult Tasmanian devils. Lines are drawn

between tissue stable isotope values from the same individual.
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