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Abstract

The northern quolli@asyurus hallucatyss the smallest of th®ur quoll species
endemic to Australia, and has suffered significant recent declines due to the spread of
a number of threatening processes including ingestitimeaixic cane toad, altered
fire regimes, and habitat loss and nfiedtion. In many areas, the species has
survived by persistingh rocky countrybut populations are fragmented and isolated
In the recent nming boom of Western Australimany areasvhere the northern quoll
has persistederetargeted for mining, and ¢ine have been an increasing number of
mining projects needing to manage and mitigate inggagtopulations of this
speciesThere are also a number of conservation initiatives in progress that aim to
buffer the northern quoll from the continuing threaewdtic species and habitat
modification. However, the northern quollagryptic species that occurs in remote
areas and research to date has been limited by logistic constraints and sampling
difficulty. On Koolan Islandthe northern quoll has persistdespite a long history

of mining for iron org19341 1940;1965- 1993; 2006 present) Therefore, this
thesis aimed to study the ecology of Koolan Island northern quolls to better
understand the population dynamics, diet and halsg&bf an island pulation, and

examine any interactions with modified areas.

Fieldwork undertaken between 2014 and 2017 on Koolan Istasccombined with
a markrecapture dataset spanning 13 yéaé96- 2018) The dataset was analysed
using both spatial and nespatial capture recapture methood®xamine the
population dypamics of northern quolls on Koolan Islattsing both methods aided

in circumventing theanalyticalconstraints of the study design, whichsatypical of
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many longterm monitoring programs in that it was spatially inconsistent (trap
location varied) between yeaFemales were rarely captured between years, with no
male recapturesuggesting nearcomplete male dieff before the nexbreedigy
seasonApart froma decline in 2012011 following a cyclonghe population

remained relatively stablnd was not in continuous declinetween 2002018
(~12.65individualg km?). Using estimates of seniorifjhe probability that an
individual presat in yeart was also present in yetr 1), recruitment was found to

drive population change (seniority = 0,25% CI1 0.120.27).

Dietary analysis wasonductedising €atscollectedacross the island from 2014

2017, with a total 448 scats from baththropogeni@and native habitdiypes Closed

capture models were used to examine differences in diet between anthropogenic and
native habitato contrast he wet and dry season, and Fi
to determine if prey were consumed relatio their availabilityA total of 32 food

items were detected in the northern quoll diet, with the most commonly consumed
foods includingnvertebratesk{eetles/cockroaches, crickets/grasshoppers,
centipedescrustaceans skinks,and majoffruiting plants found on the islar{&icus

sp. and fruit of the stinking passionflowassiflora foetida Closed capture

analysis indicated that diet composition was influenced by both season and habitat
type.Invertebrates were the most commonly consumed fquel by far, in particular
beetles/cockroaches which were consumed more often than would be expected based
on their availability in the environment €20.001).Fruits were consumed in

moderate amoun{$ound in 43.1% of scatsand vertebrates were consuntieel

least in both modified and unmodified habitats and across seasons.
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Given population dynamics are driven by recruitment, juvenile survival is likely to

be critical to the persistence of the northern quoll. The northern quoll is dependent on
its motherfor the first stage of life, and young are deposited in dens while the female
forages at night. Therefore, this thesisoinvestigatedhe characteristics of dens
selected by females during the young in den plabetter understand den attributes
thatmay influence selection by this speci@gtotal of 22 dens were located by

tracking females captured in baththropogenic and native habitatfie structural

and habitat attributes of these dens wer
the surrouding area using logistic regressidremperature and humidity of used

dens (n = 22), available dens (n = 24) and ambient sites (n = 12) were also measured
to determine thenicroclimaticproperties of selected dem3ens were found in trees

(n = 4), rock cevices (n = 12), and underground (n 7v@th no dens found in
anthropogenic area®ne den was located in an area with commenced but not
complete rehabilitation (earthworks undertakéisinggeneralied additive mixed

models GAMM), used denappeared tprovidea more stable temperature and

humidity throughout the day than both available den sites and ambient conditions
Rocky dens had more stalmecroclimateghan dens in trees or earfkerial cover

(canopy and/or rocky coveand number foentrances best predicted femden

selection during the yourig den period.

Overall,my findings indicate that northern quolls on Koolan Island currently exist in
a stable population and take advantage of certain resources available in modified
areasappearing relatively resilient to the anthropogenic habitat modification that has
occurred to dateOf particular interest is their use of the stinking passionflower,

which is the subject of weed control programs on the island. The high level of

invertebate consumption across seasons and habitats, particularly beetles and
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cockroaches, indicates timaportanceof this food item to island populations. Low
vertebrate consumption may be due to prey availability on the island, or reflect the
smaller body sizeompared to mainland populations. While northern quolls appear
to forage in both modified and unmodified environments, maternal den use seems
heavily reliant on native habitat, indicating that suitable denning habitat in
undisturbed areas must be preseriaedh population to persist. Denning habitats that
provide a stable microclimate, aerial cover and multiple entry/exit points are likely to
be preferred by females during the young in pernod andnay support juvenile
survival at a critical life stag€ollectively,the researcletailedin this thesis

contains pertinerinformation on population dynamics, diet, and den site selettion
inform conservation efforts across northern Australia and worldthidetarget

cryptic,rare and endangered mammals.
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Preface

Each data chapter (Chapter$)3presents my PhD research and has been written for
submission for journal publication. Therefore there is repetition of the description of
study site and species throughout. While each data chapter has been formatted as a
journal submission, the tables and figures have beemumdbered sequentially

throughout the thesis for consistency and ease of reference.

Data chapters are bracketed by an introduction (Chapter 1), literature review
(Chapter 2) and conclusion (Chapter @hich explain the links between papers,
place the research in a broader context and explore the application of this research

and future directions.

This project was funded by Mount Gibson Iron Ltd. and commenced in 2014 with
the aim to better understandethcology of island populations of northern quoll, and
to inform measures to minimise and mitigate impacts to this species as a result of

mining activities on Koolan Island.

Monitoring data used in Chapter 3 were collected by contractors engaged by Mount
Gibson Iron Ltd. over a 13 year period (most receby\Dr Mitch Ladyman, Animal

Plart Mineral). | assisted with fieldwork for annual monitoring from 202017.

Field equipment was provided by Mount Gibson Iron Ltd. and supplemented with
self-sourced marials. Dr Joe Fontaine provided data loggers for use in Chapter 5. |
organised, led and undertook all fieldwork for Chapters 4 and 5. When collecting
data for Chapter 5, | was occasionally accompanied by John Tomich (Mount Gibson

Iron Ltd).
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| undertook # logistical planning, study design and statistical analysis. | also

reviewed the literature and wrote and revised the chapters/papers with scientific and

editorial input from my supervisors.

One paper presented in this thesis has kabmittedfor pubication, and two have

beenprepared for submission Each paper refers

contributions of ceauthors, who are as follows:

t

Chapter Manuscript Contributions
3 Thomas, J., Fontaine, J., Mills, H. & JThomas 8%
Spencer, Psubmitted. Analysis of mine  J Fontainel0%
site monitoring data using spatial and non Mills H 5%
spatial capture recapture models reveals t Spencer P 5%
population dynamics of an endangered
marsupial
4 Thomas, J., Fontaine, J., Mills, H. JThomas 8%
Spencer, P (in prep.). The influence of J Fontainel0%
season and habitat on the diet of an ins Mills H 5%
population of an endangered marsupial  Spencer P 5%
5 Thomas, J., Fontaine, J., Mills, H. JThomas 8%
Spencer, P. (in prep.)Nursery den site J Fontainel0%
selection by the northern quolD&syurus Mills H 5%
hallucatug Spencer P 5%
Ethics

(0]

ifweo

This study was undertaken with approval from the Department of Biodiversity,

Conservation and Attractions under the fornWfidlife Conservation Act 1950

(Licences 08-0007191 and 08-0010111), and ethics approval from Murdoch

University (PermitRMA2865/16).
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Chapter 1: Introduction

1.1 THREATS TO BIODIVERSITY IN AUSTRALI A&EBDRY
TROPICS

Extinction rates are increasing globally, especially ertebratespecies At least

200 extinctions have been documented in the last cerandya third or more are in

current decline (Ceballos et al. 2017). Widespread impacts associated with
anthropognic land use are considered the main drivers of vertebrate declines
worldwide (Ellis et al. 2010; Troyer et al. 2014; Newbold et al. 2015). However, the
examination of such a complex and intertwined suite of impacts is difficult, as their
effects are ofe ent angl ed with the natur al vari e
and demography (Brigatti et al. 2016). Without a thorough understandiray of
speci es 0 teecnatlrad \ayabiliyoftieir population dynamics, the task of

quantifying the causesf decline can be formidable.

Australian mammal species comprise a third of the global mammal extinctions since

the year 1500, with the majority occurring in the southrost half of the continent
(Woinarski et al. 2011; Fisher et al. 2014). This diatis unenviable gign that
Australia has only 6% of the worl ddés ma
effects of European settlememptiedation from primarilyferal cas and foxes, and

changes to land use and management, are considered to haveldrivesjority of

Australian mammal declines (Woinarski et al. 2015). Due to its sparse human
population, largelynatural vegetation cover and lack of red foRéslpes vulpes it

was assumed that mammal species inhabiting thedwetropics of the north are

free from the threatening processes that have resulted in the decline of their southern

counterparts (Woinarski et al. 2007, Garnett et al. 2010; Woinarski et al. 2011). The
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Ki mberl ey region of northern Westwetrn Aus:

dry tropics anddue to its extraordinary plaaind animal diversity is recoged as a
National Biodiversity Hotspothttp://www.environment.gov.au/biodiversity/hotspots
/-nationathotspots.htp with a portion listed as world heritage area by UNESCO

(https://whc.unesco.org/en/list/1094

The region has been relatively resilient to most huassociated disturbances as a
result of both its size and isolati¢Ritzsimmons et al. 2010; Woinarski et al. 2010)
However, recent evidence from a range ofrees suggests as many as 22 marsupial
species in the northern tropics have suffered declines and range rednetomsng
around 1970 (Fitzsimons et al. 2010). Additionally, the abundance of three species
(the northern brushailed phascogald?hascogalepirata; northern quoll Dasyurus
hallucatus fawn antechinusAntechinus bellysare observed to have declined by
more than 90% in some areas (Fitzsimons et al. 2010; Woinarski et al. GDl).

the lack of extensive habitat modification in northéuostralia, there has been

growing conjecture as to the drivers of declines in this region.

In a study of mammal declines in northern Australia, Woinarski et al. (2011) note
that tropical mammal declines show more or earlier declines from lower rainfall and
Atopographically simpled or |l ess rugged
and more rugged areas, and islands (see Southgate et al. 1996; Woinarski et al. 1999;

Woinarski 2000Firth et al. 2006).

1.2 MINING AND WILDLIFE MANAGEMENT

As many as400 large mines are currently actiwgithin Australia (Geoscience
Australia 208), and although mining accounts for less than one percent of land use

within Australia (Hancock 1993 ABARES 2018, localised impacts can be
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intensive. These impacts can act orthba local and regional scale, and amongst
others include habitat loss and degradation, the facilitation of invasive species, or

contributions to air, water and noise pollution (Hancock 1993).

One of the most pervasive impacts of mining is the large stedeing of land and

the construction of mining infrastructur€éhese impacts have parallels with other
intensive land uses such as residential areas and agricuwticdy may lead to a
reduction in food resources, shelter and breeding habitat, and iresdtches of

land that impede the dispersal of fauna (Environmental Law Alliance Worldwide
2010). Globally, habitat loss as a result of mining has been identified as a threat to
the continued existence of 216 reptiles, 225 amphibians, 266 mammals2and 3

species of bird (IUCN 2013).

While the mining industry hamodified large areas of habitaithin Australia, the

industry is also welplaced to gather important data on wildlife populations that

other agencies are unable to focus on given logistitdlifimancial constraints. The

life of a mine is typically longer than the three to fgear studies that dominate the

literature, and mining companies are often required to conduct regular monitoring of
impacted fauna populations as part of their apprtvatine. However, the data that

arise from these studies are rarely peer reviewed and published (Costello and
Wieczorek 2014; Addison et al. 2015). This represents an important gap and
opportunity in Australiabs adapareaneé mana
endangered species in modified landscapes.

1.3 VALUE OF BASELINE DATA FOR RARE AND ENDANGERED
SPECIES

Since human population growth and its associated resource requirements are

predicted to increase well into the future, finding creative solutionsdmtain
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viable wildlife populationsis becoming a crucial societal challenge (Ripple et al.
2014). Our ability to predict the impacts of disturbance and idengffective
management solutions imderpinned by theeedfor sound knowledge cdis pe ci e s 6
population dynamics, natural history and ecology (McDonald et al. 20h& has
provendifficult for many cryptic and lowdensity speciethatare hard to study and

may already be limited to small remnant populatidisranth et al. 2006
Chall enges i n svertebdaeifaurgare Aamsomelative t@a dher
better studiedegions sah as the USA or Western Euroféis is due ta generally
lessproductive landscape, with many fauna occurring at low densities either
naturally orfollowing decline(e.g. Lollback et al. 2015)'he Australian landscape

also presents many logistical challenges to sampling due to a lack of infrastructure
and difficult accessibility in remote areag(e.g. Vernes et al. 20D9 When
compounded with thaocturnal habitsand secretive behaviour of many species, the
application of methods that require direct observation and recaptures can be

problematic (Bain et al. 2014).

In spite of the challenging and often costly sampling conditions present in Australia,
the continual pursuit of ecological data is driven by the increasing extent and effect
of threatening processes such as land use change, fire, and feral p@dmegIkKi

et al. 201%. The ultimate goal of collecting ésedata is for its direct applicatn to
conservation efforts to avert population cesstand localised (or complete)
extinction, as demonstrated by classic examfia® other parts of the world~or
example,the recovery of the Mauritius kestseFalco punctatususing habitat
enhancemenfor nest sites, supplementary feeding and predator control would have
been impossible withoua knowledge of the species provided by studies such as

Temple (1977) and McKelvey (1977), and latenes and Owadally (1985988. In
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the US,the blackfooted frret Mustela nigripey has been brought back from the
brink of extinction following reintroduction programs and management actions
extending to important prey spesidn this casemmanagement decisiortmve been
informed byknowledgeof important habitat characteristicEBiggins et al. 1993;
2006; Luce 204), resource selection relating to diet (Jachowski 2087, seasonal

changes in movement and habitat use (Richardson et al.. 1987)

1.3.1 Population dynamics

Threatened species often become threatehesl to a range of processe3he
examination oftese processes can be difficadt their effects are often mixed with

the impacts of environmental variation and demographic fluctuations (Brigatti et al.
2016). To disentangle the confounding effects of dgmaphic and environmental
influences it is necessary to gain a thorough understanding of the natural variability
and drivers of a speciesd population dy
variability in population size and density, and the influen€erecruitment and

survival on these measures (Kersting and @avtarch 2017). However, these

studies must be conducted over many generations and years to identify patterns and
isolate the population dynamics from the effects of environmental variatiabgK

1991), which is often logistically or financially unfeasible.

1.3.2Diet

Ensuring that wildlife populations have sufficient food, water and shelter for
adequate survival and reproduction are of primary concern to conservation
managementThrough examining s peci esd di et and foragi
identify predatory or competitive relationships with other fauna, and resources that
should be maintained for that speciesd g

these studies can be used to examuhether diet changes with habitat type and
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modi fication, or across a speciesbd6 range

planning and implementation cbnservatiorinitiatives For example when islands

or mainland sites are considered for useralocation ortranslocation programs,
dietary informationcan be used to determine the suitabilitycahdidatesites in
sustaining a viable population of the study speéizsYoung et al. 2000) and to
assess the population pasinslocation (e.g. Kinleand Newhouse 2008; Stannard
et al. 2010) Such information may also indicate whether translocation will have
negative impacts on the pexisting island fauna through unsustainable predation or

competition

Studies of diet in areawith habitat modificdon can also provide information
towards understanding humaildlife interactions, where anthropogenic areas may
provide subsidies (Johnson and Staurent 2011). Understanding wildlife
interactions with anthropogenic arezen be informed by understandithe scale to
which a species has a specialised or generalistWiate specialist species are more
likely to be adversely impacted by habitat alterations that influence resource
availability (Boyles and Storm 2007), generalist species are more flégibleanges

in food availability, and more likely tbe able totake advantage of novel food

sources (e.d.owry et al. 20B; Newsome et al. 2@).

1.3.3 Denning habitat

For species that require specific microhabitats for shelter, denning or nesting,
availability likely influences populationdistribution and limi$ individual survival

and reproductive success (Lesmeister et al. 2008; Carter et al. 2012). Denning and
nesting requirements may also change as a result of seasonal variation, i.e. a shift
between summer and winter dens, or between breeding andreeaing periods

(Ross et al. 2010). Most studies that have examined the drivers of den site selection
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identify characteristics that provide stable microclimatic conditions and/ or
protection from predators (e.g. Famdez and Palomares 2000; Lutermann et al.
2010; Ross etla2010; Maziarz and Wesolowski 2013; Amédlero et al. 2014),

while some have also suggested that proximity to suitable foraging habitat is a factor
in the den site selection process (Henner et al. 2004). Dens that provide protection
from adverse weatheonditions and predators are likely to be particularly important
for species that rely on recruitment success for population growth, as altricial
juveniles in dens are more susceptible to mortality than adults (Serena and

Soderquist 1989; Lutermann et 2010).

Given the importance of available suitable den sites to population viability,
understanding the characteristics of selected den sites can be extremely beneficial in
identifying high quality habitat, improving habitat quality, and planning for
rehalilitation. Studies such as McGregor et al. (2014) have studied den use by
dasyurids to recommend a higher proportion of log microhabitats be provided in
rehabilitated areasAlternatively, studies such as Saunders et al. (2014) have
demonstrated the suceesf artificial nesting habitat that replicates natural nesting
microhabitats and can be used to increase the reproductive output of an area.
Therefore, studies on den site use may have direct and practical applications to

species management and recovery.

1.4 THIS STUDY

Prior to European settlemerguolls occurred across most of Australia, including
many of its offshore islands (Jones et al. 2014). However, out dbtindargely
carnivorous specieshe hasdisappeared from the mainland (eastern quoll) thed
remainingthreehave undergone significant range retractions and population declines

(Woinarski et al. 2014 The processes driving these declines are numerous and often
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interact to compound impacts (Johnson 2006; Jones et al. 2014). In recenhémes t
northern quoll Dasyurus hallucatys previously regarded as the most secure
carnivorous marsupial given itarge northerftropical distribution across relatively
intact landscapes, has suffered local population extinctions as a realiérefl fire
regimes, habitat loss and modificatioimpacts from introduced predators and
predaton on the invasive and toxic cane toRdhinella marinus(Oakwood 2004;
O6Donnel | et al . nohérd qQudpk.nowE@xish as sayarad disjurcty
populations onhe mainland and on several islands (How et al. 2009). In the near
future, cane toads are projected to spread over the remainderrafrthern quol s
range in WesterAustralia(Hill and Ward 2010) Aside from the current and future
threat posed by theane toad, the relatively recent and rapid growth of the resource

sector has had an increasing level of impact to northern quoll habitat.

A detailed review of the current knowledge of the northern quoll is provided in
Chapter 2. Tie northern quollhas deched across most of its range in Queensland
and the Northern Territory (Hill and Ward 2010). Relatively intact populations still
exist in the Kimbedy and Pilbara regions of Western Australia; however, several of
these populations occur in close proxintiymining operations (DPaW 2013). One
such population occurs on Koolan Island in the Kinmdyenlegion of Western
Australia. Mining has occurred on the island intermittently sindee ear,l y 190
nevertheless large areas of the island are relatively undisturbetbehdrn quob

appear tooccur on the island at densities greater than those that have been reported
for other populations (Spencer et 2017. The high abundance obrthern quol
combined with a disturbance gradient from highly disturbed mining pits to
undisturbed woodlands and rocky outcrops provides a valuable opportunity to study

how these factors influence population size, habitat use and diet.
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This thesisaims tofill an important gap in the current knowledgetbé population

dynamics andesource use of theorthern quoll This in turn will contribute to the
conservation management of the species both on islands and the mainland, and
provide muchneeded data that can cohtrie to the management of habitat to
maintain populations of theorthern quollin modified landscapes, including land
under rehabilitation, across the species
further understand how biodiversity values relgtio fauna can be integrated into
rehabilitation processes. The findings of this study will contribute to the management

of generalistpredators worldwide that exist in modified landscapes or are subject to

conflict with humans and anthropogenic land uses.

1.5 THESIS OUTLINE

Each chapter of this thesis written as a standalone research journal article. Each
chaptercontributes towards the common goal of this thesis; to better understand the
underlying population dynamics and resource use of the northerh Dasyurus
hallucatusin an area modified by anthropogenic activity (minibg} not subject to

other decline drivers such as predators, cane toad, or altered fire regimes present on
the nearby mainlandResearch topics were chosen based on the dataldeddathe

species at the inception of candidature, and the need for data to inform pertinent
decisioamaking regarding the management of this species in and around modified
areas. By structuring the thesis in this way, we are able to answer targetiohgues

t hat i ncreased our understanding of t he

response to anthropogenic land use, and direct focus to future research areas.
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Briefly, the chapters are as follows:

Chapter 2:A synthesis of the literature regarditite biology and ecology of the

northern quoll Dasyurus hallucatus

This chapter synthessthe published literature on the range, distribution, ecology
and biology of the northern quoll including a discussion on its semelparous life

history and currentaps in the literature.

Chapter 3:Analysis of mine site monitoring data using spatial and-spmatial

capture recapture models reveals the population dynamics of an endangered

marsupial

This chapter uses a dataset typical of species monitoring programs in Australia
undertaken for the purpose of legislative reporting, and demonstrates how this
information can be maximised to gain insight into the population dynamics of
endangered speciesGiven the widespread practice of species monitoring in
accordance with development approvals for habitat modification, this study has
implicationsfor how we look at an undartilised datasource across the country. The
study also has important considevas for developing monitoring programs going

forward, to minimise difficulties in modelling those datasets.

The data aremportant as it is the first to clearly demonstrate that northern quoll
populations oscillate over time, and focuses on the consarvaioe of islands in

providing longterm security for threatened species.
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Chapter 4The influence of season and habitat on the diet of an insular population of

endangered marsupial

This study provides the first Hidepth study of diet of the northern quoll in the
Kimberley region of Western Australia and of an island population of this species.
Understanding the importance of various prey items in a disturbed environment can
also supprt informed species conservation during all stages of development. In
habitats modified by anthropogenic land uses, fauna have the potential to become
habituated to artificial environments, and as a result, reliant on the associated
resources they providéJnderstanding if and/or how the northern quoll uses novel
food sources can identify beneficial and detrimental resource use so that negative

interactions between northern quolls and anthropogenic land uses are minimised.

The findings of this study willantribute to the ongoing conservation of the northern
quoll in identifying suitable relocation and translocation sites. It will also assist in
identifying completion criteria forehabilitation activitieghat aimto support this

species.

Chapter 5Nursek den site selection by the northern qublagyurus hallucatus

This study is the first of its kind in Australia for northern gsadif the wetdry
tropics The study will enable us to understand if and/or how rtimate and

habitat characteristiaafluence den site selection

This chapter is complementary to Chapfem identifying the characteristics of
northern quoll habitat that contribute to their ongoing persistence in an area, whether

thatbenaive, modified or rehabilitated.
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Chapter 6 Generhdiscussion

This chapter synthegsthe findings of this thesis to provide a general discussion of
population dynamics and resource use by the northern quoll in and around modified
habitat. The data presented in this themis then used to discuss maeagent

implications for this specidsth onKoolan kland andn similar environments.

The outcomes of this thesis include the incorporation of its findings into the adaptive
management framework for the northern quoll on Koolan Island, including
objectives for rehabilitation as described in the mine closure plan for the island. The
findings can also be applied to other populations of this species across its range,
especially in island and insular environments, and may assist managers in predicting

the efiects of habitat disturbance on populations of the northern quoll.
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Chapter 2: A synthesis of the literature
regarding the biology and
ecology of the northern quoll
(Dasyurus hallucatug

2.1 INTRODUCTION

Australia has one of the most uniqgoeammal assemblages, with up to 87% of
Australiabds terrestrial mammal fauna occ
et al. 2015). Unfortunately, over the last 200 years Australia has also had the highest

rate of mammal extinctions, with the extimcth of mor e than 10% o
endemic terrestrial mammal species (Woinarski et al. 2015). This is a startling
statistic when one considers that since European settlement only one species of
terrestrial mammal has gone extinct in North America (Wskizat al. 2015), which

is a larger country has ~15x the human population and experienced European
colonization 300+ years earlier (Flannery 2002). Extinctions and declines in
Australia have been greatest in small to medium specie$5@Qg critical weght

range) inhabiting the more arid parts of the continent (Short and Turner 1994;
McKenzie et al. 2007) with recent evidence suggesting this is now occurring in

tropical Australia as well (Fitzsimons et al. 2010; Wionarski et al. 2011).

Factors that mayncrease the susceptibility of Australian mammals to anthropogenic
impacts associated with European settlement include the existence of an ancient
landscape with highly weathered, nutrigaor soils and longerm climate stability

that has promoted perssice in place over dispersal, thereby leading to the
development of species poorly adapted to changes in land use (Jones et al. 2003).

Furthermore, unlike North America where species of canids and felids occur
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naturally, Australian species did not -ewolve with predators similar to the
introduced fox Yulpes vulpes and cat felis catu3, and are therefore highly
susceptible to predation by these species (Jones et al. 2003). A loss of mammal taxa
at all trophic levels across Australia has likely impacis dcosystem functioby

altering or affectindire regimes, decompositionsoil propertiesspecies dispersal,

and interspecific interactions such as predation and compei@ien @nd Dickman

2005; Letnic and Koch 201@leming et al. 2014

There is ncreasing global awareness of the important role that predatory species play
in ecosystem function (Terborgh et al. 2001;g8eet al. 2005; Ripple et al. 2014).
Predator species also exert an influence upon the abundance and resource use of
other predatospecies. Tie restoration ofrey wolf to Yellowstone National Park in

the United States and subsequent shifts towards historic conditions across a range of
trophic levels illustrates the importance of native predators through competition and
intraguild predation(Berger et al. 2008). This in turn has flmm effects to their

prey, with the potential to influence the cover and structure of vegetation

communities (Ripple and Beschta 2004).

Australia has t hassewmldagdf mabsspialbanivdres @onesetr s e
al. 2014).Like placental carnivores, marsupial carnivooas occupy top trophic

levels in ecosystems (Purvis et al. 2001). Marsupial predators occur at lower
numbers than their prey, and often require the use of large areas iricoedgjuire
sufficient food resources (Jones et al. 2014). In addition, the lifespan of these species
is short frequentlyone to two years), and they are therefore highly susceptible to
introduced threats that combine with the-présting effects of envimmental and

demographic stochasticity on mortality and recruitment (Lee and Cockburn 1985;
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Jones et al. 2014). Of the six species for which other animals comprise a substantial
portion of their diet, one has become extinGtasmanian tiger;Thylacinus
cymocephaluy, and the others have suffered hunragtuced declines in range and
abundance (Burnett 2001). Should Australia lose additional marsupial predators,
their absence may lead to further extinctions as invasive predators are released from

competitive sppression (Johnson 2014).

The genudDasyurus(commonly referred to aguolls) includes six species, four of
which are endemic to Australia (Van Dyck and Strahan 2008). Prior to European
settlement, these species potentially occupied the niche of toppoediator in many
ecosystems, however over the last 200 years all have undergone substantial
reductions in range and abundance (Burnett 2001). eéBlseernquoll (Dasyurus
viverrinug is believed to be extinct on the mainland and is now found only in
Tasmaim, thespottedtail quoll (Dasyurus maculatyshas declined from parts of its
former range in Victoria (Belcher and Darrant 2006), andcthalitch Qasyurus
geoffrii) was once found in over 70% of mainland Australia but is now restricted to
a small pockt in southwestern Australia (Serena et al. 1991; Burbidge and
Eisenberg 2006). The study species of this thesthe northern quoll (Dasyurus
hallucatug, once occupied a range of habitats across northern Australia and is now
restricted to several digjat populations within Queensland, the Northern Territory,

and the Kimberley and Pilbara regions of Western Australia (How et al. 2009).

How et al. (2009) suggest that therthernquoll is a toporder predator in many
ecosystems, and is therefore an int@ol regulator of species at lower trophic levels.
Subsequently, impacts to populations of tleethernquoll could potentially affect

the function of entire ecosystems. Due to the combined effects of predation by feral
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cats and altered fire regimes (Bed®81; Braithwaite 1996; Oakwood 2000,
Oakwood and Foster 2008; Woinarski et al. 2001) over the last cetitenprthern

quoll has declined over the eastern and central parts of its former range and is how
absent in many areas within northern Queensland the Northern Territory
(Braithwaite and Griffiths 1994; Oakwood 1997). More recently, as a result of its
propensity to prey upon anurans, the spread of the taxietoad Rhinella marinus

is believed to have hastened therthernquo |l | 6 s d ey drdasn(Burnetn man

1997; Oakwood 2004; Oakwood and Foster 2008).

This chapter will synthesise the literature relating to the biology ofntthern

quol I, in order to identify aspects of t
make it susceptible to decline under certain disturbance regimes. Secondly, the
existing research will be examined in order to identify any knowledge gaps that
might infom future research, while also considering the logistical constraints that

must be overcome when studying tioethernquoll.

2.2 LIFE HISTORY

The key aspects of an organismbés | ife ¢\
and reproduction. Unsurprisinglihese key life history traits are subject to intense

natural selection, and many diverse strategies have evolved that maximise
reproductive fitness including differential lifespan, fecundity and age to sexual
maturity (Stearns 1989). However, it is im@ort to note that life history traits

seldom evolve in isolation, such that traafés occur when one trait increases at the
consequence of another (Stearns 1989). Dasyurids have a range of life history
strategies along a spectrum of semelparous (dedtiwfof a single reproductive

event) to iteoparous (species that may reproduce multiple times in their lifetime),

based on the frequency of oestrus, age of sexual maturity, seasonality of breeding,
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and the duration and time of male reproductive effort @tes. 1982). The@orthern
quol | is often referred t o-oestousanatandatr at e g )
11 months of age arglibject toa male dieoff shortly after their first mating season

(Dickman and Vieria 2012).

This review wil/ use the term olife hist
|l ife history to include the fAkey events
natural selection to increase the number of offspring produced that survive to
reppducti ono. These key event s, of t en r
components, refers to the age at first reproduction, the number of times an individual

reproduces, the number of offspring produced per litter, and life expectancy

(Dickman and Vieir&012).
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As detailed in Section 2.2, the timing associ a
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2.2.1 Mating

Female northern quolls are physiologically polyoestrus, but functionally mono
oestrus (one oestrus cycle per year), and reproductive events are highly synchronised
within populations (Oakwood 2000). However, the timing of reproductive gvent
such as the onset of mating and subsequent births can vary across years within a
population, and geographically between populations (Oakwood 2000; Nelson and
Gemmell 2003). For example, mating has been observed between late May to early
June at Kapalga ésearch Station N.T. (Oakwood 2000) and between late July and
August on the Mitchell Plateau, Kimbeyl W.A. (Schmitt et al. 1989)Figure 2.1)

Based on the age of wounds on the scapular region of females (presumably caused
by males during mating), Oakwad@2000) suggested that most mating occurs within

a twoweek period. The rate of change of photoperiod has been observed to influence
the onset of reproductive behaviour in several species of small dasyurids belonging
to the Antechinus stuartiiA. flavipes complex in eastern Australia (McAllen et al.
2006). Although mating across quoll species coincides with some of the shortest
photoperiods of the year, and when photoperiodic change is the least (McAllen
2003), Oakwood (2000) and Nelson and Gemmell (2G@)gest that there are

additional cues other than photoperiod that initiate reproductinarthernguolls.

Throughout the mating period, females may be visited by as many as four males per
night (Oakwood 2002). These males travel large distances tanadiiple females

within a few days, presumably to determine their reproductive status (Oakwood
2002). Litters of the closely relategpottedtail quoll are known to be fathered by
more than one male, and males have been observed to sire offspring thanaree

litter by separate females (Glen et al. 2009). Based on the roving strategy exhibited
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by malenorthernquolls during the mating period (Oakwood 2002) it is possible that

multiple paternity exists in this species as well, however it is yet teteenined

2.2.2 Reproduction

The gestation period imorthernquollsis believed to be between-2b days (Aitken

et al. 1996). Depending on geographic location, botttar between mid to late
June and August (Braithwaite and Griffiths 1994; Begg 1981; Dieah Huxley

1985; Schmitt et al. 1989; Oakwood 1997; 20(@yure 2.1) The latest births were
recorded in September by King and King (1989) within a population on the
Fortescue River in the Pilbara region of Western Australiany given locality all
female quolls give birth within a few weeks (Nelson and Gemmell 2003), end t
majority of females within a population appear to breed within a given year. For
example, Begg (1981) reported that 91% of females that were trapped in July had

pouched young.

Fermales have been observed to reproduce over two successive years (Dickman and
Braithwaite 1992; Oakwood 2000; Spencer et al. 2010). One female was observed to
live for three years, but did not reproduce in her third season and was later found

dead (Spencertal. 2010).Females produce aaverage ofkix young(Begg 1981),

with some littersexceethg the number of teat@usually eight)a femalepossesses.

For example, Nelson and Gemmell (2003) reported between six and seventeen
youngatbirth within a samplef female quolls. When the pouches were examined

12 hours later, the number of young had decreased to eight in five individuals, and as

few as six in another.

From birth northernquoll juveniles are altricial, depending on the mother for up to

six montls (Oakwood 1997). Females carry young in the pouch for betweeid(®0
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days (Begg 1981; Oakwood 2002). In most populations, pouched young are
deposited in a den from midte August to mieSeptember at approximately nine
weeks of age (Begg 1981; Schmitt889 Oakwood 1997; Oakwood 2000). During
this time, the young aieft in a succession afurserydens while the mother forages
at night (Oakwood 2000; 2002). Althoughhaisnot been assessed directly, juvenile
mortality appears to be highest during theiqok when young are left in the den
(Begg 1981; Oakwood 2000). For example, Oakwood (2000) estimated juvenile
mortality to be approximately 62%, or as high as 72% if the impacts of maternal

mortality areconsidered

Independent young are first observedNavember, weighing between 100 to 150
grams (Braithwaite and Griffiths 1994}Figure 2.1) However, Oakwood (1997)
observed enlarged teats on females for a further four weeks, suggesting that young

may continue to suckle for up to one month after leathiegden.

2.2.3 Postmating male mortality

For reasons not yet confirmed, a number of dasyurids experiencenatisty male
mortality. A single spermatogenic wave prior to a highly synchronised and brief
mating period followed by complete male dif has beendund to occur in all
species ofantechinus (Wolbley 1966) both species ophascogale (Bradley 1997;
Mills et al 1999)andthe little red kaluta(Dasykaluta rosamonda&Voolley 1991),

all of which are members of the subfamily Dasgae (TyndaleBiscoe 208).
However, of the fouguoll species that occur in Australia, three show no evidence of
this phenomenon. Interestingly, therthernquoll exhibits a high instance of pest
mating male mortality, with complete peastating dieoff being observed in at lelas
one population (Dickman and Braithwaite 1992; Oakwood 1997; Oakwood et al.

2001). Dickman and Braithwaite (1992) first observed this phenomenon in a
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population otthe northernquoll inhabiting lowland savanna #te Kapalga research
station in the Northm Territory. Based on martecapture data collected between
1985 and 1987, no marked males were thought to have survived through to a second
breeding season. Further investigation of the Kapalga population utilising both
trapping and raditelemetry methds confirmed complete male dudf for this
population (Oakwood 1997; 2000; Oakwood et al. 2001; Oakwood 2002). Oakwood
(1997) found that most males died within two weeks after the mating season in late
May to early July. Although complete peasiting maledie-off has not been
observed in all studied populations, males consistently undergo a period of physical
decline during the mating period including a considerable loss of weight, loss of fur,
increased parasite load and the preseneeahds (Begg 1981Schmitt et al. 1989;

Oakwood et al. 2001).

The northernquoll appears to differ in the terminal physiological and pathological
changes that have been reported in the smaller species of dabwtirekperience
postmating mortality. For instance, in spesiof Antechinusand Phascogale the
proximate cause of death is believed to be an elevation of stress hormones (cortisol)
that converts protein into energy but also leads to a suppression of immune and
inflammatory systems, and consequently leads to habage from stress induced
gastric ulceration (Bradley 2003). In contrast, Oakwood et al. (2001) found no
evidence of elevated cortisol levels in a study population afidit@ernquoll during

the breeding season. Furthermore, posttem examination ofoadkilled males
conducted at this time found no evidence of gastric ulceration, and the proximate
cause of death for most males found deceased during telemetry studies was motor
vehicles and predation. Moreover, unlike other dasyurid species that egperien

spermatogenic failure (such that sperm production ceases before the mating season),
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the northernquoll continues to produce sperm throughout the breeding season, and
potentially into a second year of life (Oakwood et al. 20Based on these findings

the physical decline in condition is consistent with what has been observed for other
dasyurids; howevethe proximate cause and physiological mechanism that leads to

death appears to differ.

2.2.4 Hypotheses for the evolution of semelparity

Six hypotheses havgeen proposed to explain why semelparity occurs within small
insectivorous marsupials. The first suggests that semelparity has evolved in response
to preexisting biological and environmental conditions (Braithwaite and Lee 1979;
TyndaleBiscoe 2005). TydaleBiscoe (2005) proposes that the long lactation period
experienced by marsupials limits females to one litter per season, and that the
production of offspring must occur within a constrained time period so that
energetically demanding activities such lactation and weaning coincide with the
time of year when adequate food resources are available (wet season). Furthermore,
environmental causes of mortality are rife in small mammals, and males are not
always likely to survive for more than one year (@gteBiscoe 2005). Therefore,

this strategy may have evolved northernquolls so that males can maximise their

reproductive potential within a limited timeframe.

The second hypothesis suggests that an ancestor obttheernquoll may have at

one time @veloped semelparity as an adaptation to environmental conditions or
biological traits that are no longer relevant, and are as such phylogenetically
predisposed to this life history attribute (Oakwood et al. 2001). In contrast, other
authors have suggestdidlat semelparity is a consequence of the accumulation of

deleterious and fatal mutations following breeding (Humphries and Stevens 2001),

and that extreme male promiscuity has evolved to counterbalance a poor survival rate
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of breeding females, therefomecreasing the chances that genes will be passed on to
the next generation of offspring even if one or more femd@ not survive
(Kraaijeveld et al. 2003). The fifth and final hypothesis has been advanced by a
number of authors, including Braithwaite ahde (1979), Diamond (1982) and
Green et al. (1991), and suggests that annual maleffdieevents competition with

the next generation of individuals. However, this altruistic adaptation has not been
suggested by more recent studies, and may be the p&astible of the five

hypotheses in light of successive research.

A recent paper by Fisher et al. (2013) suggests that sperm competition has driven the
evolution of semelparity imasyurids. The study showed that marsupial predators
with a shorter breedin season correlated with a greater seasonal predictability of
prey abundance, and that the last month of lactation or weaning was associated with
the month in which prey abundance was greatest. This high seasonal influence is
proposed to have led to thdesdion of shorter annual breeding seasons, as females
acquire fitness benefits by timing lactation and weaning to coincide with maximum
food abundanceé brief mating season increases male competition for females, and

intensifies the level of sperm comiein between males.

While sperm competition may have led to the evolution of semelparity in ancestral
dasyurids, and may have fitness benefits for several of the smedhaurid species, a
number of inherent biological traits of therthernguoll challenge the plausibility of

this hypothesis. For instance, therthernquoll does not undergo spermatogenic
failure prior to the mating season (Oakwood et al. 2001), which suggests that they
may have the potential to breed in a second season. Secondlypthkildasyurids

have increased levels of cortisol to turn protein into energy at the expense of the
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individual's longevity, maleorthernquolls do not have increased levels of cortisol
during the mating season (Oakwood et al. 2001). Furthermore, incenymet
mating male dieff observed in most populations ndrthernquoll (e.g. Schmitt et

al. 1989; Spencer et al. 2010; Cook 2010) instead adds weight to the hypothesis
proposed by Oakwood et al. (2001), suggesting that this species is subject to
‘ancegtal baggage’, or a phylogenetic predisposition to a semelparous life history.
However, there are still many aspects that require clarification, and further research
regarding the potential of males that survive to another mating season to sire

offspring isstill required to advance the debate.

2.3 MOVEMENT AND HABITAT USE

2.3.1 Habitat use

Sufficient resources such as food and habitat are essential for the maintenance and
growth of animal populations (Manly et al. 2007). Therefore, identifying key
resources and understanding their importance is vital for the management of
threatened speciassich as theorthernqu o | | . Habitat can be def
a combination of resources (e.g. food, water, cover) and environmental conditions
(temperature, precipitation, presence or absence of predators and competitors) that
promotes occupancy bindividuals of a given species (or population) and allows

i ndividuals to survive and r eqadlagpeare o0 ( M
to be habitat generalists; they have been observed to use a number of different habitat
types, including woodlandprest, vine thickets, mangroves and rocky hills in the

form of mesas, plateaus and granite boulder fields (Oakwood P88@ck 1999). In

addition, they have been noted to use anthropogenically modified environments,
including rural and urban areas, amihe sites (Pollock 1999; DPaw 2013). For

example, a telemetry study conducted by DPaW (2013) in the Pilbara region of
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Western Australia observed individuals moving in and out of multiple habitats,
including human infrastructures such as a workshop amabery. Further, a mark
recapture study conducted on the same population in the Pilbara region found that
northern quolls were more abundant in disturbed areas than in undisturbed areas
(DPaW 2013) The authors suggested that excavation of the area, wdsatted in

pools of permanent water and complex rock piles, created a greater number of
microhabitats. This in turn is thought to have increased floristic diversity and
productivity compared to the undisturbed habitat, resulting in greater prey density or

diversity and producing higher quality foraging habitat (DPawW 2013).

Several authors have suggested a relationship between the presemrthem

quolls and sources of permanent fresh water (Braithwaite and Griffiths 1994; Pollock
1999). For example, 46 of records examined by Pollock (1999) from the Maekay
Bowen area between 1994 and 1996 were within 200 metres of permanent fresh
water. In addition, Braithwaite and Griffiths (1994) observed a relationship between
the teat length of females and scrotwidth of males and proximity to water, which
they suggest indicated a preference of these areas by reproductive individuals.
However, the species is also known to persist on islands in the Kimberley and
Pilbara regions where permanent water is absentaastddy ofnorthernquolls in
Kakadu National Park, Northern Territory by Oakwood (2002) did not observe a

similar trend.

The importance of rocky habitats in the wet dry tropics as areas of mammalian
diversity and endemism has been noted previously (eepldhd et al. 1988).
Likewise, there is evidence to suggest that rocky habitats support denser populations

of northern quolls than other habitats that have been studied. For example,
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Braithwaite and Griffiths (1994) reported mean capture rates per 1®0ithts of
between 0.6 and 1.Borthern quolls for lowland savannah habitat in Kakadu
National Park, whereas Begg (1981) and Schmitt et al. (1989) recorded a rate of 1.9
and 1.6 northern quolls per 100 traps nights, respectively, at rocky sites.
Additiondly, a survey of remnant populations north-coastal Queensland found
abundance to be greatest at coastal sites where large boulders were present (Foster
and Oakwood pers comm, as cited in Hill and Ward 2010), and Woinarski et al.
(2007) found the preseaofnorthernguolls on islands to be related to a measure of

topographic ruggedness or complexity.

There is also evidence that survival is higher in rocky habitat compared to other
habitat types. Oakwood (1997) found that females whose home ranges dnclude
rocky habitat were more likely to survive to a second breeding season. Moreover, the
nine instances of predation recorded by Oakwood (1997) were evenly recorded in
forest, woodland and creek habjtibwever none were recorded in rocky hills.
Further evilence that rocky areas provide important habitatnfothern quolls is
provided by Woinarski et al. (2008), which showed that declines ohdhthern

quoll in Queensland have mostly been restricted to lowland, less rugged areas.

With consideration to the importance of rocky habitat, other habitat types may also
be required for population persistence in an area. In a stuatyrtbiernquolls on the
fringes of Darwin, Rankmore and Price (2004) noticed that in habitat fragments
within a rural mosaicnorthernquolls were absent from fragments with less than
65% woodland within d&our kilometre area. This may suggest that woodlands are a
vital component of the landscape for foraging or dispersal purposes. In addition,

findings by Oakwod (1997) that habitat use differs between life stages suggest the
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importance of multiple habitat types. For example, in her studpmifiernquoll den

site and habitat use, females were predominantly caught in rocky habitat, except for
the period Septenaln- November when they had young in nursery dens. During this
period, females were caught most often in forest (Oakwood 1997). In addition, when
juvenile males first became trappable in fate November, they were more likely

to be caught in rocky hillshan at other times of the year (Oakwood 1997). As
juvenile males completed weaning, dispersed and became sexually mature, their use
of forest habitat increased (Oakwood 1P9X more recent study on the genetic
structure of northern quoll on a landscapals found populations separated by open
plains were more genetically similar (Hohnen et al. 20T&gse findings suggest
thatwhile rocky habitats may act as refugegher habitats are likely to be vital for

dispersal and foraging.

2.3.2Den site selection

For species that exhibit denning behaviour, dens may be important for several
reasons including protection from predators, protection from environmental hazards
(e.g. fire), thermoregulation and social contact (Godsell 1983; Cockburn and
LazenbyCohen 1992t indenmayer et al. 1996; Oakwood 199¥prthernquolls are
nocturna) spending the daytime hours within a den site (Van Dyck 2@¥ed on

the current literaturenorthernquolls do not appear to bdeghly specialisedvhen it
comes to den site selectiofhe species has been reported to den in tree hollows
(living and dead), rock crevices, logs, termite mounds and burrows (Oakwood 1997).
They have also been observed to den in various types of human infrastructure such as
timber piles, underneath houserardas, within ceilings, and once within the frame

of a washing machine (Pollock 1999) and a vehicle engine (Burnett 2008). Oakwood

(1997) reported evidence of den site preferences within lowland savannah habitat in
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Kakadu National Park where live treeslanck crevices were used more often than
other den types. Unfortunately, Oakwood (1997) was unable to quantify the relative
availability of all den types, so live tree hollows and rock crevices may have been the
most common den types within the study aesa not the most preferred. In
addition, while Braithwaite and Griffiths (1994) suggest that den sites close to water

sources are preferred, Oakwood (1997) found no such relationship.

Both sexes ohorthernquolls den solitarily and only one instance ehdsharing has

been recorded, where the two females were presumed to be mother and daughter
(Oakwood 1997). In additiomorthernquolls have rarely been found to inhabit a den
previously used by another individual, and on occasions where this has been
observed the initial occupant had died, and a considerable time lapse (greater than
eight months) had occurred (Oakwood 2002)erefore, it is unlikely that den sites

are important for social contact.

Northern Australia is prone to annual fires that vargize and intensity (Russell

Smith et al. 2003). Oakwood (1997) proposed that denning behaviour may aid in the
survival ofnorthernquolls within fire-prone areas. Howevf this was the case one
would expectorthernquolls to predominantly use den sitimat were intrinsically

fire resistant, such as termite mounds and rocky habitat. In contrast, Oakwood (1997)
found that live and dead trees formed a large portion of den sites used by the species.
Moreover, her observation of females shifting habitatftm® rocky hills to forest

during the late dry season (when the risk of intense fires is greatest) suggests that fire

avoidance does not have a major influence on den site selection.

In addition to seasonal firesprthern Australia has a tropical climatad is subject

to consistently high temperatures throughout the year (mean annual minimum and
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maximum 20.8 and 34.9, respectively; BoM 2015). The use of termite mounds by
females has been observed to increase during the three month period from mid
August to November, when females left young in nursery dens during foraging
activity (Oakwood 1997). Some goanna species are known to lay eggs in termite
mounds, purportedly due to stabtecroclimatic properties present within mounds
(Pianka 2004). As juvenileorthernquolls are altricial for several months after birth
and have little fur, it is possible that termite mounds are usewtyernquolls for

their thermoregulatorpenefits(Oakwood 1997). In addition, the synchrony between
periods ofnorthernquoll activity and cooler parts of the day (leaving den sites before
dusk and returning before dawn) provides further evidence that dens may provide

protectionfrom climatic extremes

However, other species @asyurusin more temperate regions are also nocturnal
(Dickman and Vieira 2012; Dyck and Strahan 200#hd therefore the denning
behaviour of thenorthernquoll may have evolved in response to other pressures.
Given a large proportion of Australian predators ditgnal, one may postulate that

the ancestral species of tmerthern quoll evolved this denning behaviour and
nocturnality in order to avoid predation from and competition with other predatory
species. Findings from Oakwood (1997) suggesting that predaidowest and
survival is greater in rocky habitats, combined with the knowledge that rocky habitat
includes a higher density of available den sites such as fissures, cracks and crevices,

further supports this hypothesis.

2.3.3Movement and home range

Movementand home range estimates vary between the studies for which they have
been reported. Movement estimates range from maximum distances7of 6

kilometresfor both sexes (Koolan Island in the Kimlsgrkegion of W.A.; Spencer
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et al. 2010), 4.2 km for males&0.69 km for females (Mitchell Plateau, Kimlssrl

region of W.A; Cook 2010), 3.5 km (a single male tracked near Fortescue River,
Pilbara W.A; King and King 1989), and 0.94 km for males and 1.16 km for females
(Little Nourlangie Rock, Arnhem Land, N.T; Bgd981). Although a difference in
habitat types between the study sites is likely to have had an influence on the
observed variation between estimates, movement estimates were also likely to have
been influenced by differences in the duration, timing amdhodology between
studies. For example, Spencer et al. (2010) recorded the greatest distances moved by
both sexes ohorthern quoll; however the study was also the longest, including

monthly trapping data collected over a three year period.

Spencer et a[2010) suggest that the movement patterns of males and females differ.
For example, female movements were observed to be greatest during the pouched
young and young in den period, whereas males appeared to move further than
females in October, when the lmagpopulation consisted of individuals who had
survived the mating season. Begg (1981) observed a similar pattern with peak female
activity recorded in JuhAugust and October. However, in contrast to Spencer et al.
(2010) peak male activity was recorded July, around the time of mating.
Braithwaite and Griffiths (1994) reported a gradual increase of female movements up
until the breeding season, after which movements declined until December when
immature females were detected in the population. Maleements increased until

the males were sexually mature, and large movements were detected from post
reproductive males (Braithwaite and Griffiths 1994). King and King (1989) also
report a single male moving a great distance, following the breeding seasen in

Pilbara region of Western Australia.
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Reports of mean and maximum home range sizendothernquolls based on the
minimum convex polygonmethod vary between study locations (Tal2d).
Evidence suggesting seasonal difference in home range sizeiatyaatea is
inconclusive. For example, Oakwood (2002) observed that the home range of males
appeared to increase during the mating season; however this was based on one
individual. Additionally, Cook (2010) observed that of the four individuals
monitored increases in home range during the dry season were only observed for
one male and one female. No noticeable difference was observed for the other male,
and the other femaleds home range was sm
aforementioned obsedtions of seasonal changes in movement extent, and evidence
that resources such as food are more abundant during the wet season (Cook 2010), a
seasonal difference in home range size is plausible as individuals may need to

disperse further during the drgason to seeut adequate resources.

Table2.1. Home range estimates of therthernquoll

Location Sex Mean Maximum Reference
Home Home

Range (ha) Range (ha)

Mitchell Plateau, WA Female 11.6 - Cook (2010)

Mitchell Plateau, WA Male 74.8 - Cook (2010)

Kakadu NP, NT Female 35+8 66 Oakwood (2002)
Mitchell Plateau, WA Female 2.3 - Schmitt et al. (1989)
Mitchell Plateau, WA Male 1.8 - Schmitt et al. (1989)
Fortescue River, WA Female 219.7 - King and King(1989)
Fortescue River, WA Male 382.4 - King and King (1989)

Measures of home range overlap suggest that females may be territorial, at least

during some periods of the year. Oakwood (2002) did not observe an overlap
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between the home ranges of females that were radio tracked at her study site in
Kakadu National Park. However, the home ranges of males overlapped with other
males, as well as other females (Oakwood 2002). Based on these and other
observations, such as ttendency of males to visit multiple females nightly during

the mating season, Oakwood (2002) suggested that females maintain discrete home
ranges that are determined by resource availability, wheraks mre widganging

with homeranges that are likelydetermined by the density of females within the
area.Similarly, Cook (2010) observed the home ranges of males to overlap with
those from both sexes during the wet season; however during the dry season they
only overlapped with those of females. Home en@f females during the wet
season did not overlap with other females, but during the dry season the ranges of

females overlapped in at least one of her study sites.

In contrast, King and King (1989) found considerable overlap in the home ranges of
individuals of both sexes recorded during their study. The maintenance of female
territories has important consequences on the perceived carrying capacity of an
environment fornorthern quolls, as resource availability becomes restricted to
individuals based orthe home range they are able to maintdiherefore, if
abundance is used to determine habitat preference and territoriality is not considered,
a correlation between habitat and abundance may be a function of the distribution of
dominant and nowominant ndividuals rather than an indication of preferred

habitat.

Differences in habitat between the study sites and the duration of study may have
influenced these results, and it is possible that additioohernquolls were not

recorded during the aforenmteoned studies and may have had overlapping home
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ranges that went unnoticed. Furthermore, in order fomihénum convex polygon
method to produce a reliable estimate, locations must be continually recorded until
such a point that the area within the ygan no longer increases (Odum and
Kuenzler 1955). Of the four studies that report home range estimatasrfbern
quolls, two studies do not mention if this was achieved (King and King 1989;
Schmitt et al. 1989), Cook (2010) only had sufficient datstonate the home range

of one male, and Oakwood (2002) was unable to obtain sufficient data to reach an
asymptote for males. In addition, location data throughout thewe@not constant
andwereonly collected from diurnal den site locations, whiclesimot account for
nocturnal movements. Therefore, estimates of hange size, evidence of temporal
pattern in home range size and sespatial organisatiorequires further exploration

for this species

2.3.4Diet

Northern quolls have been described as p@edy generalist or opportunistic
omnivores (Oakwood 1997). A study conducted at Kakadu National Park based on
analysis of scats and stomach contents of -kiled individuals foundnorthern
quolls to prey upon a wide range of insects (particularly ofatger Coleoptera and
Orthoptera), mammals, birds and bird eggs, reptiles, frogs, and at least nine species
of fleshy fruit (Oakwood 1997)A more recent study of the northern quoll diet in the
Pilbara regiorbased on scat analyssund the species to egpence a varied diet of
mammals, reptiles, invertebrates and plant material (Dunlop et al. 2617).
population ofnorthernquoll in the MackayBowen area of Northern Queenslamds
mainly insectivorous, with small mammals forming a minor component of scat
(Pollock 1999). However, this study was limited to the analysis of 26 scats, and may

have resulted in an underestimation of amphibian prey due to the difficulty in
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detecting amphibian species in scat analysis (Oakwood 1997). Crustacean fragments
have als beendetected in scats, suggesting thatribghernquoll may forage along

water course@Pollock 1999; Dunlop et al. 2017)

Oakwood (1997) found theomposition of food items to change throughout the year,
presumably as they became more or less almind@r example, fleshy fruits
accounted for 60% of the volume of scats from the late wet to early dry sedsien
invertebrate consumption peaked in the -tig to wet season, and vertebrate
consumption peaked in the iy seasorfOakwood 1997). Diet preference did not
differ between thesexes;however femalegonsumedewer vertebrates than males
(Oakwood 1997). Thenorthern quoll is thought to forage terrestrially, however
Pollock (1999) recorded the presence of hair from aieped glider Petauridag in

a single scatbirds andbird eggs were detected by Oakwood (19@nd birds and
bats were detected bRunlop et al. (2017) The northern quoll has also been
observed to feed on human food refuse, and Pollock (1999) reportsligidual
from the Cathu State Forest area in Northern Queensland to be observed feeding on
domestic cat food. The impacts of food subsidisation onntrghern quoll is
unknown, buthasbeenshown to alter behaviour and movement patterns in other

speces(e.g.Newsome et al. 201Newsome et al. 20)5

Populations across the Pilbara region studied by Dunlop et al. (2017) vdailedir3
niche breadth, however neither niche breadth nor the presence of food items
correlated with any environmental or bé&mphysical drivers.Dunlop et al. (2017)
suggested thawvertebrates were a preferred prey item when availablgle

invertebrates were consumed more frequently than any other foodrivenfindings
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of this study suggest that the northern quoll is abladjust its diet based on food

availability.

2.4 THREATS AND CONSERVATION

Several factors and processes have been suggested to contribatéhéon quoll
population declines, and pose a potential threat to thetéyng persistence of the
species. Broadlythese include habitat destruction and degradation, invasive species,

and disease.

2.4.1 Habitat Destruction and Degradation
Altered Fire Regimes

Changes to existing fire regimes has been proposed as a threatening process for
many ofnor t her n A u snedoadecliging spede$, maudihgaherthern

quoll (Woinarski 1990; Oakwood 1997; 2000; Woinarski et al. 2004; 2005;
McKenzie et al. 2007; Legge et al. 2008). IAdigenous Australiansere displaced

from traditional landsand movedto larger communitiesand with European
settlementthe fire regime has shifted from one consisting of frequent, patchy fires of
less intensity to more expansive, intense fires (Woinarski et al., 2001; Woinarski et
al., 2007). Fires may result in the mmality of individual animalsbutit is alsolikely

that the indirect effects of fire pose great risks to the -teng persistence of
northernquolls in a given area (Hill and Ward 2010; Radford 2010). For example,
frequent and extensive, intense firessavannah woodlands have been observed to
result in a reduction in habitat complexity by decreasing the abundance of large
hollow trees and fallen logs (Woinarski et al. 2001). These habitat features are
known to beused bynorthernquolls as diurnal dentesin some habitat@Oakwood,
1997). In addition to habitat modification, inappropriate fire regimes can also reduce

the abundance of both prey species (Radford 2012) and the availability of vegetative
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food resources, as some species require a spdcificeyime in order to produce

fruit (Vigilante and Bowman 2004).

The causal link between fire and declines in small mammals such asrthern

quoll is often speculative in nature (Radford 201®owever recent studies shed
increasing light on thiselationship (Griffiths and Brook 20153tudies investigating

the effect of fire on body weight and condition (Oakwood 2000), abundance
(Woinarski et al. 2004) and change in home range size (Cook 2010) detected no
detrimental effects tmorthernquolls rdated to fire. Woinarski et al. (2004) found

that northernquolls and several other species were significantly more abundant at a
site that was burnt annually when compared to a site were fire had been excluded for
23 years but in another study found thabrthern quolls had declined in an area
subject to a landscafseale fire experiment four years prior (Woinarski et al. 2001)
However, Griffiths and Brook (2015) found that fires impacted mammal populations
through recruitment rather than adult survinald that the timing of fires can have
varying levels of impact on the northern quoll. The authors found that population
recruitment responded negatively to tdty season fire, which corresponds to a time
when young are in pouches or deposited in ddhss likely thatthe frequency,
intensity and timingof fires are all factors that may impact northern quoll

populations (Griffiths and Brook 2015).

Grazing

Habitat degradation resulting from ovgrazing by livestock and feral herbivores has

been linked @ small mammal declines in northern Australia, but again, the exact
mechanism is poorly understood (McKenzie et al. 2007). Overgrazing and trampling
can result in a simplification of vegetation structure and the reduction of ground

layer cover (Smitet etl.a2001). This reduction in cover has the potential to expose
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small mammals, such a®rthernquolls, to increased predation pressure from feral
cats (Fleischner 1994; Keesing 1998). Disturbed vegetation as a result of grazing can
also be more susceptibie@ weed invasion (Hobbs 2001), and in many circumstances
pastoral lands may even be planted with invasive grass species to make it more
suitable for grazing (Cook and Dias 2006). Hill and Ward (2010) suggest that the
unusually high density and stiffness efotic pasture grasses suchgasnbagrass
(Andropogon gayanyismay impedenorthern quoll movements and thus decrease
foraging efficiency. In addition, as they produce biomass greater than that of native
grasses, weed species can potentially facilitageeivents of greater intensity, which

are more likely to both cause direct mortality and exacerbate habitat degradation

(Rossiter et al. 2003; Hill and Ward 2010).

Northernquoll populations in areas of the Pilbara have been in decline since the
1980s, caresponding with habitat degradation resulting from altered fire regimes
overgrazingand mining activities(McKenzie et al. 2007; Hill and Ward 2010
Cramer et al. 2016; Dunlop et al. 201 Furthermore, remnant populations of
northernquoll are known to persist in parts of Queensland with beleerage cattle
densities (Burnett 1997). However, as is the case with determining a strong causal
relationship between other threatening processes and population declines of the
northernquoll, there is evidence that both supports and challenges the perception that
grazing pressure is a true threat to the species. As sadhgernquolls are also

known to occur in areas subject to heavy grazing pressure (Foster and Oakwood pers.

com.2008, as cité in Hill and Ward 2010).

Indirect impacts of habitat degradation

An overview of the factors contributing to habitat degradation is incomplete without

an acknowledgement of the effect they have on habitat fragmentation, and the impact
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this may have on theorthernquoll. A study by Rankmore and Price (2004) detected

a negative response of therthernquoll to fragmentation, finding the species absent

from fragments surrounded by less than 50% woodland withioua kilometre

radius. With considerationthhite s peci esd® requirement for
the knowledge that in certain areas some habitat types will be restricted, complete
clearing of areas for urban development, mining and agriculture withinotitteern

qguol | 6s di st ra abtintes aaocuriwgh rdstrictea@ thapitat types and
have a | arge iIimpact on this speciesd abi

area (Hill and Ward 2010).

2.4.2 Feral Predators

Direct predation by and/or competition with introduced carnivores Isas kseen
proposed as a potential threatnorthernquoll persistence (Hill and Ward 2010).
Predation pressure from feral carnivores, such as the Eurogatfiox Vulpes vulpes

and thedomestic catelis catushas been linked to the extinction of at le&St
mammal species in Australia during the last 100 years (Johnson 200gargki et

al. 2015). While the impact of the Europe&d fox on northern quolldhas not been
assessedyuthors such as Morris et al. (2003) and Glen et al. (220D1) suggest

tha thefox has had a considerable impact on other species of quoll via competition
and predation. Given the range of both species overlaps in areas of the Pilbara and in
central and south eastern Queensland very possible that these species interact,
with negative consequences for therthern quoll(King and Smith 1985; Hill and

Ward 2010).

The feral cat is now considered to be the foremost driver of small mammal declines
in northern Australia (Fisher et al. 2014). Indeed, most declining mammakspeci

fall within the favoured pregize of feral cats (Dickman 1996; Fisher et al. 2014),
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thatare capable of the widgcale extirpation of native prey species even at relatively

low densities (Frank et al. 2014). ¢ontrast island populations of decliningpecies

remain relatively stable on islandsheve feral cats do not occur or have been
extirpated (Woinarski et al. 201MWhile there is no direct evidence demonstrating a
significant negative effect omorthernquolls, there are reports of feral categating
onnorthernquol | s (Poll ock 1999; Burnett 2000;
2010). It is of interest to note that although feral cats have existedrihern

Australia for well over 100 years (Abbott 2002), mammal declines havebesely

deteced over the last 280 years (Woinarski et al. 2011). However, it is believed

that changes to traditional fire management practices in recent timesedmced

ground cover and exacerbated feral cat predation on mang oft her n Austr g

small mammalsthus leading to decline (Oakwood 2000; McGregor et al. 2014).

In addition to cats and foxes, there is evidence of predatiamodhernquolls by
domestic and wild dog<anis lups) and dingosCanis ding9, suggesting that they
may supressorthernquoll populations in some areas (Oakwood 200emona et

al. 20173 Howeverdingos are thought to supress feral cat and fox numbers in areas
where they cabccur, and it has been noted that in areas of northern Queensland
where northern quollspersist,dingos occur and feral cats and foxes are scarce or
absent (Burnett unpublished, as cited by Jones et al. 20héjefore, northern

quolls and dingos may be able to@ocur in some areas.

2.4.3Cane Toads

The northern quolis known to feed on the toxic cane do#he ingestion of which is
fat al and poses a risk to both mainland
2010).Cane toads were introduced to Northern Queensland in 1935 in an attempt to

control two species of beetles that were predating on commerojz of sugar cane
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(Barton 1997). Since then, they have spread rapidly along coastal Queensland into
Northern New South Wales, across much of the-dmgttropics of the Northern
Territory, and crossed the Western Australian border in 2009 (Shine 20&03kih

of the canetoad is toxic at all life stages (Hayes et al. 2009), producing potent
bufogenins and bufotoxins (Zug and Zug 1979). As their main impact is via lethal
toxic ingestion, the species most at risk are large predatory species (seveed speci
of reptile and thenorthernquoll) that have a propensity to prey upon anurans (Shine
2010). There is strong evidence that the colonisatiaamnétoads in certain areas of
northern Australias followed by the local extinction of northern quolls, prasibly
caused by quolls predating on toadurnett 1997; Woinarski et al. 2008). For
example, shortly aftahe arrival of cane toads Kakadu National Park, a significant
decline innorthernquoll numbers was observed and several populations wenttextinc
(Watson and Woinarski 2004; Oakwood 2008). However, several populations have
persisted in parts of Queensland wheaeetoads have occurred for a long period of
time (Pollock 1999), andomenorthernquoll populations weralreadydeclinng

prior to thearrival of canetoads (Braithwaite and Griffiths 1994nterestingly, a

study of populations that have persisted alongside cane twmidound these
northern queslmasr ttbg ke dotl®easd | i kely to
Phillips 2017).This indicates that some populations may have ahidity to adapt

behaviours to avoid this toxic prey species.

2.4.4Disease
It has been suggested that disease has contributed to both the extinetasteof

quolls on mainland Australia, and the decline of tteiditch in parts of Western
Australia (Peacock and Abbott 2014). As the current pattern of decline exhibited by

the northern quollmirrors that of its southern cousins, disease has likewise been
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proposed as a potential mechanism behind their declineafhtiiMard 2010). Based

on historical records, Peacock and Abbott (2014) proposed that canine distemper or a
similar disease may have contributed to the declineastern quollsn southern
Australia. The authors also found evidence suggesting that qutiheke may have
resulted from a skin infection caused by the flzapsylla tasmanicaHowever, in

their study ofnorthern quollecto and endeparasites, Oakwood and Spratt (2000)

did not detect the presence Wfopsylla tasmanicaand suggest that parasin is

unlikely to have contributed to the decline of timthern quoll

Toxoplasmosis has also been suggested as a contributing factor to the declines of
quoll species in southern Australia (Shepherd and Mahood 1978). However,
pathology conducted onorthern quolltissue and blood samples taken from road
killed individuals near Kakadu National Park did not detect the presence of the
protozoan parasitdoxoplasma gondi{Oakwood and Pritchard 1999). Although
patterns ohorthern quolldecline innorthernAustralia are similar to that which has

been observed for southern specieDakyurus there is thus far no evidence to
support the proposition that disease is an important contributing factor to their

decline.

2.5 CONCLUSION

2.5.1 Threats

Identifying and understaling the extrinsic factors driving the decline of the northern
guoll is one of the primary areas of interest for their conservation management (Hill
and Ward 2010). On a landscape scale, northern quoll habitat has been degraded over
large areas as a resolt widespread pastoralism and altered fire regimes (Hill and
Ward 2010). Griffiths and Brook (2015) suggest that fires during theltgteeason

are likely to have a greater impact on population viability than fires during other
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times of the year. Whileorthern quolls may be capable of surviving some fire
events, further information on how the extent and intensity influence the impact of
fire on this species, and how habitat type interacts with these effects, would be

valuable.

It is likely that habitatdegradation has a synergistic relationship with other threats,
such as the occurrence of introduced species. Feral cats are one such species that are
suggested to capitalise on areas of degraded habitat, especially woodland habitat,
which may experience lass of ground cover and leave native species increasingly
exposed (McGregor et al. 2014). With consideration to the influence that habitat type

is likely to have on the manifestation of synergistic threats, it is likely that an
increase in the researchreounding northern quoll habitat use and den site selection
may in turn offer further insight into the effect of threats such as predation by feral

cats, altered fire regimes, and grazing pressure.

When threats are considered independently, the toxic toatkeappears to be the

most pervasive threat to the northern quoll. Novel methods such as conditioned taste
aversion have been trialled both in captivity and in the field to discourage the
predation of cane toads ( O6Db ndignletlal. et al
2018). Results have indicated that this approach may provide a level of protection
against mortality via ingestion of this invasive species. In a study of 50 reintroduced

Ot esamart 6 quolls into Kakadu I doundthata | Pa
trained individuals survived in a toadfested landscape, and reproduced
successfully. Of the 50 northern quolls released, 22 were recaptured, with three

Ot sathrt 6 females confirmed to have repro
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2.5.2 Movement ecology

Movement and home range estimates appear to vary dramatically between the
studies in which they have been reported. Most likely, this is a consequence of
habitat type, the time of year the study was undertaken, duration of the study and the
methods used to estate these measurements. However, from the available
information it is logical to assume that movement patterns differ both between males
and females, and between seasons. The studies conducted on northern quoll
movement to date strongly indicate that herh quolls are capable of moving large
distances. It is likely that given the influence of seasonal rainfall on productivity
within northern Australia, individuals may need to disperse farther to seek out
adequate food resourcdsorthern quoll population separated by open plains and
within high rainfall areas have a low genetic distance, indicating immigration and
emigration between these populations (Hohnen et al. 2Bb&)ever, this behaviour

also makes the northern quoll increasingly likely to enterusdditional threats, such

as feral cats, cane toads, and vehicles. Therefore, further research is required in order
to understand when northern quolls move larger distances, and whether dispersal is

influenced by a search for food resources or a mate.

One aspect of their ecology that may also influence movement is territoriality.
Measures of home range overlap by Oakwood (2002) and Cook (2010) suggest that
females may be territorial, at least for part of the year, while males move large
distances to mamise female encounters. However, these studies are limited by the
methods used to collect the data. Where mnadapture techniques were used, the
area of inference is limited to the trapping grid, while telemetry studies have used
daytime locations thatestrict point data to den sites only. Madcapture studies

also assume that all females were captured within a given area, and therefore do not
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consider that some untrapped females exist within the home range of other females.
It is important to determie whether females are territorial, as this can inform how
the carrying capacity of an environment for northern quolls is measiired.
territoriality does occur and is not considered during density estimates, interpretation
of the data may be misconstrutal reflect habitat quality, and not a result of the

distribution of dominant and subordinate females.

However, when addressing the gaps in knowledge and considering the limitations of
previous research, it must be appreciated that field studies withndghe t her n qu ol
distribution are inhibited by significant logistic and practical constraints. Heavy
seasonal rainfall across northern Australia restricts access to many areas during the
wet season, making it at times extremely difficult to collect yeand data.
Furthermore, the northern quoll is a cryptic and wigleging species, and is
therefore difficult to track using telemetry methods. Where telemetry is used,
animals must be either tracked for a limited period or captured frequently in order to
adust the collars to match their rapid growth rate, while transmitters must be small
enough to meet the ethical requirements for this smallest member Da#lyairus

genus, whilst still including the necessary technology to capture the data required.

2.5.3 Semelparity

The decline of th@orthernquoll is a primary concern to conservation management

in northern Australia, not least of which due to the large gaps in knowledge that
surround this speciesd biology andt ecol o
intriguing aspects of its biology that makes populations of ribeghern quoll

susceptible to endangerment is the poating mortality that males experience. As

has been previously stated by Oakwood (2000), semelparity increases the chance of a

local extinction. Should recruitment fail in any given year due to extrinsic factors
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causinghigh juvenile mortality, few females and no mablsuld beavailable to

mate in the following yeaincreasing the likelihood of a severe population crash
(Cremona et al2017a) Based on a synthesis of the literature, it seems most
plausible that semelparity in theorthern quoll has evolved in response to a
shortened female breeding period that must ensure lactation and weaning coincides
with periodic invertebrate abunaee, which is in turn tied to the seasonal cycles in
rainfall characteristic of tropical Australia (Tyndddéscoe 2005). When
compounded with the short lifespan of small marsupials, the noaleernquoll is

forced to expend all energy during one repiithe event in order to maximise their

reproductive potential.

While further studies that seek to clarify the proximate and ultimate causes for
semelparity imorthernquolls may increase our understanding of why it has evolved
in some species, it may aditile to inform their conservatiomA complete male die

off will only negatively impact population dynamics if the species has a
monogamous mating system (i.e. one male per female) and suffers from low male
recruitment in a given yeailherefore, it is of importance to determine whether
multiple paternity exists in populations obrthernquoll, and whethermalesthat

survive into their second mating season are capable of breeding.

2.5.4 Habitat use

Interestingly and in contrast to many otlerdangered species, therthernquoll

has been observed to inhabit a wide range of habitatsnatitreand anthropogenic

in nature and is also a dietary generalist (Oakwood 1997; Pollock 1999; DPawW
2013). Therefore, it is of interest to ascertain tlotdis that influence habitat use by
this species. A significant step in the conservation ohtréhernquoll would be to

determine how different habitats influence survival. Studies such as Oakwood (1997)
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and Woinarski et al. (2008) have suggested thatigwal may be higher in rocky
habitat. However, the specific attributes of rocky habitat that make it important to the
northernquoll are unknown, and therefore future studies should focus on confirming
the importance of rocky areas and clarifying theoueses and benefits that they
provide. Furthermore, other habitat types should not be ignored, as studies such as
Rankmore and Price (2008) have shown that woodlands are likely to be highly
important for foraging and dispersal, and Oakwood (1997) has shabitat use to

differ between life stages. This information would not only aid decision making
regarding the protection of habitat for therthern quoll, but would also inform

rehabilitation activities that aim to facilitate recolonisation by this specie

Part of this research, but also significant enough to form a main point of focus, is the
selection of den sites by this species. Den site use byottieernquoll is likely to

provide protection from both predation and exposure to extreme weathetiaundi

Data related to den site selection has previously suggested no preferences (e.g.
Oakwood 1997), however studies have not yet explored microclimatic characteristics

of den sites, nor structural characteristics such as depth, width, or number ef acces
points or O6openings6. A potenti al and ma
inform the production of artificial den sites, to supplement areas of degraded habitat

wherenorthern quollither still occur or may colonise in the future

Given theimportance of recruitment to the persistence of northern quoll populations,
female and juvenile survival may be more important to population viability than that
of adult males. This, added with the shorter lifespan and large movements
characteristic of mak, may mean that studies that target female and juvenile habitat

use and survival may be maquertinentto the conservation of the species.
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Chapter 3: Analysis of mine site monitoring
data using spatial and norspatial
capture recapture mocels reveals
the population dynamics of an
endangered marsupial

3.1 ABSTRACT

The examination of the intrinsic drivers of population dynamics for a species are essential
in planning successful conservation management strategies and minimising the impacts of
threatening processes. For endangered species, it is commonplace foorggoletquire
monitoring programs yet monitoring data are rarely published. Unpublished monitoring
data, particularly when collected over many years, present an important opportunity to gain
inference that would otherwise involve an intensive resourtgibto obtain, but presents

key challenges if study design has not been developed for the appropriate analyses. We
used a 13/ear dataset collected by a mining company to monitor the local population of
the threatened northern qudDasyurus hallucatusto explore the application of spatial

and nonspatial capture recapture methods to examine the population dynamics of this
species. Spatially explicit capture recapture (SECR) methods proved more useful than non
spatial capture recapture in maximising wsethe entire dataset, as variability in trap
location limited norspatial analysis to a six year period. SECR estimates of population
density suggest that the population was relatively stable between 2006 and 2018, with a
decline between 2002011 and sutequent recovery in 2012013. Finite population
change correlated with the prior twear average standardised precipitation
evapotranspiration index, which may reflect a link between primary productivity and food

availability for the northern quoll. Usina retrospectiveapproach with estimates of
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seniority (he probability that an individual present in yéaras also present in year 1)

to assess theelative contribution of survival and recruitment to population change, we
found that recruitment haal much stronger influence on population change than survival
(seniority = 0.18 95% CI 0.1D.27).The importance of recruitment to population change
suggests that the timing of activities for conservation management may be critical for this
species, as jenile mortality may influence the success of management activities. We
suggest that if monitoring datasets made even small improvements to study design, their
utility to gain inference on population dynamics and contribute to conservation research

would increase substantially.

3.2 INTRODUCTION

Extinction rates are increasing globally, especially for iconic taxa such as vertebrates
where at least 200 extinctions have been documented in the last century and a third or
more are in current decline (Ceballos ef 2017). Widespread impacts associated with
anthropogenic land use are considered the main drivers of vertebrate declines worldwide
(Ellis et al, 2010; Troyer et al2014; Newbold et 8l2015). However, the examination of

such a complex and intertwitesuite of impacts is difficult, as their effects are often
entangled with the natur al variability
(Brigatti et al, 2016). Without a thorough understanding of the natural variability of a
speciesb p onicel Itha ttaskoah quantfying the causes of decline can be

formidable.

Another important, yet relatively derdiscussed, component of species management is
the regulation of development to manage impacts to threatened species and communities.
Regulatoryframeworks around the world have adopted a range of tools and instruments to
minimise the impacts that land clearing and subsequent anthropogenic land use has on

resident wildlife populations (Gibbor& Lindenmayey2007; Redpath et ak013 Evans
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etal., 2016. For example, activities approved in Australia underfégeralEnvironment

Protection and Biodiversity Conservation Act 199€ PBC Act ) (6o9aatr ol |
subject to approval conditions that mayecessitate the monitoring of conservati

significant species. Where these approval conditions are implemented, proponents are
often engaged in lonterm monitoring programs. However, while environmental
regulation has given rise to a number of monitoring activities, the data coléeeteady

peer reviewed aridr published This has also been found to be true for monitoring
undertaken both by private industry as well as conservation management agencies
(Costello & Wieczorek, 2014; Addison et al., 2015). Thus, the practical application of

long-term monitoring data to species conservation is currently limited

Monitoring programs examine seasonal or annual variation in the size, density and/or vital
rates of a population. I n many <cases, t he
response toxrinsic variation or disturbance, so that management actions are implemented

in a timely manner to increase the probability of successful intervention (Lindenmayer et

al., 2013; Evans et al., 2016). A successful monitoring program is carefully planned to
address clear objectives (Lindenmayer et al., 2012). This requires a thorough
understanding of the speciesd biology to e
the implementation of methodology that provides adequate statistical power to detect and
quantify change (Schorr et al., 2012; Lindenmayer et al., 2013). However, monitoring
frequently is limited by the financial resources and expertise available, which therefore
limits the level of insight provided by monitoring data (Evans et al., 2016)mbs¢ basic
monitoring programs for vertebrate populations use estimates of capture indices such as
capture per unit efforte(g. captures per trap nightsvhich fail to take into account the
influence of imperfect detection in estimates of populatioa, gsiensity and demographic

rates (MacKenzie et al., 2005). A number of studies have identified variability in the
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capture probability of species among years (e.g. Smith et al., 1984), which make capture
indices invalid as a tool to estimate relative abmedan many circumstances (Wilson et

al., 1996). This variability in capture probability, or imperfect detection, introduces bias
into estimates of population change. Where that bias covaries with an impact, analyses risk
overlooking population change rdthug from intrinsic or extrinsic factors. The
development of improved software packages such as MARK (White & Burnham, 1999)
addressed this issue by allowing users to model detection probability with-geaific,
time-specific and individuaspecific ovariates (White, 2005). The introduction of these
methods to population dynamics research has seen a broad improvement in how population
dynamics are measured and interpreted, with authors sugbreisers and Effor@2008
andRoyle et al. (2013¢ontinung to refine and improve the tools available to quantify and

understand population change.

The need for best practice abundance estimation is particularly acute in Australia; globally
a third of mammal extinctions since 1500 have béastralian mammal, with the
majority occurring in the southemost half of the continent (Woinarski et,a2011;
Fisher et al. 2014). The effects of European settlement, primarily feral cat and fox
predation and changes to land use and management, are considered doiVieavéhe
majority of Australian mammal declines (Woinarski ef 2015). Due to its sparse human
population, largelynaive vegetation cover and lack of red foxes, it was assumed that
mammals inhabiting the welry tropics of the north were free fromeththreatening
processes that have caused declines of their southern counterparts (WoinarsR0et al.
Garnett et a).2010; Woinarski et al.2011). However, recent evidence from a range of
sources suggests as many as 22 marsupial species in themtmipecs have suffered
declines and range reductions since around 1970 (Fitzsimons et al., Roid@xample

the abundance of three species (the northern hailsldl phascogalé?hascogale pirate
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northern quoll,Dasyurus hallucatysfawn antechinusAntechinus bellysare observed to
have declined by more than 90% in some areas (Fitzsimons et al., 2010; Woinarski et al.,

2011a).

The northern quolhas sufferedh 75% range reduction from across the northern third of
the continentwithdrawingto discete, fragmented populations across northern Australia
(Braithwaite& Griffiths, 1994; Hill & Ward 2010). The factors driving these declines are
widely considered to include altered fire regimes (Andersen el @®8; Fisher et al.
2003; Vigilante 2001), increased grazing pressure (Legge ef@ll), and the effects of
introduced species including the exotic cane toad (Oakw@0dO; Start et al.2012;
Gibson& McKenzie, 2012; Fisher et al., 2014#s a result of its contracted range and the
threats posed to its persistence, the northern qubitézli as endangered under the IUCN

Red List of Threatened Species and the Australian EPBC Act (Oakwoo2&0a)).

The northern quolis an omnivorouspartially semelparous marsupial that experienae

near complete male digf following their annual breeding season (Oakwd2@D0). This

makes the northern quoll, which already exists in fragmented populations, highly
susceptible to environmental stochasticity and the combined impacts of threatening
processeslt is expected that certain threatsthe northern quolwill increase in effect

over time, such as habitat loss and degradation associated with increased development, and
the spread of the cane toad across the range of the northern quali (Mdrd, 2010).To
counter the species6 decline, the response
in the research of northern quoll biology and threat responses (e.g. Hohen et al., 2016;
HernandezSantin et al., 2016; Dunlop et al., 2017; yaddt al., 2017; Cremona et al.,

2017), and a regulatory response including the production of a management plan (Hill &
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Ward, 2010) and the consideration of impacts to this species in both federal and state

decision making for development proposals.

However while a number of studies have examined the pathways for the effects of
threatening processes on the northern quoll (e.g. ingestion of the toxic cane toad,
Odonnell et al. 2010; increased predation by feral and native predators, Cremona et al.
2017),no studies have sought to examine the underlying drivgrepulation dynamic

the absence of stressoFairther, and most likely due to the logistical constraints of island
research, there has been a geographic bias in the literature towards nzoplalations of
northern quoll (e.g. Begdl981; Schmitt et gl.1989; Dickman& Braithwaite 1992;
Oakwood 2000; 2002; Nelso& Gemmel| 2003; Woinarski et gl2007; 2008; Spencer et

al., 2010; DPaW 2013; Cremona et al2017 Dunlop et al. 2017, but £e How et al.,
2009; Spencer et al., 2017 and Griffiths et al., 20Dte to their isolation, islands are
considered to be of high conservation value to the-temg persistence of the northern
quoll, particularly in their perceived ability to secure plagions from the rapid spread of

the cane toad (How et aR009; Hill & Ward, 2010).Given the recognised importance of
island populations in contributing to the lotegm conservation of the species, this

presents an important knowledge gap.

Given the lack of longerm data for isolated populations of northern quoll, we looked to
an underutilised source to seek inference. We used atkng monitoring dataset of the
northern quoll collected by a mining compatoyexamineits population dynangs in an
island setting (Koolan Island)slands present an ideal opportunity to study species
population dynamics, as thegre often not subject to the entire suite of threats and
processes present on the mainland (e.g. GiBskltKenzie, 2012) anaffer the logistical

advantage of studying a population confined to a known area of hatwtan Islandis
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one of 2,633 island in the Nortkimberley region,a National Bodiversity Hotspot of

Australia  (http://www.environment.gov.au/biodiversity/hotspots/natigmatispots.htm)

Many of these islandsiay prove highly valuable to the conservation management of the
northern quoll through both the protection of existing ypafions, and translocation
programs (Cardoso et al2009). For this reason, it is pertinent to seek a further
understanding of how the population dynamics of isolated populations of the northern

quoll operate in island environments.

We used a markecaptire dataset spanning I®ntinuousyears to conduct our analysis
which, while being the longest timeframe of any published research on the northern quoll,
is uncommonamongst vertebrate studies and particularly rare for tropical sp&boess.
studies surwing mammal presence and abundance in the Kimberley region have occurred
over relatively short periods, amstudies to examine the drivers of population dynamics of
the northern quoll have previously targeted relocated and translocated populations
(Cremonaet al., 2017; Griffiths et al., 2017This study also demonstrates the use of
capture recapture analysis applied to a dataset collected for analysis using capture per unit
effort. Our aim was toestimate demographic parameters amavestigate population
dynamics in an isolated population using a lbeign dataset and a combination of spatial
and nonrspatial capture mark recapture methods. We were also interested in examining
changes in vital rates between modified (anthropogenic) and unmodified (nativet)ha
parts of the island. We estimated survival, seniority, recruitment and population density,
andmodelledthe impact of habitat type on survival and recruitment. We hypistbe that

(1) populationdensity would change between years and be relatecclimate (food
availability) and intensity of mining activity (disturban¢®jckman et al., 2001)2) given

the short lifespan of the northern quoll, population change would be influenoesl

strongly by recruitment than surviva[Cremona et al.2017) and (3) survival and
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recruitment would vary between the mining footprint and the western, less disturbed, side
of the island(Fox & Jones, 2004)We also examined thehallenges and opportunities of
usinga dataset created from methods based on captutmpeffort calculations as a case
study in demonstrating how monitoring data can be maximisdtieim application to

conservation management.

3.3 METHODS

3.3.1Study area
Koolan Island(Latitude-16.1, Longitude 123.8; Figure 3.i5)located one kilometre from

the Australian mainland in the Buccaneer Archipelago of the west Kimberley, Western
Australia, approximately 130 kilometres north of Derigolanisland is 2712 hectares in

size, making it one of the largest islands in the region. It is located withintémzone of

the Northern Kimberley and Dampierland Interim Biogeographic Regionalisation for
Australia (IBRA) bioregions (Thackwayg Cresswell 1995) and has a Proterozoic
sandstone lithology (Tyle& Griffin, 1993). This lithology is represented on ts&and by
rugged slopes, ridges, and uplands mantled with rock scree and shallow skeletal soils, with
eucalypt savanna woodlands over hummock grass (McKenzie £98h). The landform

is incised byephemerakreek lines across the island tffl@tv during the wet seasorA

flora and vegetation survey undertaken by Keighery et al. (1995) recorded five major
vegetation units on the island, the most widespread Ikgioglyptus miniatd Eucalyptus
confertiflora open woodland generally ov@riodia hummock grasland and a variable
shrub layer. Mangrove communities and vine forest also occur on the island, as do several
weed species including rubber vin€ryptostegia madagascarienkisand stinking
passionflowergassiflora foetidavar. hispidg (Keighery et al.1995;J. Thomagers. obs

Koolan Island is one of the bestudied islands of the Kimberley region in terms of
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biodiversity, and has been found to have a high diversity of vertebrates considering the

i slandbs size and r estigetat,t1®s). habi tat divers

Figure3.1. Koolan Island, Western Australia

Climatically, Koolan Island is located in the wety tropics of northern Australia and
experiences a stifumid climate with an average anhuanfall of 790 millimetres (BoM
2018). The wet season extends from December to April, with the majority of rainfall
(75%) occurring in January to March (BoRD18). Typical of the wedry tropics, there is
little variation in mean maximum temperature throughout the yeari (38C), and a

noticeable increase in humidity from Januaiarch (BoM 2018).

High grade haematite (iron ore) occurs on Koolan islamd, @ iron ore minewas
operated by BHPN Koolan Island from 1965 to 199Before shutting dowfor a period
of 13 yearsandreopened by Mount Gibson Mining Limited from 2006 to presehe T

mine (open pit)and associated infrastructure occur over apprately onethird of the
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island (Figure 3.2), with activity on the island similar ygaund. The existence of
infrastructure on the island has allowed it to be one of the-stodied islands in the
Kimberley (McKenzie et a].1978, 1995; Abbot& Burbidge, 1995; Keighery et gl1995;

Maryan& Reinhold 2009).

3.3.2 Study species

The northern quoll occurs in mostly fragmented populations across the Pilbara and
Kimberley regions of Western Australia, Queensland, and the northern third of the
Northern Territory(Hill & Ward, 2010).1t is one of four species of the genDasyurus
endemic to Australia, which are nocturnal and occupy the niche of eith@rdep or
mesopredator in a wide range of Australiab
2001; How ¢al., 2009; Cremona et al., 2017; Dunlop et al., 2017). The northern quoll has
been observed in woodland, forest, vine thickets, mangroves and rocky hills in the form of
mesas, plateaus and granite boulder fields, and in anthropogenic environments @akwoo
1997, Pollock, 1999; DPaW, 2013). Northern quolls are dhad and exhibit partial
semelparity; males undergo a poastting dieoff, while females have been found to
survive into a second and third year in some populatipickman & Braithwaite 1992;
Oakwood 2000; Spencer et aR010) The species is known to forage and consume a wide
range of food sources, including insects, mammals, birds, reptiles, frogs and fruit

(Oakwood, 1997; Dunlop et al., 2017).

3.3.3 Data collection

A mark-recapture program tenonitor thestatus of thenorthern quoll population has
occurred on Koolan Island since 2006, with trapping undertaken on an annuainbasis
order to comply with conditions of approval to mine under the EPBC Bwting the
period of 2006 2018, trappingvas conducted between Marcldune each year before the

mating seasomvhen both adult males and females are present in the populBtiba.
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collected November 2008 were not included gitles lack of a male cohoduring this

time of year Each year, sixo nine trap lines were deployed across the island. Each trap
line consisted of 25 or 50 traps, with traps spaced 25 metres apart (totalioB@7Jraps

per year; Figure 3.2)Traps were openethetween dusk and dawfor five or six
consecutive nights,nal baited using standard universal bait of peanut butter, rolled oats
and sardinesCapured quolls were marked with raicrochipto enable identification of
recapturedndividuals.In 2012, a trap line of 100 traps was also introduced in the western

portion of the island, further from the mining footprint, to compare population size

between modified and largely unmodified portions of the island (see T15, Figure 3.2).

Figure3.2. Trap lines used on Kooldsland from 2006 2018, showing location in relation to mine and
associated infrastructure. Note that not all trap lines were used each year.

3.3.4Data analysis

In order to estimate changes in population density between years and examine the

contribution ofvital rates to population changenadyss were conducted over several
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stagesand used both spatial and ngpatial methodsBy applying both of these methods
to our dataset, we strengthened the inference in understanding the drivers of population
dynamicsfor the northern quoll, and how factors such as habitat modification impacts

population change.

Spatial CMR Analysis
Spatially explicit captureecapture (SECR) methodiiffer from standard methods of

capturerecapture analysis in that the capture prdidglfor an individual at a specific trap

is a function of the distance between that
(Efford, 2004; Borcher® Efford, 2008). We obtained estimates ahnual densitysing

maximum likelihood base@ECR methods (Borcher® Efford, 2 0 0 8) using the
package (version 3.1.5, Effor@018) in the statistical program R (version 3.5.0, R
Development Core Tegn2 0 1 8 ) . SECR is comprised of a
probabilistically the distribution of anma | activity centres, and ¢
describes the probability of observing (capturing) an individual given the distance between

its activity centre and the trap location (Borche2812). The distribution of activity

centres is most comonly treated as a homogeneous Poisson point process, and several
monotonically decreasing detection functions have been used to model the observation
process including the hatformal, exponential, and hazard rate detection functions (Efford

2004; Effordet al, 2009; Royle et al.2013). SECR methods allow f@ number of

realistic accommodations studydesign includinga) heterogeneity amongst individuals

in their exposure to detectors (traps), which is a key source of bias kspatal

estimators (sensu Gardner et al. 2009; Efford & Fewster 2013), (b) estimates of
population density that relate to a specific area rather thdro@aestimates of effective

trapping area (Royle et a2013), and (c) designs where sampling is not continuous across

Chapter 3Analysis of mine site monitoring data using spatial and sypatid capture recapture models reveals the
population dynamics of an endangered marsupial 73



space through time (i.e. changes in location and/or number of traps, as was the case in this

study) (Marques et al., 2011; Sollmann et al., 2012; Zimmermann et al., 2013).

Specification of a SECR model involves three steps: (1) choosing a mask, (2) chibesing
detection function, and (3) deciding whether to keep parameter values constant or to model

them as a function of covariates.

A habitat mask is used to define an area where potential individual activity centres can
occur. We used the boundary of Kaolsland derived from the GEODATA Coast dataset
(Geoscience Australja2004) to apply a habitat magkereby including 100% of the
terrestrial portion of Koolan Island as potential quoll habifad. avoid bias whilst
maximising computational run time, thefluence of buffer width and cell size was
assessed retrospectively by fitting models with different buffer widths and cell sizes and
inspecting density estimates for any bias, as demonstrated in Effordbf20%8g this
methodology, w chose a grid cell spacing of 100 metres and a buffer width of two

kilometres.

I n order to model the probability of <captu
activity centre from a trap, evused a multinomial observation model with an expaalent
detection function. Although the multinomial observation model was developed for use

with multi-catch trap data, simulations suggest that density estimates using theatati

likelihood is only slightly biased for singleatch data, provided thatehevel of trap
saturation(percentage of traps filled with captured animals per nightgss than 85%

(Efford et al, 2009). This study met the trap saturation requirements. Therefore, the
multinomial observation model was determined to be suitablearfiaiysis and its use

assumed to have a minimal bias on density estimates.
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A detection function explains the probability of detecting an animal given the distance of
the animal s activity centre from a trap |
parametersg0 (probability of detecting an individual when its home range centre is at trap
location) and sigmga descriptor for how detection probability declines as a function of
distance)Borchers & Efford, 2008; Royle et al., 2013p determinetie most appropriate

detection function to use in our analysis, we ran two preliminary analyses; one where the
half-normal detection function was used in the observation model, and the other with the
exponenti al detection f u n cotmatmm Criteri&e(AIgt h e n u
(Akaike, 1974) todetermine which model best fit the data as suggédstétfford (201&).

Al C is a measure of goodness of fit and mc
score is given to the model with the best AIC valuerBam & Anderson, 2002.hetop

model containedthe exponential detectn function while the model containing the Ralf

normal detection function was not supported, withr &IC value >10. Therefore

according to the framework described by Burnham and Aode(2002; see belowhe

exponential detection function wakosen for our final analysis.

In order to obtain annual estimates of population density and associated measures of
variance (confidence interval€ls), we ran fivemulti-session SECR modelwhere

density varied by sessionwhere g0 varied by sessiomaried if an individual had

previously been captwlgd be havi our al rheaspppoynds ev;ts ya@d)ogisr adpt r a
constant, and sigma variday session, differed by sex and was constant (Taldlg

Models where g0 and sigma varied by session were included to account for unmeasured
variables (e.g. food and water availabilitythat likely vary between years anghay

influence capture probability. In addition, a behavioural response for g0 wadadas

there is evidence from other studies conducted on small mammals that capture probability

changes depending on previous cap(@ts et al., 1978; Tanaka, 1980; Seber, 1982
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effect of sex on sigma was includas previous studies on the northguoll suggests that
males move greater distances than female®k, 201(, which means that sigma would
likely be different between the two sexésmodel where density was held constant was
not included as preliminary analysis indicated that densdyiedt between vyears.
Additionally, combinations of these effects on the detection function paranve¢eesnot

includedas preliminary attempts resulted in failure to estimate variance.

Once density estimates were obtained we looked for relationships between external
(environmental and anthropogenic) factors and population ch@sgdensity estimates
between successive years are likely to be correlatedsed finite population changde) (

as the response variable, being the ratio of density at yeato yeart. As the monitoring
program did not measure fine scale environmental variables concurrent with trapping
sessions we were limited by the data available and chose annual measuash the

time scale of monitoring activity. We obtained data to calculate two measures that
represent a proxy for mining activity including material moved (tonnes of ore and waste
rock moved per year) and manning level (average number of staff orasiteyear). To
examine the effects of climate variability and change on the northern quoll population we
used the standardised precipitation evapotranspiration index (SPEI). SPEI is a climate
index that combines precipitation and temperature data and eonpigcipitation lost due

to evapotranspiration (Vincenterrano et al., 2010). We used data inputs from SPElbase
(Begueriaet al., 2010) to examine the relationship betweend the average SPEI over

the 12 months prior to trapping (SPEI12), and theraye SPEI over the 24 months prior

to trapping (SPEI24).

Preliminary analyses of the standardised residuals by graphical means suggested non

normality, heteroscedasticity or presence of outlierd fermaterial moved, ~ manning
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levels, andl ~ SPEI122.Ther ef ore for these three model
determine the strength of association and estimated the slope of the regression line using
the TheitSen estimato(Theil 1950; Sen 19680 determine the magnitude of effect. To

test the hypothesi t hat Kendal |-$es estimate forsslope wdrehequal TolDe i |

we used a percentile bootstrap method describédilcox (201§ with 1000 bootstrap

samples. For this part of the analysis R functions described in Wilcox (2016) and the R
packageWRS (Wilcox & Schonbrodt2014) were used. The model~ SPEI24 did not

violate any assumptions so we used a simple linear regression to determine the strength of
association between these two variables. The influence of the predictor variablegien

assessed independently from each other due to the small sample size (n = 9).

Non-spatial CMR analysis

In order to obtain estimates of annual survival and recruitment and assess the relative
importance of survival and recruitment to populatigrowth, we usd two different
parameterisations of a r obansthat ebtenatesgurvivale r s i
and seniority (see below), and one that estimates survival and recrujfPnace] 1996)
usingprogram MARK (White and Burnhani,999)through theRMark packagdversion

2.2.4, Laake2013; Laakek Rexstad2018)in the R softwarenvironment (version 3.5.0,

R Development Core Tegn2018). The robust design method was used as the relative
precision of parameter estimates tends to be better usingaghb u st desi gnédés t w
sampling (Kendall 2019). The model allo¥es the estnation of apparent survival (phi),

seniority (gamma) per capita recruitment (f)capture probability (p) and recapture

probability (c).

Seniorityis defined as the probability that an individual present in year t was also present

in year ti 1 (Pradel1996,Nichols et al., 2000). Therefore,rgpresents the proportion of
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the population that is composed fafrviving individuals from the previousegr (i.e. not

new recruits). Weusedthe retrospective approaelsin Nichols et al. (2000to assess the
relative contribution of survival and recruitment to population change. Using this
approach, recruitment was considered to have a greater propodifawilon population
change if the gamma parameter was <0.50, while survival was considered to have a greater

proportional effect on population change if the gamma parameter was >0.50.

Over the entire dataset, only one male was recapinredo successi years. Therefore,
nearzero male survivorship was assumed, and males were excluded from this part of the
analysis. We ran two analyses to examine (1) whether female survival changed between
years, the relative contribution of survival and recruitmentpopulation change, and
whether this varied between years, and (2) the influence of habitat and year on survival and

recruitment.

For the first analysis, we used trap lines from within the mining footprint (i.e. excluding
the western trap line) that werergeyed between 2012 and 2018. Trapping conducted
between 2006 and 2011 was subject to the addition and removal of trap lines between
years, and were therefore excluded in order to meet the assumption of the Pradel model,
whereby the study area must be ¢ansover time (Franklin, 2001). We modelled capture

and recapture probability as constant by year, and constant over all years. We also
modelled capture as equal to recapture and constant by year and constant over all years.
Unlike the spatial CMR modelapn-spatial CMR models are not able to deal with varying

trap usage. Therefore, we did not model witp@ar variation in capture or recapture
because although each trap line was operational for five occasions, not all trap lines were
operational on theasne nights, but were treated that way in the model. We modelled both

phi and gamma as constant over all years and as different by year.
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In the second analysis, both trap lines within the mining footprint and in the western
portion of the island (Figure.3) were used to examine the influence of habitat and year on
survival and recruitment. Habitat in the western portion of the island is outside the mining
footprint and relatively undisturbed, and therefore provides a comparison against
0di st ur bedadnd atijacdnt to theé mining footprint. In this analysis, we were
restricted to using data from 2014 to 2018, as for the first two years of use, trapping in the
western portion was subject to high variability in the number of traps used and the number
of occasions over which trapping was conducted. Both capture and recapture were
modelled the same as in the first analysis, but survival and recruitment were modelled as
functions of year + habitat, year, habitat, and constant. We did not include a mtdel in
final analysis with an interaction between habitat and year on survival or recruitment

because initial attempts resulted in failure to estimate some parameters.

At present, there are no methods available to assess goodness of fit for robust design
models. However, we inspected the beta values and real parameter estimates, in addition to
their associated standard errors and confidence intervals, for any signs that parameters
were not well estimated (such as extreme large values or standard errosryf @odels

that met these criteria were excluded from further analysis.

Mo d el selection was conducted wusing AI C ar
AIC,. Foll owing Burnham and Anderson (2002),

for a model being@mpetitive.

Where multiple models have &Al C values < 4
model best describes the data. To account for model selection uncertainty, we used model
averaging to obtain estimates of parameters (Burnham & Andersad?), 206 used model

averaging to obtain estimates of parameters where more than one model BdG &4.
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Following this, we examined the 95% confidence intervals for the beta coefficients of
these models. If th85% confidence intervalgverlapped zero, weok this to indicate no

effect.

Finally, for the 20127 2018 analysis, the modeleraged estimates of survival and
seniority were used to produce estimate$ bf the fundamental relationships between
gamma, phi and as described in detail by Williamet al. (2002). The delta method was

used to calculate standard errors for all derived parameters (Powell, 2007).

3.4 RESULTS

There were 1311 captures of 7&8ividuals ofD. hallucatus including 316 females and
437males. Marked individuals were rarely rpt@edwithin trapping sessiongnean

captures per individual £.75; minimum = 1 and maximum =)6

3.4.1 Spatially explicit capture-recapture

Out of the candidate model set, a SECR model where g0 varied by session and sigma
varied by session ranked first, wittm AIC,; = 100% (Table3.1). Therefore, all further
inference vasbased on this model. Sessigpecific estimates of g0 ranged betw@edil

(95% CI 0.0040.02) in 2011, and 0.18 (95% CI 0.1179182) in 2016. Sessiespecific
estimates of sigma ranged between 95.26 m (95% CI5B68741) in 2013, and 403.63 m

(95% CI 239.24680.96) in 2011Estimates of annual densiffFigure 3.3)from model
gO~session, sigma~sessi@nged betwee 19 individualskm? in June 2013 (95% CI-9

40) to3 individuals per square kilometre in April 2011 (95% C6R
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Table3.1. Model selection results for spatialiplicit capture recapture estimatisis the number of

parameters. Al C is AkmrARshdns thd differenceretvieéndhe matiel AICand i o n .

the AIC of the highest ranked model. A}G the relative likelihood of the modabrmalised tasumto 1. b

denotes an effect of previous capture; session denotes a year effect; g denotes an effect of sex.

Model K AIC r AIC  AICy;
D~session g0~session sigma~sessiotr 36 10400.49 0 1
D~session g0~b sigma~1 15 10472  71.509 0
D~session g0~1 sigma~1 14 10491.91 91.419 0
D~session g0~b sigma~g 16 11364.38 963.889 0
D~session g0~1 sigma~g 15 11383.4 982.909 0
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Figure3.3. Annual density per square kilometstimatedising spatially explicit capture recapture methods
shown with 95% confidence intervals

There was no correlation between finite population change with material moyggh(=
-0.28,p= O . BieBsen=-MH51e09, SE = 2.74€8, p = 0.37) manning level (kendai = -
0.17,p= O . Hibsen=-005€04, SE =1.7003,p = 0.46) or SPEIL2t (kengan = 0.22,p

= 0. fhieflsen= 07, SE = 0.5 = 0.60). SPEI24 had a positive correlation with finite

population change fearsn=0.66p= 0. 05; b = p&0.@)L(Figue B4).= 0.
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Figure3.4. Association between finite population change and (a) material moved (tonnes), (b) average
manning level, (c) SPEI12 and (d) SR& Blue lines are modalerived.

3.4.2 Non-spatial capture-recapture

Initial attempts to run a model where all parameters varied by session resulted in poor
estimates of several parameters. Therefore, the onlynsalels of the capture probabilities

that we ncluded in the final analysis wepec ~ sessionp~landc~1, andp=c ~1.

Effect of survival and recruitment on population change

In the 2012 2018 analysis to examine both if female survival differed between years and
the relative contribution teurvival and recruitment on population change (as given by the
estimate of seniority), the top mod@h{~1, gamma~1, p=c ~ sessjohad an AlG,; of

83%. The next best model for this analysis contained survival differing by year and

seniority as constanand capture equal to recapture but different between yeakt(q =
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4.7). Inspection of the 95 confidence intervalfor the beta coefficients from the secend

best model for survival overlapped 0, suggesting there was no difference in survival
between years In addition, model averaged estimates of annual survival show
considerable overlap between years (Figure 3.5), and therefore further inference was based
upon estimates from the top model. The estirateniority from the top model was 0.18
(95% CI 0.210.27), indicating that recruitment has a much stronger impact on population
change than survival. There was eaidence that seniority varied significantly between
2012 2018, and model averaged estimates showed little to no variation. The estimate of
suwvival from the top model was 0.19 (95% CI 0.027). Estimates of annual recruitment
probability derived from the model averaged estimates of survival and seniority ranged
from 0.90 (SE £ 0.40) for 2013, and 0.82 (SE + 0.30) for 2&ffe@ctively, this sggests

that each female from time (i) contributed 0-:82.90 females to timé + 1) (Cooch and
White 2017).

Table3.2. Model selection results for female northern quoll apparent survival and senioaitie(Robust

Design). Phi denotes survival, gamma denotes seniority, p denotes probability of capture, ¢ denotes

probability of recapture, session denotes year. See Table 3.1 for an explanation of table column headings.

Model K AIC r AIC AIC i
Phi(~1)Gamma(~1)p(~session)c() 9 181506 O 0.83
Phi(~yeaGamma(~1)p(~session)c() 14 1818.96 3.90 0.12
Phi(~1)Gamma(yeanp(~session)c() 14  1820.7 5.4 0.06
Phi(~yeanGamma(yearp(~session)c() 19 1828.2 13.5 0.00

Phi(~1)Gamma(yeanp(~1)c(~1) 9 18421 27.6 0.00
Phi(~yeanGamma(~1)p(~1)c(~1) 9 1844.8 28.97 0.00
Phi(~1)Gamma(~1)p(~1)c(~1) 4 1846.02 30.96 0.00
Phi(~1)Gamma(yeanp(~1)c() 8 1847.8® 3282 0.00
Phi(~yeanGamma(~1)p(~1)c() 8 1849.3 34.17 0.00
Phi(~1)Gamma(~1)p(~1)c() 3 1851.23 36.I7 0.00
Phi(~yeanGamma(yeanp(~1)c(~1) 14 1851.26 36.20 0.00

Phi(~yeanGamma(yeanp(~1)c() 13 1856.56 41.50 0.00
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Figure3.5. Model averaged estimates of apparent female survival over the2gds2018.

Effect of habitat and time on survival and recruitment

The top model for the analysis to examine the effect of habitat and year on survival and
recruitment betweef014i 2018 waghi~1,f~1, p=c ~ sessiofAIC,;; = 0.37). However,
anadditional three models hadAIC values < 4 (Table 3.3). Two models included habitat
having an influence on recruitment, and one included recruitment varying by year. An
examination of the beta coefficients and th&9Bonfidence intervals of these effects
revealed thiathe confidence intervals included zero, indicating a lack of clear evidence for
year or habitat influencing recruitment. Therefore, we based our inferences of survival and
recruitmentsolely on the top model. Estimates from the top modebkw¥ival and

recruitment were 0.17 (95% CI 0iX225) and 0.75 (95% CI1 0.68.87) respectively.

Chapter 3Analysis of mine site monitoring data using spatial andsyatal capture recapture models reveals the
population dynamics of an endangered marsupial 84



Table3.3. Model selection results for the top 12 of 48 candidate models for female northern quoll apparent
sunival and recruitment (Pradel Robust Desigii denotes survival, f denotes recruitment, p denotes
probability of capture, ¢ denotes probability of recapture, session denotes year, and habitat denotes the effect

of habitat. See Table 3.1 for an explanatid table column headings.

Model K AIC r AIC AIC
Phi(~1)f(~1)p(~session)c() 7 1786.56 0 0.37
Phi(~1)f(~habitat)p(~session)c() 8 1787.991 1.43 0.18
Phi(~habitat)f(~1)p(~session)c() 8 1788.347 1.7/ 0.15
Phi(~1)f(~sessiojp(~session)c() 10 1789.666 3.11 0.08
Phi(~habitat)f(~habitat)p(~session)c() 9 1789.971 341 0.07
Phi(~1)f(~habitat 4sessiojp(~session)c() 11 1791.089 4.53 0.4
Phi(~habitat)f(-sessiojp(~session)c() 11 1791.467 4.9 0.03
Phi(~sessiojf(~1)p(~session)c() 10 1792.216 5.6 0.02
Phi(~habitat)f(~habitat sessiojp(~session)c() 12 1793.076 6.52 0.01
Phi(~sessiojf(~habitat)p(~session)c() 11 1793.648 7.9 0.011
Phi(~habitat +sessiojf(~1)p(~session)c() 11 1793935 7.3 0.01
Phi(~sessiojf(~sessiolp(~session)c() 13 1795.541 8.98 0.00

3.5 DISCUSSION

Understanding how the population dynamics of a species operates in the absence of
immigration, emigration and threatening processes is important because it provides insight
into the underlying fluctuations of a population as influenbeg t he speci esd
and provides a level of predictive power in managing populations exposed to potential
threats (Schorr2012; Troyer et al., 2014 We analyseda dataset collectetb monitora
population usinga capture index (captures pegap-night) in orderto demonstrate the
possibilities in maximising the value of these data by applyinge sophisticated methods
yielding stronger inference with less potential for problematic. bhadoing so we gained
importantinsight on the underlyig population dynamics of the northern quatid the
challenges facingsolated populations of this semelparous marsupita study period is

the longest thus far for a pexisting (norrelocated) population of northern quoll, with

previous inference gaed from a maximum of three to four years. As a result, the findings
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below contribute not only to the future conservation management of this species, but to our

overall understanding of how dasyurids operate in thedwetropics of Australia.

3.5.1 Population trends

We were able to gain estimates of annual density using spatially explicit capture recapture
methods using data that could not be analysed usingpatial capture recapture methods,

due to high levels of variability in trap location across yea@§a 2012). Spatially
explicit capture recapture models indicate that the population was subject to fluctuations,
but had the capacity to restabilisgithin the period studied Furthermore nonspatial
capture recapture analysis indicates that survivédlraaruitment did not vary significantly

in the second half of the study period.

Our censity estimates (3 19 animals ki) are lower than those presented for northern
quolls on other island<.{3- 287 animals kiion Astell Island, 115 157 animals knion
Pobasso Islandzriffiths et al., 2017). This difference may bedated to the dynamics of

the translocated populations on Astell and Pobésdaads due to the presence of larger
areas of better quality habitat on those islandslifeerences in bw density is estimated
betweenstudies (Obbard et al., 2010). We note that our analysis assumed density across
the island was homogenous and future work could evaluate this assumption. Based on the
data available in this study, we were not able to talseitko account. While animals have

been observed using artificial habitat within the mining footprint, fsuale analysis of
density across habitats on the island may result in better density estimates. This assumption
notwithstanding, spatially expliccapture recapture methods proved useful in identifying

population trends over the 13 year study period.

We also examined the effect of four potential drivers of finite population change using

estimates from the spatial CMR analysis. Neither of the mesdior mining activity
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showed a relationship with population change. While we note that manning levels and
material moved are only a small subset of the potential factors to describe mining
operations, a lack of relationship with finite population charsggeteresting given the
recommencement of mining activities in 2006. Given the associated increase in traffic and
activity, this had the potential to exert a negative influence over population growth through
increased humawildlife interactions. In a stud of the northern quoll in the Northern
Territory, Oakwood (1997) noted that the species has been observed foraging from human
food sources (bin raidingObservations by the authors and mining staff on the island
indicate that quolls explore anthropogeareas and may be capable of exploiting artificial
resources (see Chapter 4; J. Tomichspemm.). This may in part buffer the northern
quoll population from other potential negative impacts of mining, but presents its own
particular challenges such asmaging animal access to human food and food waste, and

shelter areas that may risk the animal becoming trapped or harmed.

Although further analysis is required to fully understand the interactions between northern
quolls and mining operations, it appetrat over the period of this study the local northern
quoll population was resilient to environmental variability and not in a continuous decline.
However, it is pertinent to note that the majority of habitat modification regarding the mine
occurred duringts previous operations in the 1960s and 1990s, and the effect of this

historic habitat loss was not able to be quantified.

We did find a relationship between population change and the average SPEI index of the
two years prior to trappingdt should be nted that finite population change was derived
from point estimates of density and did not incluaesociated uncertainty, and the
relationship appears to be driven largely by the last two time periods (see Figure 3.4d).

Therefore any inferenceobtainedfrom this analysis shoulde viewed in light ofthese
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limitations. NonethelessSPEI indexis know to correlatevith net primary productivity in

an environment (Chen et al., 2013), and our results may reflect the impact of food resource
availability on population growth. The twgear time period is of interest and may reflect

the response time between rainfall awbsystermevel changes in the welry tropics of
Australia. A study by Thibault et al. (2010) examining ecosydtaml responses to
rainfall in an arid environment found that time lags in response to rainfall increased with
trophic level, with plants r@g®nding to samseason precipitation and insectivores
responding to precipitation in the previous year. The underlying logic that aatjme
reflects the time required for primary consumers (e.g. invertebrates) to convert primary
productivity into increasik biomass is reasonably applied to our study area. Identifying
such responses and their time lags aid in understanding both fundamental population
dynamics as well as management challenges; a lag of up to two years is a crucial
consideration for regulatgrauthorities as well as conservation managers anticipating a

response to management actions.

3.5.2 Recruitment

This was the first studip examine the endogenous drivergpopulation dynamics for the
northern quoll ina natural population without thireatspresent on the mainland. Our
study confirms suggstions by Cremona et al. (2Q14vho usedpopulation viability
analysedo suggest that recruitment is most important to the persistenenaiduced
populations of this species. We found that annualalbdity in populationchangeis
strongly reliant on recruitment. The importance of recruitment in dived species has
been identified in a number of studies.g Schorr 2012; Troyeret al., 2013 but is
particularly important for semelparowos partally semelparouspecies wherendividuals
may breed only once in their lifetime(e.g. Sale et al.,, 2008Recent studies of the

didelphid marsupials of South America, analogous to the dasyurids of Australasia, have
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identified full or partial semelparity na@ the importance of recruitment in driving

population growth (Leiner et aR008; Baladron et gl2012; Puida Paglig 2015).

The findings of this study demonstrate the considerable dependence that isolated
populations of the northern quoll have omaal recruitment success. Our study population
suffered a significant drop in population density in 2011, which followed a cyclone

in December 2009. Northern quolls have been observed to bear young later on Koolan
Island than has been reported ftiner populations, and the cyclone occurred at a time in

the annual cycle when the young were likely to have just become independent or may have
still been deposited i n t hei r umdeaveh efr 6 s d
susceptibility to environmentalerturbations). Cyclones impact ecosystems through both

i ntense rainfaldl and fl ooding, and the eff
velocity winds cause vegetation damage and hakitde impacts through stem and

branch breakage, uprootitigges and other vegetation, and defoliation (Brokaw & Walker,

1991; Zimmerman et al., 1994; Burslem et al., 2000). The timing of the cyclone may have
impacted recruitment through direct mortality of individuals (especially those denning in
trees), or by irpacts to foraging habitat and food resources. Interestingly, Cremona et al.
(2017) also observed a population crash in this species that coincided with cyclonic
flooding in March, while Griffiths et al. (2017) noted no populatszale impact from two

cyclones that occurred in March 2005 and April 2006.

Our study population shows resilience to disturbance by recovering-ttepliae levels

over the following two years, with no conceivable assistance from recruitment via
immigration. While our data showdhin favourable environmental conditions an isolated
population can recover from a significant decrease in population size, it does highlight the

challenges that isolated populations of this species face. Had a second extreme weather
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event occurred in thiollowing years, or another threat been introduced to the population
(i.e. cane toads), it is reasonable to expect that the population would not have recovered. In
particular, our results may indicate that a frequency of catastrophic events every three
years or less may require management intervention for isolated populations of this species.
For smaller populations or those that have very low genetic diversity (e.g. Adolphus Island
or Dolphin Island; Spencer et al. 2017), less frequent or even a standalt@tclysmic

event may put a population on a emay trajectory to decline.

The susceptibility of isolated populations of northern quoll has important conservation
implications for translocated or reintroduced populations, astkemg resources should be
allocated for ongoing monitoring and the implementation of active management strategies
at short notice. In a genetic study of the northern quoll population on Koolan Island,
Spencer et al. (2017) found that while the population was not genetically éep@uand

had no indication of a recent or lotgrm bottleneck, it had only a third of the allelic
diversity present in mainland populations. This, coupled with the influence of demographic
stochasticity on smal/l p o p ul redruitneent succass,d t he
makes isolated populations of the northern quoll particularly susceptible to changes in their
environment. A recent study demonstrated a successful translocation program on two
islands but attributed this success to the presencglofjuality habitat and the absence of
threatening factors, thus necessitating ongoing management to monitor for environmental
change (Griffiths et al., 2017). Such changes may be in the form of environmental
stochasticity and the impact of severe weathvents, or the introduction of new threats
such as the toxic cane toad, currently considered to be the primary biosecurity risk to

island populations of northern quoll (Hill & Ward, 2010).
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In contrast, the findings of this study alongside Hohnen et dl6{2Cremona et al. (2017)

and Griffiths et al. (2017) may suggest that northern quoll persistence is most stable in a
metapopulation dynamic, and that conservation efforts would be best spent on creating or
maintaining subpopulations with sufficient coontigity between themin an analysis of

gene flow amongst populations across the Kimberley region, Hohnen et al. (2016) found
that individuals separated by open plains a#itthiin high rainfall areas wermore closely
related This suggests that in favoutalronditions and habitats, northern quolls may have
the ability to emigrate between populations, thus supplementing recruitment in

subpopulations.

The strong influence of recruitment on population change, as demonstrated by our
estimates of seniority, hasiportant consequences for the timing of activities that affect
conservatiomnanagementOur results indicate that impacts to northern quoll habitat will
have the greatest potential for impact when juveniles are present in a population.
Therefore, the imgcts of habitat loss and modification may be minimised by excluding
these activities from June to November. This is supportedsbydy of the impact of fire

on four small mammaspeciesin northern Australiawhere Griffiths and Brook (2015)
hypothesisedhat late dry season fire may impact northern quoll populations mane tha
early dry season firgia elevateduvenile mortality.Furthermore, this information could

be used to justify sourcing individuals for translocation programs just prior to thengeed
season. This is illustrated by Griffiths et al. (2017), who observed a successful
translocation of individuals sourced from mainland populations in the months between
juveniles becoming independent and the breeding season (FebiMargh) for a six gar

period postelease. Similarly, feral predator management targeted in the period where
young are deposited in dens (September to November) could lead to better population

outcomes via increased recruitment.
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3.5.3 Survival

Based on the lonterm trapping dataised in this study, male survival appears to be
generally constant between years. The estimates of female survival in this study make for
an interesting comparison with prior studies conducted on the mainland and in translocated
populations. We found annaual female survival rate of 19%. Following the
reintroduction of northern quolls on the mainland, Cremona et al. (2017) found annual
female survival to be 23.69%, which is similar to the female survival rate estimated in our
study. However, northern guslin their study were subject to canid predation, which is not

a threat to northern quolls on Koolan Island. In two translocated populations of northern
quolls on islands, Griffiths et al. (2017) found female survival to be 63% in the years
following the initial translocation, attributing a high survival rate to the absence of
predators and presence of high quality habitat in the form of rocky woodland. In our study,
the population was largely stable and without cane toads or feral predators. The isknd do
contain rocky areas, but the proportion of rocky woodland on Koolan Island to the islands
studied by Griffiths et al . (2017) may
population, the Koolan Island northern quoll population may be more affegtddnsity
dependence than newly translocated populations. Further, northern quolls used in
translocation were sourced from the mainland, and may have had an increased ability to
exploit available resources than their island counterparts given their $s&egdHow et al.,

2009). Additional research would be beneficial to further explore differences in adult

survival between istad populations of this species.

Juvenile northern quolls are altricial for three months following birth, relying solely on the
moather to provide food (Oakwood, 2000). Therefore, females with young must expend a
high amount of energy foraging each night to obtain sufficient food to maintain themselves

and support their offspring. Females on Koolan island are smaller but have §iteilar
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sizes to their mainland counterparts (Spencer et al., 2017), and therefore may be more
reliant on nightly foraging success maintain body condition during this tim@iven the

toll this period must take on adult females, it is possible that theslmvival rate on the

island reflects the impact of the breeding season on small females, and that females
surviving to a second year are those that did not successfully raise young in their first year.
This may be because they did ramtcruesufficient energy reserves before the breeding
seasonor they had juveniles that perished during the young in den phase, thus allowing
them to increase their net energy gain from foraging activities. This may have interesting
implications for recruitment success. Adependent reproductive success has been
demonstrated in a number of studies (e.g. Wooller et al., 1990; Dugdale et al., 2011), and
the potential for first and secorygar females to vary in their ability to rear a higher

number of young has not previouslgen explored.

3.5.4 Capture recapture methods and study design

Our study used a combination of spatially explicit and-spatial capture recapture
methods to examine population trends over time. We observed that, while density
decreased over two years followgi a significant weather event in 2009, thapulation
recovered in the following years to a level similar to that prior to the cyclone. Using
capture recapture models to examine population change over time provides context to
yearby-year fluctuations. Ths i s key when considering the
in monitoring programs to implement management interventions (or, as in many
circumstances where monitoring is conditional to legislative development approval, to
trigger compliance action). Himplistic trigger points (for example, a dropdaptures per
trap-night in any one year to a minimum threshold) are used, especially wehpribri
knowledge © baseline population dynamics, a drop in captures may be mistaken for a

downwards trajectgrwhen it is in fact within the normal range of population size for that
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population. Further, monitoring that does not simultaneously consider external forces on
population dynamics (such as cyclonic events) may lead to incorrect assumptions as to

what iscausing the decline.

Despite a number of resources being available to assist in the design of monitoring
programs €.g. Pollock et al., 200&éry & Schmid 2004; Lindenmayer, 1999; Goldsmith,
2012, a review by Lindenmayer et al. (2013) found that mamryservation monitoring
programs could be improved in their data collection methodology and designated trigger
points. The same is likely to be true for monitoring undertaken by industry to comply with
their regulatory responsibilities to monitor threatermmbcies potentially affected by
approved development. The improved consideration of monitoring program methods and
analysis in regulatory decision making when development is approved would result in
more meaningful data toot onlyunderstand the monitatgpopulation on a local scale, but

also contribute to the wider knowledge of how that species varies within its rBxage.
collection methodology presented a key challenge in our study. While the use of spatial
and norspatial capture recapture methods&sted more information from the monitoring
program than what is possible using calculations of captures per trap night, the complexity
involved in circumnavigating variation in trap effort and location with a relatively low
recapture rate required a sigrantly larger amount of time and resources than if this
variation was minimised (Rovero et al., 2013). In these datasets, more effort is often placed
on maintaining a number of Otrap nightso th
line codd not be used, a new one was created). We suggest here that resources would be
better spent on ensuring a smaller set of trap lines were used in consistent locations
between years, and if possible, for longer than five days (Silver et al., 2004; Tobler &
Powell, 2013). This would likely increase the recapture rate and therefore the quantitative

power of analysis. Recent efforts on Koolan Island support this approach, with trapping
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over nine days and 100 traps yielding a recapture rate of 2.3, compared. Zvith our

study (M. Ladyman pers comm.)

3.5.5Conclusions

Mining companies have comparatively more stable financewees, and are motivated
by anobligation to monitor populations to alloextraction activitieso continue. Where
developmenand extracttn areongoing, such as for many mining operations, monitoring
may continue for 5 20 years. It stands to reason that wildlife conservation managers
explore the wider applications of thes®nitoring programs, as has been done in mine
rehabilitationin its contribution to understanding rehabilited ecosystéeng. Doley &

Audet, 2013; Lee et al., 2013; Craig et al., 2014; Laarmann et al., 2015).

When regulators approve monitoring programs to manage populations potentially affected
by proposed devepment, consideration should be given to maximise the potential
applications of the datahen impacts to threatened species habitat is apprévwes could

be facilitated throughdefining aspects of the methodolodglyat may notusually be
considered, for eample ensuring that trapping effort and spatial coverage is the same each
year, and considering environmental variation in its ability to impact both the population
and capture probability (Willson et al., 2011kurther, mproving industry and

g 0 V e r scagaanity td separate exogenous environmental influences (i.e. climate) from
management activities imparts more certainty to both regulatorprapdnentsthereby
increasing the effectiveness of regulation arahgparency around the state of managed

populations
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