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Abstract,

Habitat modification and invasive species are among the most important contemporary
drivers of biodiversity loss. These two threatening processes are often studieddiedéye
and few studieshavefocused on how they interact to influence species defdieese
assess the predation:pressure placed on the threatened great dds@riogitiolis kintore)
and how this interacts with fire-induced habitat modifications. Weaelliedaily track data
of potential predators.for one month at 30 great desert skink burrow-systeres w
vegetation cover varied significantly after experimental burns. Wethsed data to evaluate
potential predation pressure at the burrow-system and assess Viineihfiuenced predator
pressure. We supplemented this analysis by documenting predation ivispiaetion of large
mammalian predator scats collected from great desert skinlahdtie level of feral cat
activity at a burrow-system entrance was significantly higher tharotty other potential
predator, however fire.had no effect on the visitation rates dfdats, dingoesr large
snakes to great.desert skink burrow-systems. The remains of gsegrtskénk were found
significantly moresfrequently in feral cat scats, compared to fox argbdicatsWe provide
the first direct evidence that feral cats are a significant predatgrdat desert skink, thus
supporting the hypothesikat feral cat predation is a key threatening process. Feral cat
activity was not influenced by small-scale experimental burns, howéigdoes not
preclude an effectief.larger scale fires and we recommend further reseamingxpis

possible interaction.

Key words: Liopholis kintorei, feral cats, habitat modification, fire, threatenediepec
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Habitat modification and invasive species are the most important contemporary alrivers
biodiversity loss'(Purvis et al. 2000; Didham et al. 2007; Fisher and Lindenmayer 2007;
Brook et al. 2008; Doherty et al. 2015). However, these two threateningspescare often
studied independentlysrather than as drivers that interact synifysfew studies have
focused on theirpossible interactions, and indirect effects on speciesed that may occur
as a result of these interactions (Hobbs 2001; Didham et al. 2005; Didhar@@4lBrook
et al. 2008; Chalfoun.et al. 2009; Conner et al. 2011; McGregor2984; Hradsky et al.
2017).

Predator-prey relationships are likely to be strongly influenced byteection between
habitat modification and invasive species. Variability in vegetation struicfluences the
outcome of predator-prey interactions because predation risk and huntiegsscan be
affected by attributes,of the habitat occupied by both predatorragpdJanssen et al. 2007,
Chalfoun et al. 2009;Conner et al. 2011; McDonald et al. 2016; Hradsky2&17). For
example, an ‘experiment investigating the short-term effects of a presfimied the red
fox (Mulpes vulpepand feral cat (Felis catus) and their native mammalianiprey
southeastern Australia found that undexfire conditions invasive predators were more
likely to occur at sites with an open understory, whereas most smelimedium-sized
native mammals wereypositively associated with understory cover. Fire reducestanyde
cover by more than.80%, and resulted in a 5-fold increase in ther@gsce of invasive
predators and the relative consumption of medium-sized native maitmrfalees doubled
(Hradsky et al. 2017). Many invasive species take opportunistic advantaajgitaf h

modification and therefore increase their overall impact within thalsiéats (Didham et al.

2005; Janssen et al. 200McDonald et al. 2016; McGregor et al. 2014; Hradsky et al. 2017).

In many cases structurally complex habitats have been shown tosgepredation risk by

providing refuges or shelter for prey, reducing encounter rates betwestaiqr and prey,
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hindering foraging activity of predators and reducing predator kill rate su@&esker and
Lindenmayer 2007; Janssen et al. 2007; Robinson et al. 2013; McGregor et al. 2014
Hradsky et al. 2007 A study conducted in northern Australia by McGregor et al. (2014) on
the interactive, effectssbetween habitat modification and potem&dbfor pressure found that
modifications of habitat:produced by grazing, and particular fire types dterey effects on
feral cat movement behaviour. Specifically, they showed that feral ais ¢atus) selected
areas with low grass_cover and that intense fires and grazing dnesitat conditions that

are favoured by'feral cats, increasing predator pressure on preysspecie

In recent history, Australia has suffered the greatest loss of native agstspecies of any
continent (Johnson 2006). Diagnosing possible threatening processes associated/eith nat
species population declines, and understanding the underlying mechanisms andvimteracti
effects driving these,declines, is critical to the delivery ofayppate and effective
conservation management (Hobbs 2001; Norris 2004; Didham et al. 2007; Brook 2008). In
Australia, predation by introduced mammalian predators and habitat loss andification

are widely considered to be the key threats contributing to this signifiaiohal loss of
species (Gibbons et al. 2000; Johnson 2006; Woinarski et al. 2007; Wilson 201eFaa
2014; Woinarskiet al. 20}4

In the Australian context, it will often be necessary to consider key threaf@oicesses in

the context of changed fire regim&ince as early as the Tertiary, fire has been recognised as
a major influence shaping Australian environments (Kershaw et al. 2002; Mooney et al.
2012) and it continues to be one of the largest drivers of habitat modifidatiothousands

of years prio to European occupation much of Australia’s environments were being shaped

by traditional Abariginal burning practices, which resulted in a fine mosaic of viegetat
patches at varioussstages of post-fire recovery (&aBziffen 1978; Kimber 1983; Saxon

1984, Griffin & Friedel,1985; Payne 1991; Bowman et al. 2012). Traditional Aboriginal fire

This article is protected by copyright. All rights reserved



75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

regimes across Australia were abandoned or modified post European settlement (Latz &
Griffin 1978; Kimber 1983; Griffin & Friedel 1985; Burrows et al. 2006). This cezsaff
landscape-scale anthropomorphic burning has seen a shift towards infrequent, intense and
broad-scale wild-fire;events that result in vast tracts of modified hgbéat & Griffin 1978;
Burbidge and MeKenzie 1989; Morton 1990; Gill 2000; Allan & Southgate 2002; Burrows et
al. 2006; Edwards & Allan 2009). Within these highly modified environmémiasive
predators have the potential to threaten native fauna with extirfetaibs 2001).

The great desert skink{(Liopholis kintorei) isan internationally listed vulnerable species
with a distribution confined to fire-prone arid environments of the western deserts of
Australia (McAlpin 2001 1UCN 2016). This distribution overlaps with introduced
mammalian predators, most notably feral cats and European red fox (Mulipes Dickman
1996; Strahan & VanByck 2006). The known range of this species has contratted a
localised population'declines and extinctions have been documented (WM2A{1). Habitat
modification caused by changes in recent fire regimes and increasedoprégahtroduced
mammalian predators have been previously identified as likely caugesapfdesert skink
population declines (McAlpin 2001; Cadenhead et al. 2015; Moore et al. 2015).

The influence offire on great desert skink populations has been investigatedrahtliffe
spatial scales. Atarrelatively small scale, fire was found to haveasivesgnpact on
occupancy rates at.great desert skinks burrow-systems, alon@te#tof breeding success
(Moore et al. 2015). At a larger spatial scale, fire regime was identified as a major
determinant of great desert skink viability, wah increase in fire size and frequency
predicted to drive.this population to extinction (Cadenhead et al. 20&&)e\r, in each of
these studies, the mechanism by which fire is related to reduced byst@msccupancy

rates and the predicted local extinctions remaimclear.

This article is protected by copyright. All rights reserved



99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

Here we present the results of an observational study built opportunisticalfydaa prior
experimental burn study that focused on great desert skink burrow occigpehioseeding
success post fire conducted on Newhaven Sanctuary (Moore et al. 2015 e ai
investigate the ecelegical mechanisms that underpin great des&d sdsponse to fire by
determining: 1) thesmagnitude of predation on great desert skilakds mammalian
predators generally across the sanctuary, 2) the level of potentlat@reressure that exists
at great desert skink burrow-systems, and 3) if predator pressunefiwesced by the

presence and type/of fire.

M ethods

Study site

The study was conducted at Newhaven Wildlife Sanctuary in central Australia, Northern
Territory (22.72°S,u131:07°E; Fig. 1). This property is managed for conservation by the
Australian Wildlife Conservancy. Newhaven has the largest known paputstgreat desert
skink, and here their preferred habitat is semi-saline spisdrgplain (Latz et al. 2003).

This community is typically dominated by needlewood (Hakea leecaptnland tea-tree
(Melaleuca glomeradaand the sub-shrub Pluchea ferdinandi-mulleri over hummock grass

Triodia pungens (thetstoleniforous growth folmatz et al. 2003).

This article is protected by copyright. All rights reserved
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Fig. 1. Newhavem:Wildlife Sanctuary (A) showing the location of the three 1 ke® itm
which predator scats were collected (closed squares). The arrow indicates the &fdat
study site at which predator tracking was performed. The shaded greindieate potential
great desert skink habitat and the hatched areas and sewllam shaped black areas
indicate ephemerallakes. The inset map (B) shows the location ofaMemhVildlife

Sanctuary within Australia.

Study species

The great desert skink grows to approximately 200 mm snout-vent leagtineigh up to

350 g, and is endemic to arid Australia (McAlpin, 2001; Chapple, 2003). It is an obligate
burrower that constructs and maintains a complex burrow-system with maltgéngs and
interconnectingrtunnelsithat can be up to 80 cm in depth. Burrows can be occupied
continuously foriup to at least 7 years and house close relatives, often ngrifigiie two
parents and two age cohorts of their offspring (McAlpin et al., 2011; Dennison, 2015). It is
crepuscular and nocturnal, spending the majority of its surface activity timebatrtbey

entrance andrarely foraging far from its burrow-system (Mooad. @ review).
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Fire induced habitat modification at great desert skink burrow-systechpotential
predator activity

Within a 75 ha focal study site, 30 burrow-systems were selectedtiodyaon the impacts
of fire on persistencesof,great desert skinks (see Moore et al. 2015 it dbtae fire type
treatments (with:10:replicates of each) were applied to arappgaximately 0.25 ha (herein
referred to as the experimental burn zone). This was the size required for thedumnent
to cover the extent of a single burrow system. The three firerteaéd were: Iclean bura—
all ground cover\was burnt within the experimental burn zone; 2. patchy-30& - 40% of
ground cover was left unburnt within the experimental burn zone and the vegetatoimg
one to two burrow entrances was burnt and the latrine remained unburnt, anduB+roo
experimental burn was conducted (Moore et al. 2015). The proportion of groundhadver
remained at the burrew-systems after the experimental burns digigréticantly when
clean-burn and patchy<burn fire types were compared with no burn (Mceire26t.5).
Thecleared linesthat was created manually around each of the 30 burr@msgshelp
contain the experimental burns provided an excellent tracking suofagstematically
monitor potential predator activity at each burrow-system. We used thaseddi@es,
(herein referred'to as tracking ring), approximately 1.5 m in width, andutige of
vegetation covergsesulting from the experimental burns, to opportunisticallgtodéia on
potential predatonwvisitation to the burrow-systems.

The following ground dwelling species, known to occur at Newhaven, were considered
potential predatars for great desert skink: feral cat, European redirige, (Canisdingq)
brush-tailed mulgara (Dasycercus blythi), woma python (Aspidites ramSéayiyon’s
python (Antaresia stimsoni orientalis), mulga snake (Pseudechis austnalM}ngden’s
brown snake (Pseudonaja mengdebi)e to the difficulty in distinguishing between the

tracks of mulga snake, Mengden’s brown snake and the woma python, all snake tracks

This article is protected by copyright. All rights reserved



161  greater than 2m in width were categorised as “large snake”. Although sand goanna could
162  plausibly prey on juvenile great desert skinle do not consider them a predator of this
163  species. Goannas are strictly diurnal and forage at relatively high bodyratumes,

164 therefore they,couldsonly hunt great desert skink when it is inastigerground. In addition,
165 the size and shape:of.great desert skink burrow-systems would usudlgereatry of adult
166  sand goannas and restrict access to deep chambers within the burrow-system.

167  The day prior to tracking, the tracking ring was swept with a broom to reatiogeevious
168  signs of animalsiand te create an even surface. In additiargcds (footprints) within 0.5 m
169  of each burrow entrance were removed by sweeping. Potential gsedt sienk predators
170  were detected by walking the tracking ring created around the buysiensand searching
171  for predator tracks. In addition, searches were made for predator tralcks W& m of all

172 entrances to eachsburrow. For consistency, only one of us (DM) made Hiegrac

173  observations. Tracking/took place between 7 am and 9 am when the sunwasauigh to
174  reach the surface. of the ground but low enough to create shadows, therddogetraaks

175  more obvious andskeeping detection of tracks between burrow-systemsRerjaatial

176  predator tracks at each of the 30 burrow-systems were recorded daippfoximately one
177 month beginning the day after the experimental burns were conducted ckdl toand on
178  the tracking ring andiat the burrow entrances were removed daily by sgieepin

179  Tracking was condueted during summer months (November and December) when great
180 desert skink are active. Below average rainfall was recordeé iti2timonths period to when
181  scats were collected and conditions throughout the tracking period were dry.

182

183  Potential predator_scat collection and dietary analysis

184  Feral cat, dingo_and foX scats were collected over a fourteen moiat (feptember 2013

185  to December 2014) from three 1 km? sites, separated by a minimum of. 20l lsites were

This article is protected by copyright. All rights reserved
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known to be inhabited by great desert skioke of which included the focal study site (Fig.
1). On at least four occasions each of these sites was searched &worpsedts. Scats were
placed into paper bags/and transferred to the laboratory where¢heylaced in nylon bags
and soaked in hetywater for a minimum of 12 hours and then washed tlaroeggiar cycle
in a domestic washingsmachine. Scats were then air-dried in thebggdsn Scat contents
were sorted under a dissecting microscope to determine the presence of greskidé&ser
which could be distinguished from blue-tongue lizards and other reptiles bdigtgictive

claws and jaw bones.

Analysis

The Kruskal-Wallis rank sum test (Quinn & Keough 2002) was used to compare predator
activity levels at burrew-system entrances and to testffects of the presence and type of
fire on predator aetivity at great desert skink burrow-systems. gctigt bias may have
occurred as aresult of the variation in vegetation cover across sasietepost

experimental burns”To account for this possibility, if a significant result was foloed w
examining the predator occurrence at a burrow-system entrance, we aysednal
observation data from the tracking ringgiere detectability across all thirty sites was equal.
Pearson’s Chi-squareitest (Quinn & Keough 2002) was used to detect any significant
difference in predation‘on great desert skink when examining the predatatata. All

analyses were performed using R version 3.0.2. (R Development Core Team 2011).

Results
Potential predator_pressure at the burrow-system and the effect of firedator activity
Over the 4 week tracking period, 511 tracking surveys were conducted. Freavéme

potential predatorsidentified, three species were recorded visiting greatstt@de burrow-
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systems during the four weeks of intensive tracking. Two wereenpttedators-dingoes,
and large snakes as well as feral cats (Fig. 2). The level of &rattivity at a burrow-
system entrance (within 50 cm of at least one entrance to a burrtem3ygas significantly
higher than that,ef.anysether potential predator (Kal:¥Wallis rank sum test; df = <
0.001,x= 45.6).,Ferakecat tracks were detected at a burrow-system entrai@e5% of the
511 track surveys, dingoes were only detected twice (0.39%) andslzakes were recorded
on 1.2% of tracking surveys (Fig. 2). No European red fox or brusld-taildgara tracks
were detected at burrow-systems, however tracks from each of thems spere observed

elsewhere (within 20 myof a tracking ring) within the focal study site.

Wtracking ring

& burrow entrance

Predator visitation (%)

L

cats dingo large snake

Fig. 2. The percentage occurrence of tracking surveys where predatorwraekdetected at

a great desert skink burrow-system entrance or on the tracking ring, irresjpédturn type.

There was norsignificant effect of the presence, or type, of fire on the frequeraty dihgo
and large snake visitations to a great desert skink burroersyattrance. Feral cat activity
at great desert skink burrow-system entrances was relativélyabigss all burrow-systems
irrespective of burn type, with visitation ranging from 11.3% at cleandolsites to 14.6% at

unburnt sites (Fig..3). This equates to a burrow-system being visited bgwweca7-9 days.
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Fig. 3. The frequency of,occurrence of feral cat, dingo and large snake atagiesat desert

skink burrovs across3 burn types.

Large mammalianpredator diet analysis

Over a 14 monthiperiod, 121 large mammalian predator scats were collecte@l(88tfe65
dingo and 17fox). from three 1 km? sit@hie remains of great desert skink were confirmed
in 49% of feral catsseats, 18% of fox scats and 14% of dingo scats (Fidnedrequency of
great desert skink remains occurring in feral cat scats was sigtlfibéggher than in fox and

dingo scats (Pearson’s Chi-squared testy? = 16.2, d.f. = 2, P < 0.001).
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243 Fig. 4. The percentage of feral cat, European red fox and dingo scats trehedrihe

244  remains of great'desert skifnkhe number of scats sampled per predatoris also

245  indicated.

246

247  Discussion

248  Relative predator impact on great desert skink

249  Results of this study strongly indicate that feral cats are the modtcaghpredator of the
250 nationally threatened great desert skink within semi-saline sand plaheswdmaven. Feral
251  cats were the most frequently recorded predator at great desert skink-bystems and

252 they had a significantly higher frequency of occurrence of great dessttrsknains in their
253 diets than dingo.and European red fox. These results are consistent with the general
254  conclusion in the literature that feral cats are a significant ttoeftistralian native fauna
255  (Frank et al. 2014McGregor et al. 20LANoinarski et al. 201y

256 The results ofiaur tracking survey, in particular, highlight the increasedtipregeessure
257  placed on this species by feral cats. Predator pressure, in thiscimstefers to the pressure
258 that might be experienced by an individual skinks or a family groujbitihg a burrow-

259  system caused hy the presence of a predator at the burrow-system tBeifmg week

260 intensive trackingsperiod we determined that a great desert skink bsystem would be
261  visited by a predater.once every 7 days. If feral cats were removedhfeosecosystem, this
262  predator visitation would be reduced once every G/8.da

263  Several aspects_of the behaviour of some native species haviddmified as likely to

264 increase their susceptibility to cat predation. These include beingrnakGtof colonial habit,
265  utilising terrestrial areas and/or exhibiting conspicuous behaviour (Dickman 1998&). Gre
266  desert skink show-each of these traitbey are a crepuscular and nocturnal skink that spend

267 alarge proportion‘of their active time basking and hunting from a\wtsystem entrance. In
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addition, they construct, maintain and occupy a family burrow-systeanfaverage of four
years (McAlpin et al 2011; Moore et al. in review). It is plausibl,tbecause great desert
skink burrow-systems are often tightly clustered and are a staticdewithin the landscape,
individual feral catsgmay learn the locations of these burrow-sgsagich become specialist
hunters of great,desert:skink. This specialisation is likely to magnifynbect of cat
predation, in contrast ta the impact caused by opportunistic hunting alone. Other stuglies ha
suggested that specialisation of hunting by feral cats has led todal extirpation of native
mammal speciesiincluding the mala (Lagorchestes hirsutus) within the Tdesert of
Australia (Gibson 1994) and a captive colony of long-haire¢(Rattus villosissimus) within
northern Australia (Frank et al 2014). On average three or four of the 30 burrdemsys
monitored during, this study were visited by a cat each day, and we ab#svieotprints of
individual feral cats;travelling directly from one active burroygtem to another,
investigating numerous burrow entrances along the way, in a syst@ndtpredictable
manner. It is'thus possible that particular individuals were targete® desert skink in their
hunting and coneentrating their efforts on micro-habitats where prey captaosi likely.
Despite regular dingo activity along roads traversing and adjacent to thesgasjylingo
tracks were rarely detected at great desert skink burrows. In cdotfestl cat behaviour at
a burrow-systemgonithe two occasions that dingo sign was eldsarburrow-systems, the
tracks indicated that.the dingo walked directly over the buriystesn with no apparent
change in direction or pace of travel. Despite this observatiibre durrow-system, great
desert skink still formed_a relatively high proportion of dingo digt W4 % of dingo scats
containing the remains of this species. Although an analysis of 12,000sdi&tgoover a 20
year period found that,/across most of Australia, medium-sized mammals prefdéread
prey of dingoes (Corbett 2001), within arid environments reptiles havefterd to bea

dominant part of the dingo diet. (Paltridge 2002; Newsome et al. 2014), In supitust ofe
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found that 62.5% of scats contained reptile remains (25% goanna, 21% skinkvexafusi
great desert skink; 10% dragon, 1.5% snake, 3% other reptile) compared Witif $8ats
that contained the remains of mammals. This result may be influbgpdéé collection of
scats during summermonths only and prevailing environmental conditielosv Bverage
annual rainfall wassrecorded at the study site in 2013 (299.5mm; 12 npoictho the
collection of scats) possibly reducing the numbers of small mammalatdeaduring the
study period Additionally, seasonal conditionage known to influence dingo diet in central
Australia, where:mammals form a larger part of dingo diets in theeminonths when many
reptile species are hibernating, with reptiles forming the majorithngjo diet in the summer
months (Newsome et al. 2014).

Large snake tracks were observed at great desert skink burromsyptaticularly after rain
or when relative humidity was high. Although our tracking method was utmbistinguish
between large diurnal ‘elapids (Mengden’s brown snake and mulga snake) and nocturnal
pythons (woma python and Stimpson’s python), we did directly observe a woma python to be
a predator of greatdesert skink at the study site. Large diurnal elapydsenattracted to
great desert skink burrow-systems for shelter or if lecethy other hunting opportunities,
including small mammalian prey, however, it remains unconfirmedsktkpecies prey on

great desert skinks

Effect of fire on predation pressure at burrow-systems

The experimental burns, though at a small scale in the immediate vifitiity burrow-
system, are ecologically significant because previous studies have thtahis species
spends approximately.67% of its surface activity time at the burrow enffdooee et al. in
review). Our results'did not show a significant effect of fire on frequency efsittion to

great desert skink'burrow-systems. This is in contrast to a study fronemoAthstralia that
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recorded cats travelling large distances to target their lguimtirecently burnt habitat
(McGregor et al'2014). Our findings do not preclude cats targeting a relbenttyhabitat
following a more extensive wildfire, but in the current study the small(aggarox. 0.25ha)
of habitat modified:by.each experimental burn does not appear thbanesufficient to alter
feral cat hunting.preferences at great desert skink burrow-systems.

Regardless of how often feral cats visit a particular burrow-systesrjkely that their
hunting success per visit is significantly influenced by the extent of vegetatien at
burrows. Feral cats usually detect prey by sight or setspkcies that are conspicuous
within an open burnt landscape are therefore at high risk of predation as tihg hunt
efficiency of the feral cat increases under these conditions (Dickman 19S8elytr 2014).
It is thus plausible that a synergistic effect exists betweenababodification caused by fire
and predation pressure'whereby the effectiveness of cat hunting increases reithotbe of
vegetation coverfollowing intense fire. This could explain the resultzoheurrent study
that found that;:although great desert skink can initially persist theovnsaystems afte

fire, most burrow-systems become unoccupied between 1 and 4 monthiseafier dccurred
(Moore et al. 2015). With no evidence that animals are dispersing fromidoumratv-
systems, an alternative explanation for the disappearance of greastiggeftom burnt
sites is increasedsvulnerability to predatiirextirpations of individuals, or family groups,
from burnt burrow=systems is driven by predation, the present study hakedetred cats are

the main predator involved.

Conclusions
Predation by feral cats.and inappropriate fire regimes have been recamisadthreats to
extant Australian.terrestrial mammals (Woinarski et al. 2014). Thesestlaregpotentially as

critical for Australian terrestrial reptiles as they are for mammalgcedfy burrow
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constructing species with high burrow fidelity. Although, our results did not detect an
increased presence of feral catfire-affected great desert skink burrow-systems, our data
identified feral cats as their most significant predaopporting the need for ongoing feral
cat managementatlocations with vulnerable populations. Conservatiogemnaard of great
desert skink wouldsbenefit from further research that gains an understanding of predation
pressure imposed by feral cats in habitat subjected to landscapbaugdé modification

caused by fire.
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Fig. 1. Newhaven,Wildlife Sanctuary (A) showing the location of the three 1 ke® &iim
which predator scats were collected (closed squares). The arrow indicates toe &fdae
study site at which predator tracking was performed. The shaded greindieat® potential
great desert skink habitat and the hatched areas indicate esph&akes. The inset map (B)

shows the locationsef;Newhaven Wildlife Sanctuary within Australia.

Fig. 2. The percentage occurrence of predator tracks detected at gredtsiténk burrow-

systems irrespective of burn type.
Fig. 3. The percentage of feral cat, European red fox and dingo scats trehedrthe
remains of great.desert skink. The number of scats sampled getquren’, is also

indicated.

Fig. 4.The percentage accurrence of feral cat, dingo and large sneke detected at a great

desert skink burrow-systems across burn type.
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