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Abstract
Context. Feral cats (Felis catus), wild dogs/dingoes (Canis familiaris) and foxes (Vulpes vulpes) are predators of the

endangered bridled nail-tailed wallaby (BNTW;Onychogalea frenata). Predator-proof fencing is advocated as a solution
to ensure their conservation in the wild.

Aims.The aims of this studywere to determinewhether predator control translated into a reduction in their activity, find
evidence of cats preying on BNTWs and understand factors that influence changes in the BNTW population size living in
an unfenced reserve, particularly focusing on the influence of cat and dog control and rainfall.

Methods. An activity index, calculated using spoor on sand pads and images on remote cameras, was undertaken to

monitor predator activity. The stomach contents of cats caught were examined to determine how commonly BNTWs
feature as a prey item. The size of the BNTW population and annual survival of individuals was assessed through annual
capture–mark–recapture (CMR) surveys and vehicle spotlight counts. Rainfall was measured at the study site and using

data from the Bureau of Meteorology.
Key results. The core BNTW population estimated by CMR data increased by 214% over 4 years (2013–2017), to 400

individuals in 2017, whereas spotlight data indicated that the population had increased by 262% over 8 years (2012–2020),

to 1265 individuals in 2020. The percentage of small (#3.5 kg) BNTWs caught increased substantially over the study
period. There was no detectable difference in cat or dog activity following control and no correlation was found among
predator activity, rainfall and BNTW survival. The remains of BNTWs were found in 20% of cats removed from the core
BNTW area.

Conclusions.The study confirmed that cats frequently ate BNTWs, and a combination of controlmethods is required to
manage the threat, but there was no statistical support for a relationship between predator activity and BNTW survival.

Implications. The study found that native species conservation in fox-free environments is possible without the need

for predator-proof fences and the ongoing maintenance costs.

Keywords: predation, capture–mark–recapture, endangered species, conservation, feral cat, dingo, fox, Onychogalea,

pest control.
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Introduction

Feral cat (cat) predation is recognised as one of the most

important threats to small to medium-sized mammals in Aus-
tralia (Woinarski et al. 2014; Murphy et al. 2019; Woolley et al.
2019). Evidence from dietary studies (Stokeld et al. 2018;

Doherty et al. 2019) and other species-specific studies
(Oakwood 2000; Fisher et al. 2001; Augusteyn et al. 2021)

indicates that wild dogs (dogs; includes dingoes) limit the
recovery of some threatened species. Conservation agencies and
several non-government groups have installed predator-proof
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fences to conserve threatened species but the cost of installing
these fences is high, and the ongoing maintenance costs are not

insignificant (Hayward and Kerley 2009; Roshier et al. 2020).
These maintenance costs may even be higher than the ongoing
cost of reducing predators in non-fenced areas. While trapping

cats can reduce their abundance in the short term (Bengsen et al.
2011a), the long-term suppression of cats and dogs using trap-
ping, or a combination of trapping, baiting and shooting, has not

been demonstrated on mainland Australia in unfenced areas.
Effective predator control is consideredmore likelywhen a suite
of options is used in combination at an appropriate temporal and
spatial scale (DEWHA 2008).

The BNTW is listed as endangered under the Queensland

Nature Conservation Act (1992) and the Commonwealth Envi-

ronment Protection and Biodiversity Conservation Act (1999)

and vulnerable under the International Union for the Conserva-
tion of Nature Red List. BNTWs were thought to be extinct in
1937, until they were rediscovered in 1973 on Taunton Station

(what is now Taunton National Park (Scientific); hereafter
Taunton or the Park) near Dingo, in central Queensland
(Gordon and Lawrie 1980). Initial surveys estimated the Taun-

ton area population to be up to 600 (Tierney 1985). Spotlight
surveys in the early 1990s estimated the population for the Park
to be 1430 (Evans 1992). In 1993, the whole park estimate was
just under a maximum of 2267 (on the basis of an extrapolation

of density estimates), declining to ,100 by 1998 (Lundie-
Jenkins et al. 1998).

BNTWs previously ranged from the Murray River in Victo-

ria to Charters Towers in northern Queensland and were
considered common, at least over part of this range (Fig. 1).
The young and juvenile individuals of this medium-sized

wallaby (female and male BNTWs weigh up to 6 and 8 kg
respectively; Evans and Gordon 2008) fall within the so-called
‘critical weight range’ (35�5500 g) of species that have

declined in Australia as a result of predation (Burbidge and
McKenzie 1989; Murphy and Davies 2014). Fisher et al. (2000,
2001) found that cat predation was the main cause of juvenile
and subadult BNTW (up to 3.5 kg) mortality during drought

periods, when ground cover was lacking. Cat predation
accounted for ,31% (determined from 13 collared juvenile
wallabies) of juvenile wallabies (,2 kg and 4–6-month-old

from conception) and dogs killed 17%of adults (.6months old)
fitted with collars (55 wallabies were collared; Fisher et al.

2001). BNTW hair has been found in ,10% of dog scats at

Taunton (Evans 1992; Bennison 2008). Until this study, no
BNTW remains had been found in cat stomachs. In addition to
direct mortality through predation, predators also spread zoo-
notic diseases such as toxoplasmosis (Toxoplasma gondii) and

hydatids (Echinococcus granulosus; AWHN 2009; Fancourt
and Jackson 2014; Ross et al. 2020). Foxes have not been
detected on Taunton but are present on neighbouring or near-

neighbouring properties (less than 5 km from the core BNTW
area on the Park; C. Pearce, pers. comm., Warrigal Station; C.
Burns, pers. comm., Charlevue Station). They are also killed on

the Capricorn Highway and Fitzroy Developmental Road that
run adjacent to the Park (G. Porter, pers. comm., J. Augusteyn,
pers. obs.).

Effective predator control is considered essential to the
BNTW’s recovery (Lundie-Jenkins and Lowry 2005). However,

the amount and the scale of predator control on Taunton both
before and after becoming a National Park has varied (Cameron
2005). Cats were not targeted for control on Taunton until 2013,

other than through occasional spotlight shooting, and no cats
were detected taking a bait during bait-uptake monitoring on
Taunton in 2005 and 2006 (Bennison 2007). Sodium fluoroa-
cetate (1080) was not registered for use on cats in Queensland

until 2008 when the Queensland Curiosity Cat � bait (125 g
1080 meat bait) was approved (limited to 5000 ha across the
whole of Queensland). However, a recent study found that the

prescribed method for deploying meat baits for cats on Taunton
rendered them ineffective (Fancourt et al. 2021), even though
three radio-collared cats took a bait on separate baiting events

(B. Fancourt, pers. comm.). Prior to 2008, all baits deployed had
to weighmore than 250 g, which is likely to havemade them less
effective on cats. Since 2011, 125 gmeat baits have been used on

Taunton for dog control, thereby making cat by-catch more
probable. Between 2013 and 2016, a total of 19 dogs and 119
cats were either trapped or shot. Further details on the success of
the different trap configurations can be found in Augusteyn and

Nolan (2021).
Queensland Parks and Wildlife Service (QPWS) currently

spends A$40 000 per year directly on pest animal management

at Taunton (Nolan and Wykes 2019), which includes staff
labour, travel, vehicle lease and fuel, and material costs.

Fig. 1. The historical BNTW distribution and the three extant populations.

The large dark black oval represents the population in and aroundTaunton. The

smaller hollowblackpolygons representAvocetNature Refuge inQueensland,

and Pilliga Forest and Scotia Wildlife Sanctuary in New South Wales.
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However, there is often debate regarding the costs and benefits
of installing predator-proof fencing at Taunton as a long-term

solution to conserve BNTWs. The aims of this study were to
determine whether the effort to remove cats and dogs has
reduced their activity and improved the viability of the BNTW

population and, in doing so, determine whether it is possible to
conserve BNTWs at Taunton without fencing. The results of a
cat stomach analysis are also reported.

Materials and methods

Study area

Taunton is situated in the Brigalow Belt Bioregion, and is
located near the town of Dingo, central Queensland. The reserve

covers an area of 11 676 ha. Today, a majority of the BNTWs
live in the north-eastern corner of the Park, an area otherwise
known as the core BNTW area (,16 km2; Fig. 2). Brigalow
regrowth (Acacia harpophylla) and A. harpophylla–Eucalyptus

cambageana woodland to open forest on fine-grained sedi-
mentary rocks (Regional Ecosystem (RE) 11.9.1; Queensland
Herbarium 2018) dominate this area. To improve food avail-

ability for BNTWs, weeds are actively controlled (Melzer 2015)
and there is supplementary feeding in drought.

Rainfall data

The average rainfall for the area is 665 mm, which mostly falls
between December and March (BOM 2019). Rainfall data were

obtained from a weather station on the Park and using data
recorded at the nearby Dingo Post Office and obtained from the
Bureau of Meteorology (BOM 2019). The long-term average

monthly rainfall data were obtained from the Bureau of Mete-
orology (BOM 2019). We calculated monthly deviations from
the long-term average rainfall for that month to identify months

of above- and below-average rainfall.

Predator activity

Thirty-eight sand pads were used to monitor cat and dog activity

(Allen et al. 1996; Engeman and Allen 2000) between 2006 and
2016. The sand pads consisted of a rectangle of sand spread
across the width of a road (,2–3 m wide) and were installed at
1-km intervals along trackswithin the eastern section of Taunton,

including the core BNTW area. All sand pads were raked to
remove tracks before the start of themonitoring session and daily
for at least three consecutive nights in February/March and again

in May/June/July most years. No attractant was used. The sand
pads were checked in the morning and an estimate of the

N

CMR trap locations

3 1.5 0
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Spotlight route

Highways

Lower density BNTW areas ~ 20 km2

Core BNTW area–16 km2
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Taunton_Roads
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Legend

Fig. 2. AmapofTaunton and surrounding properties includingWarrigal Station,where foxes have been seen. The FitzroyDevelopmental Road runs

along the eastern boundary of the Park and theCapricornHighway is south of the Park. The coreBNTWarea includes an area containing a high density

of BNTWs and is ,16 km2. BNTWs are also found outside the core area on the Park and on neighbouring properties.
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number of animals that crossed each pad and left tracks was
recorded. Rain and other factors sometimes limited the moni-

toring period to two nights, but sessions that were less than three
nights were excluded from the analysis.

To assess changes in cat and dog activity over time, 38

ReconyxHyperfire (HC600) camera traps were set within 100m
of existing sand pads between September 2012 and August
2015. No attractant was used. Each camera was mounted no

higher than 60 cm above the ground on a star picket or tree
situated on the edge of a road. Cameras were oriented so that
they faced south at an angle of,208, to the direction of the track
to avoid sunlight being directed into the lens in the morning and

afternoon and to ensure that the 428 field of view of the camera
covered the entire road. Cameras were set to ‘high’ trigger
sensitivity and to record three still images, with a 1-s delay

between each photo.
The number of cats or dogs observed per camera was used as

an activity index and assumed to be proportional to their

population sizes (Bengsen et al. 2011b; Meek et al. 2015).
The cameras remained in place for 4–6 months and individual
cameras operated for between 17 and 73 days within these

deployments. A fault in the cameras compromised the sample
size and we analysed data only from periods when at least 26
cameras were operating for at least 30 days, so as to ensure that
these data were representative samples of the activity. There

were insufficient pre-cat control data collected in comparable
periods (months or seasons) to investigate a difference in the cat
activity before (2012) and following (2013–2016) cat control.

To investigate whether there were any trends in cat and dog
activity, daily counts of the estimated number of identifiable
individual cats and dogs on sand pads or photographed using

remote cameras were analysed with Bayesian generalised (non)-
linear mixed models, using two possible distributions (negative
binomial and zero-inflated negative binomial). These distribu-

tionswere chosen to account for the relatively high proportion of
zeroes in the data. We incorporated the approach developed by
Engeman et al. (1998) to partition the variance component of the
fixed effects, with ‘night’ and ‘sand plot’ being included as fixed

effects. Models were run in the R (version 3.2.4) statistical
software package ‘BRMS’ (Buerkner 2016).

Cat abundance

The pelt patterns of individual tabby cats caught on camera, set

across half of the Park within the core BNTW area, were used to
count cats in autumn and winter 2015. The number of cats was
calculated by doubling the number of tabby cats because 50% of

the cats caught in trapswere black and the other 50%were tabby.
Individual black cats are indistinguishable from the images
recorded. This count is likely to represent half of the total cat

population on Park owing to the coverage of the cameras.

Cat stomach content analysis

The stomach contents of cats caught were examined between

2013 and 2016 and, where possible, animals were identified to
species level. Hair and other body parts that were not easily
recognised in the field were sent either to the Queensland

Museum or to Scats About (http://www.scatsabout.com.au) for
identification.

BNTW population size

The BNTW population size for the core area was estimated

using two methods, including capture–mark–recapture (CMR)

and line-transect surveys. The four-day CMR surveys were

undertaken between 2007 and 2017. The surveys were con-

ducted biannually for the first 3 years (2007–2010) and annually

thereafter. In total, 220 cage traps (38 cm � 38 cm � 76 cm)

were set, mostly within the core BNTW area. Lucerne was

placed in traps wired open for up to 3 weeks before each CMR

survey, so as to habituate BNTWs to enter traps. Traps were

placed along roads (usually not closer than 5m to the road edge),

withmost being placedwell away from the road edge and near or

within shrub clumps. To prevent the similar-sized, black-striped

wallaby (Notamacropus dorsalis) from entering the trap and

interfering with the counts, an excluder, that consisted of weld

mesh with a 100 mm� 400 mm slot cut into the bottom to allow

BNTWs to enter was placed in front of each trap. Traps were

checked and cleared two to three times each night throughout the

survey. Captured animals were held in hessian bags for mea-

suring and were marked with a microchip. All animals were

released at the point of capture.

TheMARK programwas used to calculate BNTWpopulation

size (White and Burnham 1997). The data were treated as robust,

where it was assumed that mortality of individuals can occur

between trapping sessions (open), but not from night-to-night

within trapping sessions (closed). Model selection was based on

Akaike’s information criteria (AIC) and evidence of model

convergence. Models with unrealistically narrow confidence

intervals (,1 animal) were rejected (Anderson et al. 1994;

Buckland et al. 1997). Pooled nightly data, rather than each

individual trap-session data (two or three trap sessions per night),

were analysed because of the short time between capture sessions

and the need to maintain the MARK program assumption of

statistical independence, i.e. the capture of an individual in a trap

does not affect the capture of another animal in that session.

In addition to the modelled population estimates, we esti-

mated the number of BNTWs ‘known to be alive’ (KTBA) by

retrospectively adding animals to previous surveys that were

caught in subsequent surveys and were alive at the time of the

previous survey/s. The following criteria were used to add

animals to estimate the KTBA in a survey (we will refer to the

survey of interest as Survey A):

1. Animals not caught in Survey A, but captured in a preceding
and subsequent survey.

2. Animals not caught in SurveyA, but captured in a subsequent
survey and whose weight indicated that they would have
been alive during Survey A.

The age estimates used in (2) above were based on weight

(weight age) and were very conservative. Some animals could

have been older, but we used the lower-weight age to ensure that

we did not overestimate the number KTBA. Males weighing

.5 kg and females weighing .3.5 kg were considered to be at

least 12 months old. Males weighing .3 kg but ,5 kg and

females weighing .3 kg but ,3.5 kg were considered to be at

least 6 months old.

The spotlight line-transect surveys were conducted along the
same tracks (50–104 km divided into 10–14 transects) through
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the core BNTW area over four nights per survey, each year
between 2012 and 2020 (except 2013, 2017 and 2019). Two

observers each used 100 W spotlights and rangefinders to
measure the perpendicular distance from the vehicle to the
animal clusters. The surveys were conducted from the back of

a vehicle travelling at 5–20 km h�1.
Spotlight data were analysed as conventional distance sam-

pling in Distance 7.3 (Thomas et al. 2010) and by using AIC to

select among the default recommended detection models. Data
were truncated at 60 m. An area estimated to be occupied by
BNTW (16 km2) was used to convert the density estimates to
population size. Spotlight population estimates were not com-

paredwith CMR estimates of population size because of the lack
of years when both types of data were collected (n ¼ 4).

BNTW survival

Size-specific BNTW survival estimates were used to determine

the effectiveness of management actions and the response of
BNTWs to rainfall and indices of cat and dog abundance.
BNTWs weighing 3.5 kg or less, at the time of capture, were

analysed as ‘small’ and were conservatively considered to be
within the prey range of cats. Animals above 3.5 kg were ana-
lysed as ‘large’.

Modelling of survival probabilities of BNTWs for each

period between trapping sessions, and probabilities of trapping
individuals conditional on their being alive is described in
further detail in Appendix S1 (available as Supplementary

material to this paper). The analysis allowed for the trapping
probability to vary from session to session, and to potentially
vary between males and females (for large individuals), and

between large and small individuals. Models that had separate
random effects for juvenile females and males (i.e. the fitted
values were free to vary randomly from year to year) were fitted

to determine the degree to which the cat and dog indices and
rainfall explained the variation in the annual survival rate.
The fitted values that included these separate random effects
can be considered as ‘observed’ survival probabilities. These

‘observed’ survival probabilities were compared with the fitted
values (without random effects) of the model.

Various modifications of the mark–recapture model were

analysed. First, differentmeasures of explanatory variableswere
trialled. Different measures of rainfall were used (actual rainfall,
residual rainfall, and a power mean of rainfall with an exponent

of 0.1 rather than a simple arithmetic mean to place more weight
on low-rainfall periods). Power means were calculated by
raising each number to a power A (in this case A ¼ 0.1), taking
the arithmetic mean of these values, and then raising that result

to the power 1/A. The explanatory variables (cats, dogs, rainfall)
were also converted to binary values in some versions of the
analysis to distinguish between high (.1 standard deviation

above the mean) and lower values. In these latter cases, the
values were classified as high in few time periods, which meant
that the model parameters were commonly non-identifiable;

without sufficient replication of the high index class, it was not
possible to estimate the effects of cats separately from that of
dogs. Second, in cases where the data were sufficient to estimate

the parameters, the results were qualitatively the same as when
the variables were treated as continuous variables. Thus, these

additional models are not discussed further. The final model
allowed the survival rate to vary among juveniles and sexes, but

the trapping probability was the same for all individuals. A
model that allowed for differences between ages and sexes in the
trapping probability produced qualitatively similar results; so,

this paper focuses on the simpler models.

Results

Cat and dog activity

Sand plot activity monitoring occurred six times between June

2013 and June 2016 following the commencement of cat control
and three times before cat control. Sand plot cat activity was
significantly higher in 2012, but it declined before control

commenced. The only significant decline in sand plot cat
activity recorded following control was in June 2015. This
reading roughly coincidedwith 12 cats being removed inMarch/
April 2015. This represents 24% of the 50 cats estimated (from

cat pelt work, see below) to be on the Park at the time and the
activity index was the lowest recorded for the entire project.

Monthly dog activity obtained using cameras was variable.

Despite several large short-term declines, dog activity was
generally higher in 2015 than in 2012 (Fig. 3). Sand plot dog
activity declined significantly when pulse baiting started in

November 2008 and then remained relatively stable for the rest
of the study. No correlation was found between dog activity
estimated using camera data and sand pad data.

Cat activity, determined using remote cameras, was not
significantly different between before and following control
(on the basis of 95% CIs), but there were some small significant
changes immediately after control work (Fig. 4). Cat control

commenced in May–June 2013 and trapping occurred on 19
occasions over the following 25 months to July 2015. Sixteen
cats were removed between August 2013 and October 2013 and

there was a significant increase in cat activity between June and
December 2013. A further 36 cats were removed betweenMarch
and December 2014; however, cat activity remained unchanged

during this period. Another 23 cats were removed between
March and June 2015 and cat activity decreased significantly
between April to June 2015. No camera data were captured after
June 2015.

Cat abundance

In the winter of 2015, half of the Park supported,25 cats. Traps
set across the Park resulted in the capture of 33 cats during 2015,

which is ,66% of the population at the time (if the estimated
number of cats (25) is extrapolated across the entire park (50)).
The actual percentage of cats removed is likely to be less than

this because cats from surrounding areas migrate into the Park to
fill the territorial vacuums created following control.

Cat stomach contents

The stomach contents of 118 cats were removed for analysis.
Seventeen of these had empty stomachs, possibly because they
had been in a trap all night, and so were omitted from the

analysis. The remains of BNTWs were found in ,10% of the
101 cat stomachs that contained food (Fig. 5). This increased to
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Fig. 3. Cat activity from (a) sand plot data formonthswhen samplingwas undertaken (July 2012 –May 2016) and (b) from camera data
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20% if the cats found outside of the core BNTW area were

excluded from the analysis.

BNTW population size

The BNTW population size in the core area was estimated to

have increased by 214% over 4 years (2013–2017; Fig. 6),
whereas the estimates calculated using line-transect data found
that the population had increased by 262% over 8 years (2012–

2020; Fig. 7). The 95% confidence intervals for the CMR data
strongly suggest that this increase was real. Although this was
not the case for the spotlight data, which had very large confi-
dence intervals, thematching trends fromCMR and spotlighting

add further confidence. The CMR data showed that there had
been five significant (on the basis of 95% CIs) increases since
2007, including November 2009, June 2010, and October 2014,

2016 and 2017. The CMR data also suggested that the popula-
tion dipped slightly in May 2012 and October 2015. However,
the KTBA data suggested that there may have been problems

with the trapping in those years because the difference between
the population estimate and the KTBA increased in those years.
The line-transect sample size was sufficient (n . 77) in most

surveys to model year-specific detection functions. Although, in
2015, a global detection function (i.e. all years combined) was
used because the sample size was too small (n¼ 26). The density
estimates ranged from 11.0 BNTWs per km2 in 2015 to 79.0

BNTWs per km2 in 2020 and a mean of 37.2 BNTWs per km2.
The limited number of samples (n ¼ 4) where both methods

(spotlight and trapping) were used meant that it was not possible

to statistically test for differences. Despite this, there appears to
be good alignment in the data for the 4 years in common.

The percentage of BNTWs caught in a CMR survey that

weighed #3.5 kg and the average percentage for the entire

period (2007–2017) are plotted in Fig. 8. The size of the#3.5 kg

cohort varied between 7% and 31% (22% average) of the
population from May 2007 to May 2012 and between 18%
and 45% (37% average) from July 2014 to October 2017.

BNTW survival

The fitted annual survival results (r) for juvenile, adult male
and adult female were 0.83, 0.92 and 0.97 respectively. The

estimated annual survival of small (#3.5 kg) BNTWs tended to
be higher from 2013 onward (Fig. 9). The effects of variables
thought to affect adult and juvenile survival are statistically
small or uncertain. The graphs of the relationships suggest

positive correlations between BNTW and cats and dogs (Figs
10, 11), but negative relationships with rainfall (Fig. 12);
however, the b values and CI overlap with zero indicate that

there is little predictive power in these relationships. The
effects seen in the fitted relationships (Figs 10–12) reflect the
parameter estimates of the statistical model. The regression

coefficients have relatively wide 95% credible intervals that
encompass zero (Table 1). The model included a standard
deviation that defined the residual variation in survival that

was not explained by the cat and dog indices and rainfall. This
standard deviation was estimated to be 0.38 with a 95% cred-
ible interval of [0.08, 0.76], which corresponds to a moderate
level of unexplained variation in survival; correlations

between the fitted values without the residual error and with
the residual error ranged from 0.84 to 0.95. Note that this
measure of the variation explained by the explanatory vari-

ables will tend to be inflated because the number of explana-
tory variables (3) is quite large relative to the number of time
periods between trapping sessions (13), leading to the potential

for over-fitting.
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Bridled nailtail wallaby

Rufous bettong

Black-striped wallaby

Brush-tailed possum

Bird

Insects10

Reptile

Mammal

Frog

Bandicoot

Unknown
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Fig. 5. Stomach analysis of cats caught at Taunton (2013–2016). Of the 101 cat stomachs

examined that contained food, 10% of the total identifiable content (frequency of occurrence)

contained BNTW remains. BNTW remains were found in the stomachs of 20% of cats

examined that were shot within areas containing BNTWs.
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Discussion

Predator activity

Although we found small significant changes in predator

activity (on the basis of the 95% CIs) that could be related to

management actions, the overall trend was not significantly

different between before and after control. Despite killing cats,

cat activity increased after some trapping events and decreased

after others. Fancourt et al. (2021) found that baiting with fresh-

meat baits only minimally reduced cat abundance, leading to a

negligible reduction in the number of cat detections, naı̈ve

occupancy and relative abundance during their study conducted

at Taunton. The increase in cat activity may have been due to

rapid immigration (e.g. Lazenby et al. 2015). The cat population
for the Park was crudely estimated in 2015 to be 50 on the basis

of pelts. In the same year, Fancourt et al. (2021) estimated the
abundance of cats at Taunton to be 68.4 (2.28 cats per grid cell,
95% CI 1.26–4.12). Thirty-three cats were removed through

trapping and shooting in 2015 and it is most likely that some cats
would have taken a bait, which would have reduced the popu-
lation by ,50% if there was no immigration. Cat activity did
decrease significantly following this control, suggesting that the

cameras could be used to detect large decreases in the cat
population.

Robley et al. (2016) conducted a power analysis of the

Taunton activity data and found that cameras had a greater
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ability to detect smaller levels of change in feral cat activity
(.51% with 95% confidence at a ¼ 0.05) than did sand plots
(.75%, with 95% confidence at a ¼ 0.05); however, neither

method was sensitive enough to determine the effectiveness of
cat control at Taunton. They predicted that increasing the
number of cameras from 38 to 55 would enable changes of
.42% to be detected. Smaller levels of change may be possible

to detect with more sand plots. However, the spatial limitations
on the number of plots that could be reasonably placed within
Taunton and still ensure spatial independence were an issue. For

dogs, cameras and sand pads were only able to detect large
changes in activity (.75% with 95% confidence at a ¼ 0.05).
These results differed from those of Lyra-Jorge et al. (2008) and

Ballard et al. (2014)who compared sand pad and camera activity
and found that sand pads were able to match and sometimes
improve the detection of large and medium-sized mammals.
Other studies, such as those of Robley et al. (2010) and South-

well et al. (2019), have found results similar to those of our study
and concluded that cameras providedmore robust detection than
did sand pads.
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Several studies have used activity indices as a measure of
abundance with mixed success (Allen et al. 1996; Burrows

et al. 2003; Hopkins and Kennedy 2004; Robley et al. 2010;
Doherty and Algar 2015; Fancourt 2016; Fancourt et al.

2021b). The main concern with using activity indices is that

they do not consider variations in detection probability
(Hayward and Marlow 2014; Fancourt et al. 2021) and may
even be unreliable for monitoring carnivores in general (Royle
et al. 2008). The second problem with indices is that unless

detection probability and factors that may cause activity to
change disproportionately to abundance (e.g. as a result of
changes in weather, resource changes, breeding and beha-

vioural (avoidance) shifts) are known and accounted for, then
it can lead to an incorrect interpretation of change in abundance
(Fleming et al. 1996; Allen et al. 2011; Fancourt 2016; Geyle

et al. 2020; Roshier and Carter 2021). At Taunton, radio-
tracking studies have shown that cats spend only,4% of their
time on tracks (Fancourt et al. 2021) and dogs avoid roads

altogether during winter (Allen and Byrne 2008), making
track-based activity indices extremely unreliable at times.
The placement of sand pads and cameras and the effect it can
have on detection and estimating population change have been

discussed in earlier publications (Southwell et al. 2019; Geyle
et al. 2020). At Taunton, cameras were placed to improve the
detection of dogs, yet this may have under-sampled cat activ-

ity. Stokeld et al. (2015) also reported that the number of
cameras needed to adequately detect cats is likely to be higher
in northern Australia than in other parts of the country.

Predators and BNTWs

The cat stomach content analysis confirmed that cats are a major
predator of BNTWs,which is similar to the results obtained from

other studies conducted at Taunton (Evans 1992; Horsup and
Evans 1993; Fisher et al. 2001). This result suggests that cat
control can play a role in BNTW conservation, particularly in

areas that do not have predator-proof fences. The percentage of
cats culled containing BNTW remains was at least double the
percentage of BNTW remains found in dog scats (6%, Evans

1992; 10% in the core BNTW area, Bennison 2008) and this
demonstrated that BNTWs are a major prey species of cats.
Fisher et al. (2001) found that cats predominantly preyed on
juvenile BNTWs. The size and age of a cat is likely to determine

the size of the prey captured, with older, bigger cats generally
taking larger prey but some smaller cats being able to tackle and
consume prey larger than themselves (Fleming et al. 2020).

Tigers and other solitary felids are known to prey on species with
a body mass similar to theirs (Hayward et al. 2012; Kutt 2012;
Fancourt 2015; Murphy et al. 2019). We therefore consider that

a 3.5 kg BNTW would be well within the predatory capabilities
of most adult cats (weighing up to 5.5 kg) and they most likely
can take adult BNTWs as well. We postulate that before 2013,

when cat control at Taunton began, cats were likely to be killing
more small BNTWs than other age classes. This is because adult
BNTWsmay be perceived as riskier prey and juvenile naiveté or
other behavioural traits of young BNTWs, particularly when

they are being crèched (Fisher and Goldizen 2001), predispose
them to cat predation.
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Gibson et al. (1994) reported a sudden spike in the number of
cat-related hare-wallaby deaths and noted that the change was
likely to be due to the movement of other, possibly larger, cats

into the area or due to seasonal changes causing the resident cats
to change their prey. The movement of cats is also most likely to
be a response to seasonal changes and its effect on food

availability, breeding and juvenile dispersal, location, and cat
density (Moseby et al. 2009; Fisher et al. 2015). And in the same
way that seasonal change can alter prey choice, so too can it

affect cat control success and our ability to monitor cats
(Edwards et al. 1997; Short et al. 2002; Moseby et al. 2009).

BNTW survival

Despite the lack of a significant change in cat activity following

culling, the BNTW population increased since the control

efforts increased, suggesting that predator control was effective
and activity indices may not be the best measure. The initial

increase in the BNTW population was modest, but after 2015,
despite 2015 being a drought year, the increase accelerated. The
mean population estimates from this study were consistently

higher that those obtained in the mid-1990s, which were most
likely drought affected (Fisher et al. 2000). The combination of
providing animals with drought-relief food and predator control

in the present study is likely to have bolstered survival, making
the impact of these events difficult to detect.

Historical BNTW density estimates derived from spotlight
data suggest that it ranged from 0.822 in March 1998 to 19.55 in

March 1993. However, Lundie-Jenkins et al. (1998) highlighted
problems with the accuracy of the data and the large confidence
intervals because of the low sample sizes. They extrapolated the

density estimates across the entire park (rather than just for the
coreBNTWarea) to give a population estimate of between 95 and
2267, which is the largest population estimate ever recorded on

the Park. We suggest that these estimates are likely to be an
overestimate of the population at the time, which means that the
current population size is probably greater than the population

size in the late 1980s/early 1990s and possibly the highest on
record. In the current study, we used two independent methods,
spotlight and CMR data, to measure the trends in the population.
The similarity in the data trends between these twomethods gives

us confidence that the estimates from the current study are
reasonably accurate. The population estimates derived from the
spotlight data were slightly larger but also had much larger

confidence intervals. The small disparity in the abundance esti-
mate between the two methods may highlight some of the
problems associated with trapping and having sufficient traps

available in the higher-density areas to adequately sample the
population. Although both techniques surveyedmuch of the same
area, trapswere also set in some of the lower-density areas outside

the core area, whichmay have affected the result.We also found a
disparity between the modelled population estimate and the
KTBA, which effectively represents a minimum count. The
KTBA data showed that a larger portion of the population was

missed in April 2021 and October 2015 than other years and this
contributed to a dip in the modelled population estimate. This
difference highlights potential problemswith the trappingmethod

and the statistical approach. Both 2012 and 2015 were dry years
and animals may have dispersed across the core area and not just
along roadswherewe trapped and spotlighted. Fisher et al. (2000)

reported that the CMR data were negatively biased because the
wallaby’s behaviour did not conform to the assumptions of the
CMR models. They reported problems with unequal capture
probabilities and recommended that the line-transect method be

used for assessing trends in the BNTW population at Taunton,
despite the line-transect data containing large confidence inter-
vals. Large confidence intervals reduce the detection of trends

and, where possible, methods should try to improve precision.
The precision of distance-sampling estimates can be improved
through the use ofmultiple-covariate distance sampling (Marques

et al. 2007); however, this approach did not improve data
precision in the current study. Stratifying the transects according
to sightability may also improve precision; however, this

approach did not work for Lundie-Jenkins et al. (1998) at
Taunton, who also reported problems with precision.
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Table 1. Estimated regression coefficients (mean and 95% credible

intervals) for the effects of the explanatory variables (cat and dog

activity and rainfall) on survival of large (.3.5 kg and small ,3.5 kg)

BNTWs (2007–2016)

Effect Parameter Estimate mean and 95% credible interval

Cat index (large) bC,adult 0.50 (�1.1, 2.2)

Dog index (large) bD,adult 1.0 (�0.04, 2.3)

Cat index (small) bC,juvenile 2.3 (�0.62, 6.0)

Dog index (small) bD,juvenile 0.16 (�1.4, 1.9)

Rainfall bR �0.0027 (�0.0090, 0.0043)
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Despite the increase in BNTWs, neither cat or dog activity
nor rainfall were found to have a significant effect on BNTW

survival. Line-transect data collected in the 1990s showed that
survival correlated with rainfall (Lundie-Jenkins et al. 1998),
and Fisher et al. (2001) reported that rainfall, food, predator

activity, year, sex and habitat did not affect adult survival,
whereas drought and predation were negatively correlated with
juvenile survival. They estimated a slightly lower annual sur-

vival rate of 0.80 (0.75–0.84, 95% CI)) than the 0.83–0.97
recorded in the present study. The slightly higher survival rate
obtained in the present study could reflect the improved survival
rates that have contributed to the population increase since cat

control commenced.
The small positive effect of cats on juvenile wallaby survival

observed in the present study lacks a clear possible mechanism,

whereas a negative effect of cats on adult survival is plausible
and possible (i.e. a negative effect could be accommodated
within the uncertainty around the regression line; black dotted

lines in Fig. 10). However, a negative effect of cats on adults but
little effect on juveniles seems unlikely; so, one could conclude
that there is little relationship between the cat index and wallaby

survival. The similar lack of any relationship between wallaby
survival and dog activity might be because they had been baited
for many years and the introduction of dog trapping did not
decrease the dog population to the same extent as the com-

mencement of cat control decreased the cat abundance. Alter-
natively, the measure for dogs was too insensitive. The analysis
provided some evidence that survival of BNTWs increases with

dog activity, which is consistent with meso-predator effects
(whereby dogs help limit the impacts of other potential predators
such as cats; Estes 1996;Wang and Fisher 2012). This estimated

effect is consistent for adult and juvenile BNTWs, although the
effect for juveniles is uncertain. However, the results are also
consistent with survival of wallabies varying with an unmea-

sured factor that also correlates with dog activity. For example,
conditions that might change wallaby survival might also
change dog activity. Using camera data, Fancourt et al. (2019)
found that cats and dogs exhibited a marked overlap in both

temporal and spatial activity, indicating co-existence at Taun-
ton. Further, the evidence that survival of juvenile wallabies
increases with the dog index is only somewhat suggestive within

the 95% credible interval encompassing zero.

Limitations of the study

If one were to interpret the credible intervals in a null hypothesis
significance-testing framework, none of the effects would be
significant (with the null hypothesis being of no effect, all the

credible intervals encompass zero; Nakagawa and Cuthill 2007;
Cumming et al. 2012). Given that (1) none of the putative effects
are significant (all the credible intervals encompass zero), (2) the

results are correlative rather than experimental, and (3) the index
of dog activity correlates with impacts of dogs only partially, the
implications of these results for management are merely sug-

gestive. Even though the dataset is large, with 14 trapping ses-
sions over 10 years, the capacity to examine temporal variation
in survival (and the factors thatmight influence it) is still limited.

Indeed, the analysis in the present paper is analogous to fitting a
regression model with three explanatory variables (cat index,

dog index, and rainfall) to 13 data points; such a low ratio of data
points to explanatory variables will limit statistical power and

can lead to over-fitting. Over-fitting of statistical models will
tend to mean that credible intervals are unrealistically precise.
Further, given that the true values for survival of each of the 13

data points is uncertain (the data are estimated with error
because the number of captured animals is finite), and that the
explanatory variables will at best measure the driving factors

indirectly, it is perhaps not surprising that the estimated effects
are uncertain. The effects are also slightly more uncertain for
small individuals because of the low number of individuals
caught. Given the uncertainty in the results, the limitations of the

correlative analysis, and the fact that further years of data col-
lection will reduce the uncertainty quite slowly, studies that
target possible mechanisms more directly seem warranted.

Further, more direct measures of cat and dog abundance might
help clarify any possible relationships with wallaby survival.

The lack of a suitable nil-treatment or control site with which

to compare the current study also limits our ability to assess the
effectiveness of predator control. As a result, it is difficult to
identify the importance of other drivers of population dynamics

because we could not compare what would have happened if we
had not provided supplementary food or killed predators. The
lack of a correlation with rainfall for years when food was not
provided suggests that bottom-up effects did not influence the

population and therefore top-down effects, for years when
rainfall is average to above average, are more likely to have
influenced the population. Had our measure of cat and dog

activity been more sensitive, then perhaps it may have been
possible to find a relationship between the predators and BNTW
survival.

Management implications

For most species, abundance measures are the preferred method
for assessing population trends (Caughley and Gunn 1996).
However, for threatened species, understanding population
dynamics using data on age-specific survival and fecundity may

be a more appropriate (Taylor and Gerrodette 1993; Caughley
and Gunn 1996; Fisher et al. 2000). Since 2013, the percentage
of small BNTWs has increased markedly, particularly in com-

parison to the percentage from surveys conducted before the
intensive cat and dog control began. Juvenile and young adult
survivorship has also tended to be above average after targeted

cat control and dog trapping commenced. Although we believe
that controlling predators was themain factor responsible for the
observed BNTW population increase, other factors influenced
their population dynamics, particularly food supply, and this is

affected by rainfall, weed control and supplementary feeding in
drought.

The findings from this study and others conducted in

unfenced reserves (Comer et al. 2020) have demonstrated that
predator-proof fences may not be necessary in areas without
foxes, and this is the case even though it is sometimes not

possible to reduce predators across the broader landscape
(neighbours). Predator-proof fencing is a rapidly expanding
conservation action aimed at stopping the influx of introduced

predators (Dickman 2012; Hayward and Somers 2012; Legge
et al. 2018; Berry et al. 2019). However, poorly designed and
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planned fences, particularly those that contain species well
outside their known range or climate change-affected range,

could potentially do more harm than good and some of the
concerns with predator-exclusion fences have been discussed
elsewhere (Hayward and Kerley 2009; Hayward et al. 2014;

Legge et al. 2018; Berry et al. 2019; Roshier et al. 2020; Kemp
et al. 2021).

Our results suggest that the timing and frequency of baiting

and trapping and the scale over which these activities were
applied was sufficient to enable the BNTW population to
increase. Kearney et al. (2020) emphasised the importance of
removing all threats, but our findings argue that this is not

necessary to conserve a species. The failure of the statistical
analysis to detect large negative influences of the key threats to
BNTWs seems irrelevant, given the non-trivial improvement in

juvenile survivorship and population size following manage-
ment activities. Nevertheless, it remains an important challenge
to not only improve the efficiencies of control, but also increase

our knowledge and ability to track the populations of both the
BNTWs and their predators in unfenced reserves. We suggest
that future studies should investigate other statistically robust

ways to monitor cats and dogs, particularly on smaller reserves
such as Taunton. These methods should consider the animal’s
use of the habitat, spacing intervals, encounter rates in general
and ensure that the detection device does not bias the animal’s

behaviour.
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