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ABSTRACT

Context. Animal and plant populations in arid regions fluctuate in size and extent in response to
rainfall, fire and predation. Understanding the influence of these drivers on the status and trends of
populations is crucial to implementing effective conservation actions. Aims. In this study, we quantified
the long-term drivers and trends in populations of a threatened lizard, the great desert skink
(Liopholis kintorei; Tjakura), in the central and western deserts of Australia. Methods. We collated
23 years (2002-2023) of active Tjakura burrow count data from 31 sites clustered in the following four
regions: Yulara, Newhaven Wildlife Sanctuary, Uluru—Kata Tjuta National Park and Kiwirrkurra
Indigenous Protected Area. We fitted a negative binomial regression model in a Bayesian framework
to estimate trends in active burrow counts over time and quantified the effect of rainfall, mean
annual normalised difference vegetation index (NDVI), time since fire and fire extent on active
burrow counts. Key results. Our results showed contrasting trends in Tjakura active burrow counts
across the four regions. At Kiwirrkurra, Newhaven Wildlife Sanctuary and Yulara, active burrow
counts increased consistently at rates of 35% (0.298; 95% Cl 0.099-0.471), 18% (0.168; 95% Cl 0.029,
0.314) and 5% per year (0.045; 95% Cl 0.017, 0.073) respectively. In contrast, active burrow counts in
Uluru—Kata Tjuta National Park increased from 2002 to 2012 before steadily decreasing. Across all
sites, fire was the most important predictor of active Tjakura burrow counts, with a significant positive
effect of time since fire (0.108; 95% Cl 0.014-0.204) and a strong negative effect of fire extent in the
previous year (—0.I1; 95% Cl —0.243 to —0.026). Conclusions. Our results have highlighted the
importance of delivering ongoing planned fire management programs that avoid burning vegetation
directly at and around Tjakura burrow systems, while providing a patch mosaic across the surrounding
landscape. Implications. We recommend that monitoring of Tjakura burrows be standardised across
regions and that site covariates, especially measures of predation pressure, be monitored to further
understand drivers of population trends.

Keywords: arid zone, burrow counts, fire regime, great desert skink, long-term monitoring,
population modelling, Tjakura, wildfire.

Introduction

Understanding the status and trends of plant and animal populations is crucial to imple-
menting effective conservation actions (Yoccoz et al. 2001). General biodiversity inventories,
targeted species surveys and ongoing monitoring of biodiversity are needed to improve
knowledge about where species are located, how they are trending and whether management
interventions are working (Possingham et al. 2012; Lindenmayer and Likens 2018).
Identifying the ecological processes and mechanisms driving trends is also important for
prescribing conservation actions and understanding how populations and communities might
respond to environmental change (Didham et al. 2007; Brook et al. 2008). However, despite
the need for long-term and robust biodiversity monitoring, there are few long-term datasets
available for plants and animals at risk of extinction (Scheele et al. 2019; Lavery et al. 2021),
particularly in remote and inaccessible regions such as deserts (Durant et al. 2014).
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Quantifying trends and drivers of plant and animal popula-
tions in arid regions is especially challenging. Surveys must
often be conducted in remote and inaccessible environments
subject to extreme weather events (Southwell et al. 2023a),
limiting the spatial and temporal coverage of sampling.
Many arid-zone species are sparsely distributed across large
areas, meaning that biodiversity monitoring programs must
span multiple management jurisdictions and land tenures
(Legge et al. 2024). This can lead to inconsistent survey effort
and sampling protocols across sites, increasing rates of
observer error and limiting what can be inferred about
population trends. Furthermore, detecting trends in arid-zone
species is complicated by high rates of natural variability in
both the size and extent of species populations (Letnic and
Dickman 2010; Yang et al. 2010; Dickman et al. 2018).
Monitoring should be conducted regularly enough to under-
stand the natural year-to-year variation in population extent
and size, and over periods that are sufficiently long enough to
be teased apart from long-term underlying trends.

High variability in the population size and extent of arid
zone species is primarily driven by processes such as rainfall,
fire and predation. Episodic rainfall events stimulate plant
productivity and growth, which in turn drives increases in
animal populations such as rodents (Bennison et al. 2018),
other small mammals (Letnic and Dickman 2010) and
lizards (Letnic et al. 2004). As these populations increase,
predators such as foxes and cats also increase, shaping
species communities by limiting the density and range of
prey (Letnic et al. 2005). In addition, fire is an important
process in arid regions that regulates populations of plants
and animals (Bowman et al. 2009). In the deserts of Australia,
the likelihood of fire is influenced by both cumulative rainfall
since fire and antecedent rainfall accumulated over 24 months
(Allan and Southgate 2002; Van Etten and Burrows 2018;
Ruscalleda-Alvarez et al. 2023). Fires spread easily once
spinifex cover exceeds 30% (Burrows et al. 2016) or when
two consecutive summers of above-average rainfall result in
a continuity of ephemeral fuels (Verhoeven et al. 2020).
Since the cessation of Indigenous land management in many
arid regions around the world, large-scale fire events have
become more widespread, likely contributing to the decline
of many threatened arid-zone species (Letnic et al. 2004;
Bird et al. 2005).

In arid regions, rainfall, predation and fire are likely to
interact with one another to influence the spatial extent and
long-term trends of animal populations (Greenville et al. 2014).
For example, periods of high rainfall will likely increase
vegetation productivity, which in turn will increase food
resources and shelter from predators for some species, while
at the same time increase fire risk (Pastro et al. 2013). There
has been considerable interest from conservation ecologists
in untangling interactions between fire and predation risk,
particularly in the fire-prone ecosystems of the arid and wet—
dry tropical regions of central and northern Australia (Stobo-
Wilson et al. 2020; Doherty et al. 2022; Doherty et al. 2023).

Management of fire and predators might help uncouple these
processes from other drivers such as rainfall. Understanding
the relative contribution of such processes operating on
threatened species at multiple scales is important for under-
standing the likely effectiveness of management for improving
population trends.

In this paper, we assessed the long-term trends and drivers
of a threatened lizard in arid Australia, the great desert skink
(Liopholis kintorei). The species is a large orange (or sometimes
grey) skink that lives in communal family burrow systems
confined to fire-prone arid environments in the central and
western deserts of Australia. Populations are threatened by
feral cats (Felis catus) and the red fox (Vulpes vulpes), along
with severe and extensive wildfire (Moore et al. 2018).
The species is known by a number of names in Australian
Aboriginal languages, namely, Tjakura in the Pitjantjatjara,
Yankunytjatjara and Ngaanyatjarra languages, Warrarna in
Warlpiri language, Tjalapa by Pintupi speakers, Mulyamiji in
the Manyjilijarra language spoken by Martu, Nampu in the
language of the Mantjintjarra Ngalia people and Aran spoken
by the Anmatjere (McAlpin 2001; Indigenous Desert Alliance
2022). Here, we use Tjakura because this name covers the
highest number of populations from the South Australian A angu
Pitjantjatjara Yankunytjatjara (APY) Lands to southern Northern
Territory, and across to the Ngaanyatjarra Lands of Western
Australia.

Populations of Tjakura have been monitored by Indigenous
desert ranger groups and conservation organisations for the
past two decades because of the species’ cultural significance
to Aboriginal peoples (Pearson et al. 2001; Indigenous Desert
Alliance 2022) and in response to evidence of population
declines (McAlpin 2001; Indigenous Desert Alliance 2022).
Fire and predators have been managed in some regions to
benefit Tjakura and studies have shown negative effects of fire
and predation on Tjakura burrow activity (Moore et al. 2015;
Cadenhead et al. 2016; Moore et al. 2018). However, these
studies have generally focused on single populations over
short time frames. Analysis of Tjakura data across the full
spatial and temporal extent of monitoring would provide
further insight into the drivers of long-term population trends.

Here, we (1) collated Tjakura monitoring data from the
central and western deserts of arid Australia, (2) estimated
trends in Tjakura across geographically distinct populations,
and (3) estimated the relative effect of processes driving
population trends. In total, we collated Tjakura burrow count
data from 31 monitoring sites clustered in four regions in arid
Australia, some of which have been monitored for over two
decades. For each site, we extracted the dynamic variables,
cumulative rainfall, mean annual normalised difference vegeta-
tion index (NDVI), time since fire and fire extent. Using a
regression model, we quantified trends in active burrow counts
across the four regions and the relative effect of the dynamic
variables on active Tjakura burrow counts. In light of our
results, we provide advice on how a standardised Tjakura
monitoring program might be implemented across the species
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range. Understanding the drivers of Tjakura population trends
across space and time will inform conservation decision-
making for the species, paving the way for species recovery
and more cost-effective management.

Materials and methods

Study species

Tjakura is a large, scincid lizard with an average snout-vent
length of 200 mm and a body mass of up to 350 g (McAlpin
2001; Chapple 2003). The diet of Tjakura consists of a wide
variety of invertebrates, small vertebrates, and the leaves,
flowers and fruits of plants (McAlpin 2001; Thuo et al. 2024).
They construct complex burrow systems with up to 20
entrances within a 10 m radius, and can be occupied by up to
10 individuals (McAlpin et al. 2011; Dennison 2015). Active
burrows are conspicuous and easy to distinguish from
diggings and burrows made by other species because of the
distinctive nature of the communal latrine. Individuals
forage only a few hundred metres from their burrow system
but may disperse 0-4 km to establish elsewhere (McAlpin
2011). Predation by feral cats and the red fox are thought
to threaten populations along with severe and extensive fire
(Moore et al. 2018). The species is listed as Vulnerable
under the Environment Protection and Biodiversity Conservation
Act (EPBC) 1999 and by the International Union for
Conservation of Nature (IUCN 2014).

Study area

Tjakura are thought to occupy a vast area of approximately
770,000 km? of the central and western deserts of Australia
(Fig. 1), although this distribution is known to be patchy, with
their presence being recorded at fewer than 100 localities

(a) Yulara/Uluru

Fig. 1.
dots) and Uluru—Kata Tjuta National Park (pink polygons), (b) Kiwirrkurra, and (c) Newhaven Wildlife Sanctuary. The grey shading in a—c shows
the number of fires since 2000 in and around the monitoring sites.

(Indigenous Desert Alliance 2022). The occupied region of
Australia is arid with irregular rainfall events ranging from
200 mm annually in the south of the species range to 400 mm
in the north-west. Tjakura most commonly occupy spinifex-
dominated sand plains and dune swales, but are also found
in spinifex-dominated paleo-drainage lines and undulating
gravelly downs with spinifex.

Tjakura monitoring

Tjakura populations are monitored by counting the number of
active burrows within designated search areas rather than
surveying for the individuals themselves, because this provides
an index of abundance that is cost-effective, non-invasive and
builds on the tracking skills of Indigenous desert rangers. A
burrow system is confirmed to be a Tjakura burrow only if
evidence of a latrine can be found and is only recorded as active
if fresh Tjakura tracks are observed or there are fresh (black not
grey) scats in the latrine.

We collated active Tjakura burrow counts from 31 sites in
four regions of arid Australia: Yulara (11 sites), Australian
Wildlife Conservancy’s Newhaven Wildlife Sanctuary (eight
sites; hereafter Newhaven), Kiwirrkurra Indigenous Protected
Area (three sites; hereafter Kiwirrkurra) and Uluru-Kata Tjuta
National Park (nine sites; hereafter Uluru; Fig. 1). Newhaven
is a privately owned wildlife sanctuary; Uluru is a jointly
managed national park; Yulara is a privately owned tourism
area; and Kiwirrkurra is an Indigenous Protected Area. Fire
management is conducted in all four regions to protect
infrastructure, flora and fauna, but there are different
approaches to fire management in each and varying levels
of capacity for wildfire suppression.

Most sites were surveyed annually in late summer (February/
March) when Tjakura are most active and burrows are most
visible because of accumulated scats in the latrine and burrow
maintenance activity over the active season. The exception is

Number of fires

Estimated geographic range of Tjakura in Australia (left panel, grey shading) and location of 31 monitoring sites in (a) Yulara (yellow
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Yulara, which was monitored in November. The number of
years that sites were monitored, area searched, and search
methodology varied across the four regions. Uluru and Yulara
have been monitored from 2001 to 2023, whereas monitoring
at Newhaven and Kiwirrkurra commenced in 2014 and 2016
respectively. Sites of 4 ha in size were searched at Yulara
(approximately 260 x 160 m); 30 ha sites were searched in
Kiwirrkurra (approximately 300 x 1000 m), whereas sites in
Uluru ranged from 13 to 289 ha. At Newhaven, a consistent
10 m belt transects were searched inside 50 ha sites approxi-
mately 500 m wide and 1000 m long, resulting in a search area
of 7.5 ha. Although sites were searched systematically, the
search pattern, number of observers, experience of observers
and time spent searching varied across site-years and was not
recorded routinely.

Site covariates

We extracted the following four time-varying covariates at
monitoring sites that are thought to drive Tjakura population
trends: rainfall, NDVI, time since fire and fire extent. Rainfall
is thought to be an important driver of reptile population
structure in central Australia because it can promote the
availability of food resources, increase vegetation cover and
influence the incidence of fire (Letnic et al. 2004; Pastro
et al. 2013). Given that our raw data show that Tjakura were
able to persist during years of drought, we hypothesised that
rainfall accumulated over a 12-24 month period is most
relevant to Tjakura burrow activity through changes in
spinifex cover and fire risk; however, the optimal length of
this temporal window is uncertain. We therefore downloaded
raster tiles of daily rainfall interpolated at 5 km resolution
developed by the Climate Hazards Center available from the
chirps package (De Sousa et al. 2020) in R ver. 4.3.1 (R Core
Team 2023) and calculated the cumulative rainfall over
two periods preceding surveys, namely, 12 and 24 months
(November—October for Yulara; March-February for Newhaven,
Uluru and Kiwirrkurra).

There is a growing body of literature demonstrating that
vegetation productivity is a good predictor of stability and
persistence of animal populations in arid and semi-arid
environments because it can provide a more direct measure
of vegetation condition, resource availability and shelter
than does rainfall (Selwood et al. 2018; Young et al. 2022).
NDVI is a common remotely sensed index available at high
spatial and temporal resolution. We extracted raster layers
of NDVI collected by the Moderate Resolution Imaging
Spectroradiometer (MODIS) satellite for each region at
250 m resolution by using the MODISTools package in R
(Hufkens 2023). We calculated the mean NDVI in the 12 and
24 months preceding surveys. Raw rainfall and NDVI data are
plotted against burrow counts in Supplementary Figs S1-S3.

Fire is thought to be a key driver of Tjakura population
dynamics, with previous studies suggesting that long-unburnt
habitat supports larger populations (Moore et al. 2015, 2018).

Fire mapping is conducted annually at each region by using
Landsat satellite imagery. We rasterised each map at 30 m
resolution (Yulara/Uluru 1987-2023; Newhaven 2000-2020
and Kiwirrkurra 2000-2023) and calculated two fire metrics
at sites, namely, fire extent and time since fire. To calculate
fire extent, we calculated the proportion of cells that burnt
within the boundary of each site each year. To calculate time
since fire, we calculated the number of years since at least 5%
of cells burnt within a site. Although Tjakura have a home
range of a few hundred metres (McAlpin 2011), we did not
buffer sites when calculating the fire metrics because we were
primarily interested in the incidence of fire at the monitored
burrows.

Trends and drivers of active burrow counts

We fitted generalised additive models (GAMs) to active burrow
count density data by using the mgcv package in R (Wood
2011), with ‘years’ as a predictor variable, to explore non-linear
trends in the number of active burrows across the four regions
over time. Exploring the response shape of ecological data with
GAMs has been recommended as an important first step in the
ecological modelling literature (Hastie and Tibshirani 1990;
Wintle et al. 2005a).

We then quantified linear trends and drivers in Tjakura
active burrow counts by fitting a regression model in a
Bayesian framework. Prior to model fitting, we calculated the
pairwise correlation among variables and found that none
were highly correlated (|r| < 0.7; Dormann et al. (2013)
(Supplementary Tables S1, S2). A chi-squared test suggested
that burrow counts did not fit a Poisson distribution
(P < 0.05). We therefore modelled active burrow counts by
using a negative binomial regression model, which assumed
that for each site i and year j, the number of active burrows
is described as

Yi ~ negbin(/lij,p)

where 4; is the mean number of active burrows and p is the
overdispersion parameter. The mean number of active burrows
is modelled as a log regression, as follows:

In(4j) = a1_4 + p1_4j + PsRAIN;; + BsNDVI;; + p;TSF;; 4
+ Mi,j—lﬂSFEiJ—l + log(Al) + reYj + & + Ej

where a,_4 is a random intercept for sites by region, §;_4 is a
linear trend in burrow counts by region, fs is the effect of
cumulative rainfall in a temporal window preceding surveys,
Pe is the effect of mean NDVI in a temporal window preceding
surveys, f, is the effect of time since fire in the previous year,
M;;_; is an indicator variable specifying whether a fire
occurred (1) or not (0) in the previous year, fg is the effect
of fire extent in the previous year, log(4;) is an offset term to
account for unequal site areas, reY;; accounts for first-order
temporal correlation among burrow counts in successive
years, and ¢; and ¢; are site and year random effects respectively.
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All covariates were scaled by their mean and standard
deviation except for fire extent, which was log transformed.
We fitted the model in R (ver. 4.3.1; R Core Team 2023) by
using Markov-chain Monte Carlo sampling (MCMC) in the
rjags package for Bayesian inference (Sturtz et al. 2010).
We ran two parallel chains for 100,000 iterations with the
burn-in set to 50,000 and thinning set to two. We assessed
model convergence using the coda package (Plummer et al.
2006) and ensured that R-hat values were <1.1 (Brooks and
Gelman 1998). We assigned vague normal priors N (0,1079)
(mean and precision parameterisation) for parameters o
and pg. The means of the priors for the random effects were
set at zero, with a standard deviation assigned a uniform
distribution U (0,100).

Given there was uncertainty in the most ecologically
relevant temporal window from which to extract rainfall
and NDVI, we compared two competing models: one where
rainfall and NDVI were calculated in the 24 months preceding
surveys, and a second, where rainfall and NDVI were
calculated in the 12 months beforehand. For each model,
we calculated the deviance information criterion (DIC) and
the Watanabe Akaike information criterion (WAIC) and
assumed that the model with the lowest BIC and WAIC was
‘best’ (Pastro et al. 2013; Gelman et al. 2014).

Results

Active burrow counts

The density of active burrows varied across the four regions.
The lowest active burrow density was observed at Uluu
(0.13/ha), where very large areas were searched (up to 289 ha),
followed by Yulara (0.37/ha in 4 ha sites) and Kiwirrkurra
(0.40/ha in 30 ha sites). In contrast, the highest density was
recorded at Newhaven, with an estimated 1.76 active burrows
per hectare recorded over a 7.5 ha search area. Overall, the
average density of active burrows across all sites and years
was 0.51/ha.

Competing models

The model with rainfall and NDVI calculated over a 24 month
window preceding surveys received DIC and WAIC values of
2095.9 and 1886.2 respectively, which were both less than
the model with these variables calculated over a 12 month
window (DIC = 2101.3; WAIC = 1887.4). We therefore
present results from the 24 month model below and provide
the results for the 12 month model in Fig. S4.

Trends in active burrow counts

Trends in Tjakura active burrow counts were inconsistent
across the four regions (Figs 2, 3). Our negative binomial
regression model and GAMs suggested that Kiwirrkurra had
a consistent increase in active burrow counts at a rate of

35% (0.298; 95% CI 0.099-0.471), although this estimate
had a higher degree of uncertainty because only three sites
have been monitored for 6 years. We found similar evidence
for an increase in active burrow activity at Newhaven and
Yulara at rates of 18% (0.168; 95% CI 0.029, 0.314)
and 5% per year (0.045; 95% CI 0.017, 0.073) respectively.
Our GAMs showed that these increases were linear in
Kiwirrkurra, Yulara and Newhaven over the monitoring
periods; however, the increase at Newhaven was influenced
by a sharp increase in burrows in 2020. In contrast, the GAMs
showed a highly non-linear trend in burrow counts at Uluru;
active burrow counts increased steadily from 2002 to 2012,
before decreasing consistently until 2023. When modelled
in our regression model, active burrow counts at Uluru have
declined at a rate of —2.18% per year (—0.022; 95% CI —0.055,
0.011) over the monitoring period from 2002 to 2023.

Drivers of trends

The two fire variables, namely, time since fire and fire extent,
were strongly associated with trends in Tjakura active burrow
counts (Fig. 3). Time since fire had a significant positive
association with active burrow counts (0.108; 95% CI 0.014,
0.204) (i.e. the 95% credible intervals did not overlap with
zero), whereas the log of fire extent in the previous year had
a strong negative impact on burrow counts (—0.111; 95% CI
—0.243, 0.026). We found weak support for a positive effect of
24-month total rainfall on active burrow counts (0.032; 95%
CI —0.061, 0.125), although this effect was not statistically
significant because a large portion of the posterior distribution
overlapped zero. Similarly, the effect of mean NDVI over the
24-month window prior to surveys was uncertain (—0.038;
95% CI —0.159, 0.084).

Discussion

Quantifying drivers and trends in species populations is
crucial for informing conservation land management actions.
In this study, we (1) collated Tjakura active burrow count data
from 31 sites across four regions of arid Australia, (2)
estimated trends in active burrow counts across each region,
and (3) estimated the effect of time-varying site covariates on
active burrow count trends. Pooling data across the full spatial
and temporal extent of monitoring maximised what could be
inferred about the processes driving Tjakura population
trends. Although the known distributional range of Tjakura
has contracted and localised population declines and extinc-
tions have been documented (McAlpin 2001), we found
contrasting trends in active burrow counts across the four
regions. Active burrow counts at Yulara, Newhaven and
Kiwirrkurra followed the same general pattern, increasing
steadily over time despite differences in site areas and search
methods. Whereas the trend at Uluru, which is only 5-10 km
away from Yulara, differed considerably, with a steady
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Fig. 3. The trend (i.e. the effect of year) in active burrow counts at
Yulara, Newhaven, Kiwirrkurra and Uluru and the effect of four site
covariates (total rainfall in the 24 months preceding surveys, mean
NDVI in 24 months preceding surveys, time since fire and fire extent)
as estimated by the negative binomial regression model. The error
bars represent 95% credible intervals.
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Response of GAMs fitted to active burrow count data separately for the four regions with

increase in active burrow counts from 2002 to 2012, before
consistent declines across sites to lower levels of activity
in 2023.

Drivers of active burrow count trends

Our analysis showed no clear associations between accumu-
lated rainfall and mean NDVI over 24 months as drivers of
Tjakura active burrow counts. This is not surprising, given
that rainfall over a 24 month period could have both
negative and positive impacts on Tjakura populations. On the
one hand, high rainfall over a 24 month period may result in
an increase in the amount of ground vegetation and therefore
the incidence of fire, which in turn affects predation pressure,
having a negative impact on Tjakura populations. On the
other hand, an increase in the amount of vegetation cover,
if remaining unburnt, may reduce effectiveness of predation
at the burrow systems. In addition, it is possible that high
rainfall increases the amount of food resources available to
Tjakura, increasing reproductive success and survivorship.
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However, the latter scenario is unlikely to be a major driver of
active burrow counts, given our raw data showed that Tjakura
populations were able to persist at Newhaven, Yulara and
Kiwirrkurra during periods of drought with record-low rainfall
(e.g. 42.2 mm at Newhaven in 2019). This might have been
because termites (one of their primary food source) feed on
dead spinifex material during dry periods, maintaining a reliable
food source, and/or because reptiles have low metabolic rates
and ability to become inactive during periods of stress. Other
skink species have been found to maintain high survivorship
but low recruitment in dry years, before achieving increased
reproductive success post-drought, followed by high adult
mortality after successive above-average rainfall years, likely
owing to increased predation pressure (James 1991). The
asynchronous recovery of predator and prey is thought to be
a critical driver of post-drought recovery trends (Ruiz et al. 2022).

In contrast, we found stronger support for both fire metrics
as drivers of active burrow count trends. Our result that time
since fire is positively associated with active burrow counts
and fire extent is negatively associated is consistent with
previous studies (McAlpin 2001; Moore et al. 2015; Indigenous
Desert Alliance 2022). For example, broadscale surveys at
Newhaven showed that 84% of 78 burrows located in unburnt
spinifex habitat were active, whereas just 8% of burrows found
in habitat that had been burnt within 2 years were in use
(Moore et al. 2015). Similarly, 82% of 78 burrows at Uluru
became inactive within 4 months of being burnt in 2002
(Director of National Parks 2013). In 2012, when most sites
were burnt by large fires, 98% of 37 burrows surveyed also
became inactive within 4 months (Director of National Parks
2013). At the Yulara sites, Paltridge and Eldridge (2021) found
that 83% of burrows became inactive within 12 months of a fire
in 2019, compared with an average of 30% of unburnt burrows
becoming inactive each year (range = 12-55%). Taken together,
these studies have provided strong support for a negative effect
of fire on the number of active Tjakura burrows.

Fire is likely to be an important moderator of Tjakura
populations because fire induced changes to vegetation, such
as reduced ground cover, influence predator—prey encounters
(Janssen et al. 2007). With their conspicuous burrows and
predictable behaviour of emerging around sunrise and sunset,
Tjakura are potentially at high risk of predation from
predators that learn burrow locations and become specialised
in hunting this species (Moore et al. 2018). This risk is likely to
increase in a freshly burnt landscape given the hunting
efficiency of some predators, such as feral cats, increases under
these conditions (Dickman 1996; McGregor et al. 2015). For
example, Tjakura were found to survive the immediate impacts
of fire and burrows remained active for at least 1 month after
their burrows were burnt in experimental burns at Newhaven
(Moore et al. 2015). However, more than half the burrows
became inactive in the following 3 months (Moore et al.
2015), coinciding with high rates of predation visits to Tjakura
burrows by feral cats (Moore et al. 2018). Prey species that rely
on habitat structure for avoiding predation often experience

increased predation rates and lower survival rates in recently
burnt areas (Doherty et al. 2022). Although solid evidence
remains elusive, we believe that if fire has reduced the
vegetation cover around Tjakura burrows, predator hunting
success is very likely to be enhanced.

The contrasting trends in active Tjakura burrow counts
may reflect the implementation of different fire regimes and
suppression capabilities across the four regions. We found
that all regions with increasing active burrow count trends
(Yulara, Newhaven, Kiwirrkurra) have had active fire
management programs and/or capacity for quick wildfire
suppression that have mostly succeeded in excluding fire
from key Tjakura monitoring sites. For example, very few of
the Kiwirrkurra and Newhaven sites have been burnt since
2001, and at Yulara, 7 of the 11 monitoring plots remained
unburnt since 2005. In contrast, large fires burnt Tjakura
habitat at Uluru in 2012, 2019 and 2023, affecting 3, 6 and 1
of the 9 sites respectively. Although only 25% of the mapped
active burrows across the monitoring area were burnt in the
2012 fire, the population has been declining ever since. The
divergent trends in active burrow counts and fire histories at
Uluru compared with the other regions support the hypothesis
that Tjakura populations are driven by fire, and that reducing
the frequency and extent of large unplanned fires in and
around burrows can prevent population declines.

Introduced predator control, specifically feral cat control,
has been conducted alongside fire management at Newhaven,
Yulara and Kiwirrkurra, over at least the past 5 years to reduce
predation pressure on Tjakura populations. For example, at
Yulara, 153 cats have been culled from Tjakura habitat since
2018 and, at Newhaven, 180 cats were culled from Tjakura
habitat between 2014 and 2022, with 69% (n = 124) being
culled during the 3 years of drought (2018-2020). Over the
same period, more than 200 cats were removed from an
area that includes the Tjakura sites but also extends out to
a 20 km buffer around the population. The much stronger
focus on cat control in Tjakura habitat in the three regions,
alongside active fire management and suppression, is likely
to have contributed to the observed increases in Tjakura
burrow trends, especially during drought years. This suggests
that cat control both after fires and during drought periods
may have supported their persistence by reducing predation
pressure at a time when post-fire vegetation cover was
limited, or during drought periods when the absence of small
mammals made Tjakura a target for predators. We initially
included a binary term for predator control in our model
(1 = control, 0 = no control); however, records were limited
and even when information was available, there was uncer-
tainty about the intensity of control that had been implemented.
This made it very difficult to assign a meaningful value to
every site-year. We were therefore reluctant to include this
term in our model and strongly recommend that future
monitoring record both the presence and/or activity of
predators and management effort.
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Fire has the potential to affect Tjakura populations by
reducing food availability. Tjakura are known to feed on
invertebrates, ground beetles, mosquitoes, termites and
plant material (McAlpin 2001; Thuo et al. 2024). A recent
eDNA study by Thuo et al. (2024) at Uluru found that food
items did not differ significantly among age groups, seasons
or time since fire. However, the availability of these resources
may be influenced by longer time since fire periods or under
different environmental conditions and warrants further
research. For example, harvester termites (Drepanotermes
perniger) can survive on underground stores of spinifex in
habitats where spinifex can rapidly resprout after fire, but
may go locally extinct in habitats dominated by spinifex species
that can regenerate only through the germination of seed
(obligate seeder; (Perry 1972; Abensperg-Traun et al. 1996).
Although little can be done to improve food availability after
large unplanned fires, further research could explore whether
the diet of Tjakura shifts immediately following large, intense
fires.

Limitations

Our study contained some limitations that warrant further
research. First, uneven site areas ranging from 4 to 289 ha
may have resulted in uneven search effort per unit area, with
smaller sites likely being searched more thoroughly than
larger ones. It is therefore unclear whether our reported
difference in burrow densities across regions reflects true
differences or is an artefact of site area or search protocol.
We accounted for differences in site areas in our model
with an offset term but had incomplete information on other
aspects of survey effort, such as the number of observers, time
of survey, or duration of survey. Future monitoring should
record these details for inclusion in the modelling. Second,
although surveys were mostly completed in late summer
(February/March), when Tjakura are most active and
burrows most visible, the level of observer skill may have
varied, resulting in burrows being missed (false-absence),
misidentified as active (false-positives) or misidentified as
belonging to different species (false-positives). Further, the
rate of false-absences might have varied over time (e.g. as
ground cover increases or search effort changes), giving false
impressions of a trend. Both false-positives and false-negatives
can be reduced by ensuring observers are appropriately trained
prior to surveys and by standardising search methodologies
across sites (e.g. searching equal areas for a fixed time). We
recommend that a subset of sites are repeatedly surveyed within
a year to quantify rates of false-negatives (i.e. detectability)
(Wintle et al. 2005b).

Time since fire and fire extent are only two ways to
characterise fire regimes. Our analysis could be extended
to include other metrics of fire patchiness or interactions
between fire and rainfall, such as the amount of rainfall since
the last fire (Ruscalleda-Alvarez et al. 2023). We calculated
time since fire and fire extent within each site boundary.

This approach was chosen because we believed that Tjakura
burrow activity within sites is predominantly driven by the
impact that fire has on vegetation cover in and around
burrows, and the subsequent effect this has on predation risk.
It is possible that larger scale effects of fire exist; for example,
the occurrence of fire at a landscape-scale might influence
predator densities, and in turn, predation risk at burrows. This
could be explored by calculating fire metrics using very large
buffers around sites (>1 km); however, this approach was
complicated by the proximity of sites and very large differ-
ences in site size. These considerations highlight the complex
interactions between time since fire, fire frequency and fire size,
and the challenge extracting comparable site information from
unequal site areas. Standardising the area of sites and survey
methodology would remove some of these challenges (Southwell
et al. 2023b).

Conclusions

Our study highlighted the important role that long-term
monitoring can play in the conservation of species and
ecological systems. Long-term studies that monitor populations,
population drivers or environmental variables at multiple sites
across decades by using modern statistical approaches allow us
to gain a deep understanding of how ecosystems operate and
respond to driving processes (Lindenmayer et al. 2014). However,
our study focussed on Tjakura populations in only four regions,
three of which have had intense fire management and predator
control over the past decade. Thus, we stress that our estimates
of Tjakura active burrow trends are not likely to be repre-
sentative of the species across its broader distribution. We
expect that most populations of Tjakura that have not been
actively managed for fire and predators are in decline. We
recommend that standardised Tjakura monitoring be expanded
across the species’ known range, and assessment of covariates
such as predation pressure and ground cover are built into the
monitoring program to provide a more representative view of
trends and drivers of the broader population (Southwell et al.
2023b).

Since the cessation of Indigenous peoples land manage-
ment in many arid regions around the world, large-scale fire
events have become more widespread, resulting in the decline
in many threatened arid-zone species (Letnic et al. 2004; Bird
et al. 2005; Santos et al. 2022). Our results demonstrated that
when fire extent and frequency are reduced through fire
management programs and the majority of vegetation, specifi-
cally ground cover, is maintained in a mature vegetative state
in close proximity to burrows, Tjakura active burrow counts
increase or remain stable. Our results support the importance
and need for land managers responsible for the conservation of
Tjakura to actively conduct planned burning programs, including
fine-scale burns, and suppression of fire when required, to
reduce fire extent and frequency in and around burrows.
We recommend avoiding burning vegetation directly at and
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around Tjakura burrow systems, but conducting ongoing
burning in adjacent areas to maintain a variety of spinifex
ages within dispersal distance of extant burrows. Additional
broadscale burning in the surrounding landscape will reduce
the risk of wildfires encroaching into Tjakura habitat. Fire
management in conjunction with predator control will not
only benefit Tjakura but will also improve the persistence
of many other species in arid Australia.

Supplementary material

Supplementary material is available online.
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