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Abstract
Many threatened species depend on climatic microrefugia, but places with harsh
climates for predators may also play a refugial role. Feral cats threaten many
native species in arid Australia. Although cats can persist in regions with no
free water, their abundance should depend on the availability of microclimates
that protect them from harsh environmental conditions. We developed a bio-
physical model of feral cat heat stress and used it to explore how behavior and
microhabitat features influence water requirements and activity. Tests of model
predictions against fine-scale GPS and microclimate data highlight the impor-
tance of refuges, particularly rabbit burrows. Continent-wide simulations show
large but temporally varying areas of the arid zone that would be lethal for cats
without access to deep or shaded burrows. Our approach can identify locations
that may act as natural refuges for native prey, and where habitat management
strategies may be effective in controlling cat abundance.
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1 INTRODUCTION

Models that predict species distributions are used widely
to inform the conservation and management of biodi-
versity (Guisan et al., 2013; Whitehead et al., 2017). At
finer scales, an understanding of how species persist in
particular landscapes can assist in developing targeted
management plans (Keith et al., 2008; Magadzire et al.,
2019). Refuges—locations that enable species to persist in
times of stress (Keppel et al., 2012)—are an attractive target
for managers because these locations can have dispropor-
tionate impacts on species’ long-term persistence (Reside

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the
original work is properly cited.
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et al., 2019; Scheele et al., 2017). Although refuges are
often thought of at relatively broad spatial and temporal
scales, they can also operate over shorter time periods, and
include habitats that buffer species against extreme heat,
cold, humidity, or other stressors (McLaughlin et al., 2017).
Considerable focus has been given to enhancing or pro-
tecting refuges to aid conservation of threatened species
(e.g., Heard et al., 2015; Reside et al., 2019), but manage-
ment directed at refuges relied on by invasive species may
also be an effective means of reducing their distribution
and abundance (Florance et al., 2011). An understanding
of when and where the activity, distribution, or abundance
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of invasive species is constrained by stressors could also be
used to help identify refuges for native species (Letnic et al.,
2009).
Introduced predators, including the feral cat Felis catus,

have been implicated in population declines of native
species globally (Doherty et al., 2017; Woinarski et al.,
2015). In Australia, feral cats are estimated to occur across
99% of land area (Legge et al., 2017), including arid areas
where cats have been implicated in the demise of many
threatened species (DEWHA, 1999).
Feral cats are likely to be physiologically challenged

in Australia’s arid zone, despite occurring at high den-
sities during wet periods (Legge et al., 2017). Laboratory
studies of cat physiology found that water loss rates
increased rapidly at air temperatures exceeding 35◦C, and
prolonged exposer to air temperatures of 41◦C and 75%
humidity resulted in a breakdown of thermal homeosta-
sis (Robinson & Lee, 1941). Air temperatures across the
global distribution of this species—including parts of arid
Australia—frequently exceed these limits, and in the wild,
cats must also contend with substantial heat loads from
solar radiation.
Directly applying thermal limits identified in the lab-

oratory to field conditions is problematic, because other
factors (e.g., wind speed, solar radiation, infrared radia-
tion) influence heat exchange in complex environments.
Furthermore, animals have a range of behavioral strategies
for coping with thermally stressful environments, includ-
ing postural adjustments and seeking cool microclimates
(Huey et al., 2012). Biophysical models of energy and mass
exchange represent powerful tools for understanding cli-
matic constraints on species distributions and how species
persist in particular environments (Briscoe et al., 2016;
Porter et al., 2000; Porter & Gates, 1969). These models use
physical principles to explicitly model how microclimates
experienced by animals influence their energy and water
requirements and core temperature, as a function of their
morphology, physiology, and behavior. They can quantify
how behaviors such as the use of cool microclimates influ-
ence energy and water requirements (Briscoe et al., 2014)
and determine climatic constraints on activity patterns
and habitat use (Kearney et al., 2016; Mathewson et al.,
2017).
Here, we develop a general biophysical modeling

framework for computing cat sensitivity to heat stress.
We coupled this with field microclimate measurements
and GPS data to gain a better understanding of how
feral cats persist across the arid zone of Australia and
map the potential importance of fine-scale refuges,
such as rabbit burrows, in facilitating feral cat per-
sistence across the arid zone to identify options for
management.

2 METHODS

2.1 Cat biophysical modeling

We modeled feral cats using the endotherm mode in the
R package NicheMapR (Kearney et al., 2021; Kearney &
Porter, 2017; see Figure 1). We adapted the endoR func-
tion of NicheMapR to capture thermoregulatory responses
of cats and used it to estimate hourly energy and
water requirements and core temperatures under different
microclimatic and behavioral scenarios. Model parame-
ters were obtained by measuring feral cats from two study
sites (n = 16−18 per site), with additional morphological,
physiological, and behavioral data collated from the liter-
ature (Table S1.1). We tested the model against published
laboratory data and our own field observations.
Cats were modeled under a suite of behavioral scenarios

relating to activity, microhabitat use, and associated ther-
moregulatory options (Table 1). Cats were assumed to be
active nocturnally, or active for either 8 or 12 h per day
(based on tracking results, see below), but we varied the
timing of activity to minimize either energy or water costs.
For each simulation, we assessed whether cats could meet
their energy andwater requirements based on daily energy
intake estimated for adult male cats of 1297 kJ/day (Scott &
Scott, 1967), with food properties based on those reported
for rabbits (Fortun-Lamothe et al., 2002), and using diges-
tive efficiencies suggested by Plantinga et al. (2011). For
one set of simulations, we assumed that cats had access
to drinking water if weekly rainfall exceeded 3 mm (i.e.,
not accounting for permanent water sources). Sites were
deemed unsuitable if, over the period of a week, cats were
predicted to be in negative energy balance or if they lost
more than 10% of body weight as water. See Appendices
S7–S9 for example code.

2.2 Microclimate modeling

The microclimate model was used to calculate hourly air
temperature, wind speed, relative humidity, and solar and
long-wavelength thermal radiation in microhabitats avail-
able to cats (including down burrows). For empirical tests
at study sites, we used for input local weather data mea-
sured with an automated weather station (WeatherHawk,
Campbell Scientific, Inc.), as well as gridded weather data.
Simulations based on gridded data used the micro_aust
function in NicheMapR, with daily weather data obtained
from Australian Gridded Climate Data (0.05◦ resolution;
Jones et al., 2009) and daily wind speed fromMcVicar et al.
(2008). Soil properties were extracted from the CSIRO Soil
and Landscape grid of Australia (Grundy et al., 2015; see
Appendix S2).
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F IGURE 1 Overview of approach used to model feral cat reliance on refuges across Australia. Gridded weather data were used to
compute microclimatic conditions in a range of microhabitat scenarios available to cats. Weekly energy and water costs of cats were then
calculated via the biophysical model assuming different activity patterns, and the selection of microclimates to minimize water and energy
costs. We then mapped where cats could meet their predicted costs with the energy and water available from food assuming cats ate a diet of
rabbits

TABLE 1 Scenarios of activity and microhabitat use considered in biophysical modeling of cat energy and water balance

Scenario Shade Microclimate Posture
Minimum
metabolic rate Panting Licking

Surface active
Long-distance 0% 15 cm 8 Qbasal × 2.07 (+ Q10 & pant) 16/2.07 20%
Walking 0% 15 cm 8 Qbasal × 1.40 (+ Q10 & pant) 16/1.40 20%
Sit-and-wait 0% 15 cm 5 Qbasal × 1.26 (+ Q10 & pant) 16/1.26 5%
Inactive
Tree 90% 300 cm 4 Qbasal (+ Q10 & pant) 16 20%
Surface 0% or 70% 15 cm 2–8 Qbasal (+ Q10 & pant) 16 20%
Shallow burrow 0% or 70% −20 cm 2–8 Qbasal (+ Q10 & pant) 16 20%
Deep burrow 0% −50 cm 2–8 Qbasal (+ Q10 & pant) 16 20%

Note: Microclimates were computed for different heights/depths above/below ground. Posture was defined by the ratio of the length to radius of the assumed
cylinder shape. The minimum allowable metabolic rate was the basal metabolic rate (Qbasal) with any additions imposed by the Q10 effect of core temperature
rising, or the energetic costs assumed for panting, as well as any activity costs. The maximum panting rate (multiplier on basal breathing rate) was divided by the
activity multiplier on basal metabolic rate to account for the already elevated breathing rate. Cats were allowed to increase their surface wetness to 20% by licking
unless they were sit-and-wait foraging.

2.3 Field tests

Field data were collected at two sites within the arid zone
in Australia: Arid Recovery, a wildlife sanctuary approxi-
mately 20 km north of Roxby Downs in South Australia,
and Scotia Wildlife Sanctuary, located near the border

of NSW and South Australia and managed by the Aus-
tralianWildlife Conservancy. Scotia and Arid Recovery are
characterized by hot, dry summers, with open shrubland
vegetation and amixture of sand dune and calcrete, or sand
dune and solonized brown soils over clay. Feral cats are
managed actively at both sites.
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2.3.1 Quantifying microenvironments
available to cats

Fieldmicroclimate observationswere used to test howwell
the microclimate model predicted environments available
to cats. Hourly soil temperature profiles were measured
in sand and calcrete/brown soils using a wooden stake
with temperature loggers attached at a range of depths
(∼2.5−100 cm). Soil and local air temperatures at cat height
were also recorded in open and vegetated environments
using shaded temperature data loggers (Maxim iButton
DS1922L or DS1923) mounted on stakes (0 and 15 cm
height, shielded from solar radiation; Figure S2.1). At Sco-
tia,measurements of temperature and humidity down four
burrowsweremade fromAugust 2017 to June 2020.AtArid
Recovery, spot measurements of temperature and humid-
ity down burrows (0−1 m from entrance) were recorded
during hot weather (January 10−26, 2016; mean 1.2 m air
temperature= 36◦C) and compared to ambient conditions
on the surface (n = 28 burrows).

2.3.2 Refuge use and activity data

Cat activity and habitat use data were collected using GPS
collars fitted to cats (n= 6−9 at each site) and set to record
at fine (∼2.5−20 min) time intervals. Cats were assumed
to be inactive if the GPS collars indicated movement rates
of less than 2 m/min. GPS collars were also fitted with a
data-logger (Maxim hygrochron iButton DS1923) to record
temperature and humidity data. At Arid Recovery, com-
parisons between vapor pressure calculated from data
collected from cat collars and on the surface were used
to identify when cats were likely to be using burrows,
because burrows consistently had higher vapor pressure
(Figure 2; Appendices S1–S3). Unfortunately, data loggers
could not be retrieved from cats at Scotia. Instead, dis-
tances moved between sequential fixes were used to infer
activity periods, which were then compared to predicted
activity times and energy and water costs. GPS data from
several individuals at Scotia were also used to identify the
types of sites that cats were using during hot weather (i.e.,
air temperatures >35◦C and solar radiation >800W/m2).

3 RESULTS

3.1 Microclimate observations and tests

3.1.1 Microclimates available to cats

GPS tracking data from Scotia revealed that feral cats used
numerous hot weather refuges including rabbit burrows,

disused fox dens, shallow depressions under Triodia hum-
mocks, gaps under piles of refuge (branches, logs, and
sand) adjacent to tracks, and under dense Callitris trees
(Figure S2.2).
Recorded temperatures at cat height (15 cm) ranged

from 5.5 to 54.5◦C at Arid Recovery (January–April) and
−7.5 to 55◦C (January–December) at Scotia. Temperatures
measured down burrows were consistently cooler than
temperatures on the surface during hot weather. At Arid
Recovery, mean temperatures recorded at depths of 25 and
50 cm were 3.6 and 5.7◦C cooler, respectively, than 1.5 m
air temperature in dunes, and 5.8 and 5.5◦C cooler, respec-
tively, in swales (Figure S2.3). At Scotia, burrows were on
average 8.3◦C cooler than 1.5 m air temperature during hot
weather (air temperature >35◦C and solar radiation >800
W/m2), with a maximum difference of 19◦C.

3.1.2 Modeling feral cat microclimates

When run using local weather data, the microclimate
model predicted air temperatures at cat height and
soil temperatures well, with all correlation coefficients
(r) >0.9, root mean square deviations (rmsd) between
1.6 and 13.4◦C (Table S2.1). Burrow temperatures at Sco-
tia were also well predicted (rmsd: 1.7–3.7◦C, r ∼ 0.90),
while burrow humidity was predicted with lower accuracy
(rmsd: 17.8%–24.1%, r ∼ 0.44). Figure 2 provides example
temperature and humidity observations and predictions
for Scotia, with all tests provided in Appendices S3 and S4.
Predictive performance generally decreased slightly when
gridded, rather than local, weather data were used.

3.2 Modeling feral cat physiology,
burrow use, and activity patterns

Biophysical model predictions of cat responses to hot
environments show good congruence with published lab-
oratory data (Robinson& Lee, 1941; Figure S1.1), indicating
rapid increases in evaporative water loss and core body
temperature at chamber air temperatures >30◦C.
At Scotia, cats were typically active for 12 h per day

(mean = 11.9, monthly mean range = 9.7−14.3), but
the diurnal pattern of activity varied through the year.
Daily cat activity patterns were unimodal in winter, peak-
ing at mid-afternoon and reaching a minimum between
midnight and early morning, correlating inversely with
predicted energy requirements associated with activity
(r = −0.43, P ≤ 0.001). Timing of activity gradually shifted
so that by summer, daily activity was bimodal with max-
ima at dawn and dusk and reducing to near zero in the
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F IGURE 2 Example of modeled (black) and observed (red) microclimatic conditions relevant to cats at Scotia Wildlife Sanctuary in 2017

mid-afternoon, correlating inversely with predicted water
loss rates associated with activity (r = −0.62, P ≤ 0.001).
Cats were predicted to rely on burrows when inactive.
Overall, shifts in activity patterns across the year were
captured well by simulations that assumed low or sit-and-
wait activity, with activity timed to minimize energy costs
(Figures 3 and S1.2–5).
At Arid Recovery, inferred burrow use by feral cats

was reasonably well-predicted when we assumed that cats
used burrows when predicted water savings from this
behavior exceeded 20 g/h (Figure 4; Accuracy= 0.81, Preci-
sion= 0.42, Sensitivity= 0.43; compared to a null expecta-
tion of burrow use during daylight hours: Accuracy= 0.55,
Precision = 0.25, Sensitivity = 0.91).

3.2.1 Reliance on refuges across Australia

Plots of all landscape simulations are provided in Appen-
dices S5 (allowing rehydration) and S6 (no rehydration).

The effect of preventing rehydration from rainfall was
minor, so we discuss only simulations allowing rehydra-
tion. Cold stress was also not found to be an important
limiting factor, with energy deficits no greater than 2 kJ per
week (Appendices S5 and S6), and is not discussed further.
Cats simulated to have access to deep burrows or shaded

shallow burrows suffered minimal heat stress, and only
in some years in small regions of the Gibson Desert and
Simpson Desert in central and central-western Australia
(Figure 5a–c; Appendix S5, simulations 1, 2, 5, 6, and 8).
If access to deep or shaded shallow burrows was removed,
heat stress was predicted, especially in the aforementioned
regions, but rarely for more than two consecutive years
(Appendix S5, simulations 3, 6, 9, 22, 25, and 28). However,
if only surface shade and trees were available (no bur-
rows), a large region of the arid zone became consistently
unsuitable over multiple consecutive years (up to 27 years
in some places), irrespective of whether a sit-and-wait or
active hunting mode was assumed (Figure 5d–f; Appendix
S5, simulations 4, 7, 10, 23, 26, and 28). Recent (post-1970)
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F IGURE 3 Predicted activity (sum of hours) (top), water costs (g/h) (middle), and energy costs (kJ/h) (bottom) of feral cats at Scotia in
summer and winter for each hour of the day (2016−2018). Boxplots of water and energy requirements assume low-cost activity and show the
range of values across days. Red dots indicate the proportion of hours that cat activity was observed across this period (right axis). Activity was
inferred from GPS data

records of three native species impacted by feral cats cor-
respond with areas with higher years of consecutive lethal
conditions for cats (Figure 5g–i; Table S1.2).

4 DISCUSSION

We found that potentially climatically lethal environ-
ments for cats exist throughout large parts of central and
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F IGURE 4 Predicted (black) and inferred (red) burrow use of six feral cats at Arid Recovery. Burrow use inferred from differences in
vapor pressure between sensors mounted on feral cat collars and ambient on the surface. Cats were assumed to use burrows when the water
savings from this behavior relative to sit-and-wait foraging on the surface exceeded 20 g/h

northwestern Australia’s arid zone (Figure 5). However,
continent-wide application of our model over 27 years of
historical weather data shows that cats with access to deep
or shaded shallow burrows can avoid exposure to poten-
tially lethal heat stress at virtually all times and places. This
is consistent with the cat’s continent-wide distribution.
Cats with access only to unshaded shallow burrows would
experience lethal conditions in areas of Central Queens-
land and the Gibson Desert, and this zone expands to a
large proportion of the arid zone if cats have no access
to burrows and can only use shade from ground-level
vegetation or climb trees to shaded, cooler (and windier)
conditions. The magnitude and location of this stress zone
varied fromyear to year (Appendices S5 and S6) but regions
experiencing the greatest consecutive number of years of
stress showed a broad association with remaining popu-
lations of several native species known to be vulnerable
to cat predation (Figure 5). Regions with recent sightings
of bilby and mulgara had significantly higher consecutive
lethal conditionswhen compared to historic records (Table
S1.2).
Data from two arid-zone field sites showed we could

accurately characterize microclimates used by cats and
underscored the importance of cool burrows as a refuge
from hot weather. Our results are consistent with reports
of cats using retreat sites such as rabbit burrows and shift-
ing temporal activity patterns across seasons (e.g., Jones

& Coman, 1982; Roshier & Carter, 2021)—suggesting that
these behaviors are likely driven by thermoregulatory con-
straints. Over summer, cats at Scotia were more active at
nighttime, with a low proportion of activity taking place
during daytime hours that would place high energy and
water demands on cats (Figure 3). By contrast, in winter,
activity was spread across the day, although the highest
activity levels occurred during the daytimewhen predicted
energy costs of active cats were lowest. Other factors, such
as prey or predator activity, are likely to influence feral cat
activity patterns in the absence of strong thermoregula-
tory constraints (Wang et al., 2012). At the Arid Recovery
site, cats generally used burrows at the times we predicted
would be thermally stressful for them (Figure 4). Feral cat
reliance on refuges such as burrows during the daytime
could influence the types of native prey that face the most
risk from cats in different seasons, and across different
regions. Burrows from other native (e.g., bilbies, goannas)
and introduced (foxes) species may also provide important
thermal refuges.
Our study supports the hypothesis that some areas of

Australia can become physiologically prohibitive for cats
in some years if thermal refuges are not available. This
result has severalmanagement implications. First, our pre-
dictionsmay help in the detection of populations of species
threatened by cats but able to tolerate thermally harsh
conditions, such as the night parrot. Searches could be
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F IGURE 5 Summary plots of cat heat stress across Australia (1990−2017) when cats are assumed to be active for 8 h per day and all
retreats are assumed to be available as refuge sites (a–c; Simulation 5) or no burrows are assumed to be available (d–i; Simulation 7). Example
plots of desiccation stress (% of body mass) for (a, d) a mild year (1999), (b, e) a hot year (2012), and (c,f–i) the consecutive number of years of
potentially lethal (10% of body mass) heat stress. Recent (since 1970, black dots) records of three cat-sensitive species: bilby (g), mulgara (h),
and night parrot (i) are from areas with higher consecutive lethal conditions than historical records (purple crosses). See Appendix S5 for
alternative simulations

prioritized to places that have a recent history of thermal
stress for cats that are also naturally lacking in thermally
buffered retreats for cats, such as burrows and caves. Sec-
ond, our analyses show where removal of potential cat
refuges can be most effective in limiting cat populations.
For example, we found cats to be using piles of woody
debris created in association with road management at
Scotia. Removing such habitat features may substantially
reduce the carrying capacity of cats in areas where threat-
ened species occur, although consideration must also be
given to the role such refuges play for native species (Read
et al., 2008). Similarly, destroying rabbit warrens to limit
refugia for cats will have greatest effect in areas of higher
heat stress. These areas can be identified from our model,
with outputs that allow site-based assessments available
to managers through a web-based app (http://bioforecasts.
science.unimelb.edu.au/app_direct/cat_oz/).

A key advantage of biophysical models is that they
are generalizable: our model of feral cats could thus be
applied to other parts of their global distribution where
cats may threaten native prey, or the parameters adjusted
to model other predators such as the red fox Vulpes vulpes.
Our modeling could also be extended: while we focus
here on identifying locations that would be physiologically
challenging for cats assuming prey are available, data on
spatial and temporal availability of prey and water sources
(including artificial watering sources for livestock) could
also be incorporated to further refine predictions.

ACKNOWLEDGMENTS
This study was funded by the National Environmental
Science Program’s Threatened Species Recovery Hub and
supporters of AWC, with support from Arid Recovery. NJB
was also supported byARCDiscovery project DP180101852.

 1755263x, 2022, 5, D
ow

nloaded from
 https://conbio.onlinelibrary.w

iley.com
/doi/10.1111/conl.12906 by U

niversity of A
delaide A

lum
ni, W

iley O
nline L

ibrary on [23/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://bioforecasts.science.unimelb.edu.au/app_direct/cat_oz/
http://bioforecasts.science.unimelb.edu.au/app_direct/cat_oz/


BRISCOE et al. 9 of 10

We thank Nick Leseberg for advice on recent night parrot
records.

DATA AVAILAB IL ITY STATEMENT
Data are openly available via Figshare at https://doi.org/
10.26188/17031389.

ORCID
Natalie J. Briscoe https://orcid.org/0000-0003-0049-
8956

REFERENCES
Briscoe, N. J., Handasyde, K. A., Griffiths, S. R., Porter, W. P.,
Krockenberger, A., & Kearney, M. R. (2014). Tree-hugging koalas
demonstrate a novel thermoregulatory mechanism for arboreal
mammals. Biology Letters, 10, 20140235.

Briscoe, N. J., Kearney, M. R., Taylor, C. A., & Wintle, B. A. (2016).
Unpacking the mechanisms captured by a correlative species dis-
tribution model to improve predictions of climate refugia. Global
Change Biology, 22, 2425–2439.

Department of the Environment, Water, Heritage and the Arts
(DEWHA). (1999). Threat abatement plan for predation by feral
cats. Biodiversity Group, Environment Australia.

Doherty, T. S., Dickman, C. R., Johnson, C. N., Legge, S. M., Ritchie,
E. G., & Woinarski, J. C. Z. (2017). Impacts and management of
feral cats Felis catus in Australia.Mammal Review, 47, 83–97.

Florance, D., Webb, J. K., Dempster, T., Kearney, M. R., Worthing,
A., & Letnic, M. (2011). Excluding access to invasion hubs can con-
tain the spread of an invasive vertebrate. Proceedings of the Royal
Society B: Biological Sciences, 278, 2900–2908.

Fortun-Lamothe, L., Lamboley-Gaüzère, B., & Bannelier, C. (2002).
Prediction of body composition in rabbit females using total body
electrical conductivity (TOBEC). Livestock Production Science, 78,
133–142.

Grundy, M. J., Rossel, R. A. V., Searle, R. D., Wilson, P. L., Chen, C.,
& Gregory, L. J. (2015). Soil and landscape grid of Australia. Soil
Research, 53, 835–844.

Guisan, A., Tingley, R., Baumgartner, J. B., Naujokaitis-Lewis, I.,
Sutcliffe, P. R., Tulloch, A. I. T., Regan, T. J., Brotons, L.,Mcdonald-
Madden, E., Mantyka-Pringle, C., Martin, T. G., Rhodes, J. R.,
Maggini, R., Setterfield, S. A., Elith, J., Schwartz, M. W., Wintle,
B. A., Broennimann, O., Austin, M., . . . Buckley, Y. M. (2013). Pre-
dicting species distributions for conservation decisions. Ecology
Letters, 16, 1424–1435.

Heard, G.W., Thomas, C. D., Hodgson, J. A., Scroggie, M. P., Ramsey,
D. S. L., & Clemann, N. (2015). Refugia and connectivity sustain
amphibian metapopulations afflicted by disease. Ecology Letters,
18, 853–863.

Huey, R. B., Kearney, M. R., Krockenberger, A., Holtum, J. A. M.,
Jess, M., & Williams, S. E. (2012). Predicting organismal vul-
nerability to climate warming: Roles of behaviour, physiology
and adaptation. Philosophical Transactions of the Royal Society B:
Biological Sciences, 367, 1665–1679.

Jones, D., Wang, W., & Fawcett, R. (2009). High-quality spatial
climate data-sets for Australia. Australian Meteorological and
Oceanographic Journal, 58, 233–248.

Jones, E., & Coman, B. J. (1982). Ecology of the feral cat, Felis catus
(L.), in south-eastern Australia III.* Home ranges and popula-

tion ecology in semiarid north-west Victoria. Australian Wildlife
Research, 9, 409–420.

Kearney, M. R., Briscoe, N. J., Mathewson, P. D., & Porter, W. P.
(2021). NicheMapR –AnRpackage for biophysicalmodelling: The
endotherm model. Ecography, 44(11), 1595–1605.

Kearney,M. R., & Porter,W. P. (2017). NicheMapR - An R package for
biophysical modelling: The microclimate model. Ecography, 40,
664–674.

Kearney, M. R., Porter, W. P., & Murphy, S. A. (2016). An estimate
of the water budget for the endangered night parrot of Australia
under recent and future climates. Climate Change Responses, 3, 14.

Keith, D. A., Akçakaya, H. R., Thuiller, W., Midgley, G. F., Pearson,
R. G., Phillips, S. J., Regan, H. M., Araújo, M. B., & Rebelo, T. G.
(2008). Predicting extinction risks under climate change: Coupling
stochastic population models with dynamic bioclimatic habitat
models. Biology Letters, 4, 560–563.

Keppel, G., Niel, K. P. V., Wardell-Johnson, G. W., Yates, C. J., Byrne,
M., Mucina, L., Schut, A. G. T., Hopper, S. D., & Franklin, S. E.
(2012). Refugia: Identifying and understanding safe havens for bio-
diversity under climate change. Global Ecology and Biogeography,
21, 393–404.

Legge, S., Murphy, B. P., McGregor, H., Woinarski, J. C. Z.,
Augusteyn, J., Ballard, G., Baseler, M., Buckmaster, T., Dickman,
C. R., Doherty, T., Edwards, G., Eyre, T., Fancourt, B. A., Ferguson,
D., Forsyth, D. M., Geary, W. L., Gentle, M., Gillespie, G.,
Greenwood, L., . . . Zewe, F. (2017). Enumerating a continental-
scale threat: How many feral cats are in Australia? Biological
Conservation, 206, 293–303.

Letnic, M., Crowther, M. S., & Koch, F. (2009). Does a top-predator
provide an endangered rodent with refuge from an invasive
mesopredator? Animal Conservation, 12, 302–312.

Magadzire, N., Klerk, H. M., De Esler, K. J., & Slingsby, J. A. (2019).
Fire and life history affect the distribution of plant species in a
biodiversity hotspot. Diversity and Distributions, 25, 1012–1023.

Mathewson, P. D., Moyer-Horner, L., Beever, E. A., Briscoe, N. J.,
Kearney, M. R., Yahn, J. M., & Porter, W. P. (2017). Mechanistic
variables can enhance predictive models of endotherm distribu-
tions: TheAmerican pika under current, past, and future climates.
Global Change Biology, 23, 1048–1064.

McLaughlin, B. C., Ackerly, D. D., Klos, P. Z., Natali, J., Dawson, T. E.,
& Thompson, S. E. (2017). Hydrologic refugia, plants, and climate
change. Global Change Biology, 23, 2941–2961.

McVicar, T. R., VanNiel, T. G., Li, L. T., Roderick,M. L., Rayner, D. P.,
Ricciardulli, L., & Donohue, R. J. (2008). Wind speed climatology
and trends for Australia, 1975–2006: Capturing the stilling phe-
nomenon and comparison with near-surface reanalysis output.
Geophysical Research Letters, 35, L20403.

Plantinga, E. A., Bosch, G., & Hendriks, W. H. (2011). Estimation
of the dietary nutrient profile of free-roaming feral cats: Possible
implications for nutrition of domestic cats. The British Journal of
Nutrition, 106, S35–S48.

Porter, W. P., Budaraju, S., Stewart, W. E., & Ramankutty, N. (2000).
Calculating climate effects on birds and mammals: Impacts on
biodiversity, conservation, population parameters, and global
community structure. American Zoologist, 40, 597–630.

Porter, W. P., & Gates, D. M. (1969). Thermodynamic equilibria of
animals with environment. Ecological Monographs, 39, 227–244.

Read, J. L., Carter, J., Moseby, K. M., & Greenville, A. (2008). Eco-
logical roles of rabbit, bettong and bilby warrens in arid Australia.
Journal of Arid Environments, 72, 2124–2130.

 1755263x, 2022, 5, D
ow

nloaded from
 https://conbio.onlinelibrary.w

iley.com
/doi/10.1111/conl.12906 by U

niversity of A
delaide A

lum
ni, W

iley O
nline L

ibrary on [23/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.26188/17031389
https://doi.org/10.26188/17031389
https://orcid.org/0000-0003-0049-8956
https://orcid.org/0000-0003-0049-8956
https://orcid.org/0000-0003-0049-8956


10 of 10 BRISCOE et al.

Reside, A. E., Briscoe, N. J., Dickman, C. R., Greenville, A. C.,
Hradsky, B. A., Kark, S., Kearney, M. R., Kutt, A. S., Nimmo,
D. G., Pavey, C. R., Read, J. L., Ritchie, E. G., Roshier, D.,
Skroblin, A., Stone, Z., West, M., & Fisher, D. O. (2019). Persis-
tence through tough times: Fixed and shifting refuges in threat-
ened species conservation. Biodiversity Conservation, 28, 1303–
1330.

Robinson, K., & Lee, D. H. K. (1941). Reactions of the cat to hot
atmospheres. Proceedings of the Royal Society of Queensland, 53,
159–170.

Roshier, D. A., & Carter, A. (2021). Space use and interactions of two
introduced mesopredators, European red fox and feral cat, in an
arid landscape. Ecosphere, 12, e03628.

Scheele, B. C., Foster, C. N., Banks, S. C., & Lindenmayer, D.
B. (2017). Niche contractions in declining species: Mechanisms
and consequences. Trends in Ecology & Evolution, 32, 346–
355.

Scott, P. P., & Scott, M. G. (1967). Nutrient requirements for car-
nivores in husbandry of laboratory animals. In M. L. Conalty
(Ed.),Proceedings of the 3rd International SymposiumOrganized by
the International Committee on Laboratory Animals (pp. 163–186).
Academic Press.

Wang, Y., Fisher, D. O., Wang, Y., & Fisher, D. O. (2012). Dingoes
affect activity of feral cats, but do not exclude them from the
habitat of an endangered macropod. Wildlife Research, 39, 611–
620.

Whitehead, A. L., Kujala, H., & Wintle, B. A. (2017). Dealing with
cumulative biodiversity impacts in strategic environmental assess-
ment: A new frontier for conservation planning. Conservation
Letters, 10, 195–204.

Woinarski, J. C. Z., Burbidge, A. A., & Harrison, P. L. (2015). Ongo-
ing unraveling of a continental fauna: Decline and extinction of
Australianmammals since European settlement. Proceeding of the
National Academy of Science of the United States of America, 112,
4531–4540.

SUPPORT ING INFORMATION
Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

How to cite this article: Briscoe, N. J., McGregor,
H., Roshier, D., Carter, A., Wintle, B. A., &
Kearney, M. R. (2022). Too hot to hunt: Mechanistic
predictions of thermal refuge from cat predation
risk. Conservation Letters, 15, e12906.
https://doi.org/10.1111/conl.12906

 1755263x, 2022, 5, D
ow

nloaded from
 https://conbio.onlinelibrary.w

iley.com
/doi/10.1111/conl.12906 by U

niversity of A
delaide A

lum
ni, W

iley O
nline L

ibrary on [23/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1111/conl.12906

	Too hot to hunt: Mechanistic predictions of thermal refuge from cat predation risk
	Abstract
	1 | INTRODUCTION
	2 | METHODS
	2.1 | Cat biophysical modeling
	2.2 | Microclimate modeling
	2.3 | Field tests
	2.3.1 | Quantifying microenvironments available to cats
	2.3.2 | Refuge use and activity data


	3 | RESULTS
	3.1 | Microclimate observations and tests
	3.1.1 | Microclimates available to cats
	3.1.2 | Modeling feral cat microclimates

	3.2 | Modeling feral cat physiology, burrow use, and activity patterns
	3.2.1 | Reliance on refuges across Australia


	4 | DISCUSSION
	ACKNOWLEDGMENTS
	DATA AVAILABILITY STATEMENT

	ORCID
	REFERENCES
	SUPPORTING INFORMATION


