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Extreme temperatures and heatwave events present challenging conditions for wildlife and are increasing
in frequency and intensity in many regions due to climate change. High daily temperatures increase
physiological stress and cause mortality in susceptible individuals (e.g. from poor health or exposure) but
may also drive behavioural changes as individuals seek to thermoregulate (e.g. seeking shelter or water). As
daily high temperatures accumulate into heatwave events, the ability of wildlife to tolerate conditions can
diminish and exacerbate stress. Although climate change is well known to decouple species interactions,
here we examined how extreme conditions may intensify interactions between predators and prey. In
particular, we explored whether predators can exploit the thermoregulatory requirements of prey as they
increasingly require access to water. We presented evidence from the use of artificial waterpoints by
dingoes, Canis dingo, and eastern grey kangaroos, Macropus giganteus, on a wildlife property in Australia's
semiarid drylands, asking whether high temperatures and heatwaves alter species behaviour and in-
teractions between them. Both species increasingly accessed waterpoints as daily maximum temperatures
increased; however, the degree of co-occurrence at waterpoints increased significantly as the temperatures
became extreme and resulted in heatwaves. Not only did waterpoints become increasingly important for
both species during heatwaves, but dingo hunting attempts on kangaroos at these times were significantly
higher than expected based on the number of days when heat anomalies occurred. Additionally, dingoes
relaxed their predisposition to hunt kangaroos in poor body condition, making kangaroo hunting oppor-
tunistic during these times. Our findings emphasize the potential for climate change to exacerbate
predatoreprey interactions, which may have an impact on species persistence if prey is unable to adapt to
predators that exploit their thermoregulatory demands.
© 2025 The Author(s). Published by Elsevier Ltd on behalf of The Association for the Study of Animal

Behaviour. This is an open access article under the CC BY license (http://creativecommons.org/licenses/
by/4.0/).
Anthropogenic climate change is recognized as one of the major
threats to global biodiversity (IPCC, 2022). It can exacerbate exist-
ing threats such as habitat loss and fragmentation, over-
exploitation, pollution and agricultural expansion and has been
predicted to increase species extinction rates this century (Cahill
et al., 2013). Climate change can drive geographical range shifts
(Monz�on et al., 2011), challenge species to physiologically adapt to a
warming climate (Acevedo-Whitehouse & Duffus, 2009), and
create phenological mismatches in species that heavily rely on
environmental cues (Wilmers et al., 2007). Furthermore, as the
global climate warms above 1.5 �C preindustrial levels because of
the increasing intensity of climate patterns such as El Ni~no and La
lard).
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Ni~na (Cai et al., 2021), as well as shifts in the Indian Ocean Dipole,
North Atlantic Oscillation, Arctic Oscillation and other similar pat-
terns (Cai et al., 2009; Delworth et al., 2016; Hamouda et al., 2021),
phenomena such as extreme temperatures and heatwaves are ex-
pected to increase in both intensity and frequency (Dosio et al.,
2018; Trancoso et al., 2020). The current rate at which the climate
is changing may be too rapid for many species to adapt, driving
biodiversity loss via radical shifts in biotic interactions (Acevedo-
Whitehouse & Duffus, 2009; Blois et al., 2013). Efforts to coun-
teract and anticipate biodiversity loss driven by climate change
require detailed knowledge of the shifts in biotic interactions to
mitigate extinction risk where possible (Urban, 2015).

Biotic interactions play a critical role in ensuring optimal
ecosystem functioning (Bascompte, 2009). Mutualistic relationships
can help sustain ecosystem productivity and biodiversity (Dehling
et al., 2022), while competitive interactions can push species to
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adapt and occupy narrower ecological niches, leading to specializa-
tion (Armbruster, 2017). Likewise, parasitic relationships are key
structural components of ecosystems because they influence the
behaviour, health and population size of the hosts (Brown, 2022;
Preston & Johnson, 2010). These interactions are critical in shaping
trophic foodwebs and ultimately biodiversity (Brown, 2022). Equally
important in this regard are the interactions that occur between
predators and prey. Predators can regulate prey populations through
effects like hunting and killing and by inspiring fear in prey, creating
hotspots in the landscape of fear (Gaynor et al., 2019; Ripple et al.,
2014). Both the consumptive and nonconsumptive effects of preda-
tors shape the ecology and behaviour of prey, with effects sometimes
able to cascade to influence lower trophic levels and vegetation
communities (Lundgren et al., 2022; Wallach et al., 2010). While
relationships between temperature and predation rates are well
studied, knowledge of how extreme temperatures and heatwaves
shape the dynamic spatiotemporal interactions of predators and
prey as they seek to mitigate heat stress remains limited. Not only
may access to water become a contested space under extreme con-
ditions, but predators may also be able to exploit prey that use
behavioural strategies to reduce heat stress.

Weather conditions are known to play a large role in shaping
the mechanisms and outcomes of predatoreprey interactions,
especially extreme temperature conditions exacerbated by cli-
matic change (Romero et al., 2018; Schemske et al., 2009).
Importantly, subtle deviations in the nature of predatoreprey in-
teractions may occur because of variance in species heat tolerance,
thermoregulatory requirements, behavioural and competitive
adaptation and cognition (for individuals and social groups), at-
tributes that may alter the survival and persistence of species
(Guiden et al., 2019; Soravia et al., 2021; Wooster et al., 2023).
Deviations can lead to biotic decoupling, where co-occurrences
and resulting dependencies are unfavourable because of pheno-
logical shifts in seasonality. For example, while predation by
ladybeetle larvae on aphids increases with warming temperatures,
it decreases rapidly when a temperature threshold is reached
(Sentis et al., 2012). In contrast, coupling effects that promote the
intensification of direct interactions between predators and prey
may also occur, for example, through behavioural adjustments
that intensify their spatiotemporal overlap. For example, Rafiq
et al. (2023) found that large African carnivores became more
nocturnal and had decreased activity levels when temperatures
increased. However, in doing so, competition for space among
predators can intensify, as temporal overlap can increase during
extreme temperature events (Rafiq et al., 2023). Weather condi-
tions can also directly impact the ability of prey species to avoid
predators, affecting their vulnerability to predation and potentially
increasing predation rate. For example, reduced snow cover due to
climate change allows coyotes, Canis latrans, which are poorly
adapted to walk through deep snow, to hunt snowshoe hares,
Lepus americanus, more effectively (Peers et al., 2020). These im-
pacts can then lead to changes in the survival and persistence of
species by increasing predation pressure.

As climate change increases the frequency and intensity of
extreme temperature events, like heatwaves, wildlife's access to
water may become an increasingly critical requirement to avoid
death for many species. When temperatures exceed the thermal
neutral zone (TNZ) of an individual, a favourable temperature
range, often species-specific, within which body temperature
regulation is optimal (Norris & Kunz, 2012), the metabolic rate of
the affected individual is forced to increase to maintain an
optimal body temperature (Norris & Kunz, 2012). Consequently,
metabolic water will evaporate at a quicker rate, pushing the
individual further towards dehydration and overheating, and, if
unable to replace the lost metabolic water (e.g. by drinking),
physiological impairments linked to such impacts are likely to be
triggered (Acevedo-Whitehouse & Duffus, 2009; Costa et al.,
2013). The main physiological impacts linked to overheating or
dehydration will often involve impairments of the reproductive
and immune systems, as well as cognitive abilities, among others
(Acevedo-Whitehouse & Duffus, 2009; Costa et al., 2013; Norris &
Kunz, 2012). The intensification of weather events like heatwaves
could lead to wild animals in affected regions relying on water
sources more often than they usually would for thermoregula-
tory purposes (Fuller et al., 2021). Thus, savvy predators may use
waterpoints to actively predate on weaker prey. This is particu-
larly the case for interactions between predators and prey in arid
and semiarid drylands, where water is a sparse yet vital resource.

Globally, rangelands constitute about 54 % of all land cover and
are found on most continents, with arid and semiarid ecosystems
constituting the majority (ILRI et al., 2021). Water, or lack thereof, is
one of the key features of dryland systems influencing mammal
communities (Smit et al., 2007), with predators in dryland systems
often focusing their activity around water (Makin et al., 2017;
Valeix, Fritz, et al., 2009; Wallach et al., 2009; Wooster et al., 2021).
For dryland wildlife, water availability can promote behaviours that
affect predatoreprey interactions (McCluney & Sabo, 2009; Valeix
et al., 2008). For example, in arid and semiarid areas of Africa,
such as Hwange National Park and the Serengeti, water location is
known to be a crucial factor in lion habitat selection (Davidson
et al., 2012; Mosser et al., 2009). Similarly, for herbivores in those
regions, distance towater is crucial for habitat selection (Bergstr€om
& Skarpe, 1999; Thrash et al., 1995; Valeix, Loveridge, et al., 2009)
and can constrain foraging activities, particularly in dry seasons
(Redfern et al., 2003; Thrash et al., 1995). While drinking locations
strongly influence habitat selection for predators in drylands, prey
abundance also shapes selection and behavioural patterns
(Davidson et al., 2012; Spong, 2002). Indeed, extreme weather
conditions may intensify predatoreprey interactions in regions
with scarce water availability, particularly when herbivores are not
only physiologically required to access water more often but may
also bemore limited in their choice of waterpoints. Recent evidence
suggests that these conditions provide predators with more and
easier hunting opportunities (Davidson et al., 2012, 2013; Harris
et al., 2015).

Here, we hypothesized that high temperatures and heatwaves
can intensify predatoreprey interactions at waterpoints in Austral-
ia's semiarid drylands, a biodiversity hotspot vulnerable to climate
change (Urban, 2015). To test this idea, we monitored the temporal
patterns of a prey species, eastern grey kangaroos, Macropus gigan-
teus, and a predator, dingoes, Canis dingo, and documented hunting
attempts that occurred at waterpoints on a large dryland reserve in
South-western Queensland, Australia. While eastern grey kangaroos
are a mesic species (Dawson et al., 2007), part of their range extends
into more arid regions, potentially making individuals in such re-
gions more vulnerable to intensifying temperatures. In Australia,
dingoes are awidespread and large predator capable of predating on
macropods (e.g. kangaroos Macropus spp.; Letnic et al., 2012), using
ambush hunting strategies as well as engaging in pack and chase
behaviour (Pollock et al., 2022; Purcell, 2010; Thomson, 1992;
Wooster et al., 2024). As a canid, dingoes require daily access to
water for hydration and thermoregulation and are also known to use
waterpoints as social hubs (Wallach & O'Neill, 2009). For prey spe-
cies like kangaroos, waterpoints and their environs are also used for
hydration and thermoregulation at times, obliging them to navigate
these requirements alongside recognition that waterpoints can be
places of risk (Wooster et al., 2022).

As a series of cascading predictions from a study system
including dingoes and eastern grey kangaroos, we first predicted
that waterpoint visits from both species would increase with rising
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temperatures as they seek to hydrate and thermoregulate. We then
predicted that the presence of kangaroos at water points on hotter
days would coincide with greater dingo activity than on similar hot
days without kangaroos. We expected that where possible, eastern
grey kangaroos would attempt to avoid access of waterpoints at
times when dingoes were present, but that extreme conditions
(both temperatures and heatwaves) would decrease the ability of
eastern grey kangaroos to temporally avoid dingoes. For eastern
grey kangaroos this represents a trade-off between accessing
waterpoints and the thermoregulatory opportunities this provides
while risking being hunted by dingoes, or else avoiding dingoes but
risking dehydration and overheating by staying away from water-
points. We also predicted that as opportunities for hunting in-
crease, dingoes may shift from targeting hunting activities towards
weaker individuals, a behaviour engaged in bymany predators (e.g.
Clements et al., 2016; Genovart et al., 2010), to being more oppor-
tunistic during high heat anomalies.

METHODS

Study Site

This research was conducted on the 480 km2 Mourachan con-
servation property (MCP) in southwestern Queensland, near the
township of St George. This private semiarid dryland reserve,
owned by Australia Zoo, is surrounded by cattle and sheep farms.
While a small number of cattle are run on one section of the
property under wildlife-friendly principles (Hasselerharm et al.,
2021), the remainder is maintained as a conservation reserve
where kangaroos, dingoes and other wildlife are protected from
persecution. Eastern grey kangaroos, red kangaroos, Osphranter
rufus, black wallabies, Wallabia bicolor, red-necked wallabies,
Notamacropus rufogriseus and black-striped wallabies, Nota-
macropus dorsalis, are the only macropod species present on the
property, while dingoes are the main predatory species. Southern
Queensland and most of Australia suffered from a severe drought
and heatwaves for the majority of 2019 and part of 2020 because of
a major El Ni~no event (BOM, 2020).
NN

Figure 1. Map of the 480 km2 Mourachan Conservation Property and location within Quee
sensors (red circles) are highlighted on the property.
Camera Traps

Kangaroos and dingoes were recorded using camera traps
(Browning Strike Force HD Pro X) deployed from November 2019 to
April 2021. As our primary goal was to understand how interactions
at resource points are affected, we deployed the cameras (N¼ 35) at
16 waterpoints distributed across the property (Fig. 1). We selected
the waterpoints as they were the only water sources on the prop-
erty when we set up the cameras in November 2019. We deployed
two cameras per waterpoint for 13 of the waterpoints because of
their smaller size; however, the remaining three waterpoints
required three cameras each to cover their area. We set up the
cameras so that they would cover much of the ground near the
water while also having part of the water visible in the frame
(Fig. 2), allowing us to observe both predatoreprey interactions
that may occur when kangaroos are at the water (e.g. when
drinking) and when approaching the water. We gathered a total of
10 736 camera trap days; however, some cameras were lost due to
being completely submerged during flooding in early 2020.
Kangaroo and Dingo Activity Rate

We measured the activity rate of kangaroos and dingoes to
determine how often they accessed water points. To do so, we
recorded the total number of kangaroo and dingo events per day
per waterpoint, defining an event as a series of camera trap images
captured within 5 min of each other. Hunting attempts were
identified as every event where kangaroos and dingoes were seen
interacting agonistically; for example, kangaroos were chased by
dingoes, there was physical contact (such as dingoes biting a kan-
garoo), or kangaroos were using defensive behaviours against
dingoes (Fig. 2). Some of the defensive behaviours used by kanga-
roos when interacting with dingoes include both fight behaviours,
such as adopting an upright stance in an attempt to make them-
selves more intimidating (Fig. 2, top), hopping in the direction of
the dingo while remaining in an upright posture, and actively
kicking at the predator, and flight behaviours, such as fleeing away
Queensland

Mourachan

0 5 10 km

nsland, Australia. The locations of waterpoints (green circles) and iButton temperature
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Figure 2. Example of predation attempts observed at the waterpoints of the Mour-
achan property. Both events were part of the 67 predation attempts recorded during
the study period. (Top) 22 November 2019, maximum temperature: 43.39 �C, mean
daily temperature: 32.84 �C. (Bottom) 1 January 2020, maximum temperature: 44.05
�C, mean daily temperature: 35.98 �C.
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from the waterpoints and fleeing towards water (Fig. 2, bottom;
Jarman & Wright, 1993; Purcell, 2010; Wright, 1993).

We ran logged negative binomial regression models to measure
the effect of maximum daily temperature on the daily visits of
kangaroos and dingoes at waterpoints and calculated R squares to
measure correlation between temperature and number of visits.
We conducted negative binomial regressions to investigate the
relationship between maximal daily temperature and dingo visits
at waterpoints when kangaroos were absent and present. This
analysis was done to determine whether dingo activity at water-
points was solely influenced by temperature or whether kangaroo
presence had an impact.
Temperature of the MCP

To determine the daily temperature of the MCP and identify
heatwaves, we established 15 iButton temperature sensors
(DS1922L-F5# Thermochron, Maxim Integrated, San Jose, CA,
U.S.A.) at three locations across the property. Each sitewas split into
five ground cover types to capture the full temperature spectrum of
the property with one iButton per ground cover: bare ground with
no trees (no shade), grass field with no trees (no shade), bare
ground with trees (full shade), grass with trees (full shade), and
shrub cover (limited shade). We placed the iButtons in mini-
Stevenson screens made using inverted white PVC jars perforated
to allow airflow (Ashcroft et al., 2012), which we then attached to
star pickets. The iButtons were placed 50 cm above ground to better
represent the average height of kangaroos and dingoes. To allow
airflow to reach the iButtons, we placed them in fine mesh bags
attached to the top of the jar, allowing the temperature sensors to
hang directly in front of the holes. We then used the temperature
recorded at all iButton sites to calculate the mean temperature,
mean maximum temperature and mean minimum temperature
across the property. The iButtons recorded temperatures half-
hourly from 24 January 2023 to 21 October 2023.

To obtain site-calibrated temperature data for the entire study
period, we combined the in situ iButton data with local weather
station temperatures recorded by the Australian Bureau of Meteo-
rology (BOM) for St George, QLD, the nearest town to the MCP with
weather stations, approximately 52 km from the MCP (BOM, 2023).
We used a linear regression model to adjust the BOM data based on
the iButton temperature data. We calibrated three BOM tempera-
ture variables: the daily minimum temperature, the daily
maximum temperature, and the mean temperature using the
minimum andmaximum temperatures. We then applied themodel
to BOM daily maximum and minimum temperatures from 1
February 1913 to the end of the study period 18 April 2021. BOM
station 043034 was used for temperatures from January 1913 to
April 1997 and station 043109 from May 1997 to April 2021 (BOM,
2023). All statistical analyses were carried out in R v4.1.1 (R Core
Team, 2023).

Heatwave Metrics

We then used the locally corrected temperatures to calculate
heatwave metrics. We first calculated the monthly mean temper-
ature for each month in a long-term reference period (1971e2000)
and identified the maximum monthly mean (MMM). The MMM
represents the typical highest mean temperatures that organisms
experience in a location. We calculated the MMM for the study site,
which was of 32.1 �C. We could then calculate temperature
anomalies as the difference between the observed temperature on
a given day (mean daily temperature) and the MMM plus a
threshold value, for example, MMM þ 0 �C, where positive values
indicate likely heat stress. Negative values indicate cooler condi-
tions. While previous uses of MMM-based anomalies have set all
negative anomaly values to zero, here we retained the negative
values for two reasons; the first is that cool periods following hot
periods provide physiological respite from heat stress, not just an
absence of heat stress (Ma et al., 2018). The second reason was
statistical, as clipping all negative values to zero would induce
nonlinearity into the model. Furthermore, because the camera trap
data used covers all seasons, the anomalies we calculated cover all
days in a year rather than a specific season.

We summed anomaly values over a 13 day window to provide a
heatwave index over time. We selected the a 13 day window and
MMM þ 0 �C heat threshold after testing multiple accumulation
window and heat threshold combinations to identify the combi-
nation best suited to explaining the relationship between heat
stress and kangaroo activity using Akaike information criterion
(AIC, Aho et al., 2014). We then used a generalized linear model
with a Poisson distribution to model eastern grey kangaroo activity
as a function of the interaction between heat anomalies and dingo
activity rates. The model was then visualized using the R package
‘visreg’ (v2.7.0; Breheny & Burchett, 2017).

A heatwave can be determined as a prolonged period of tem-
peratures higher than the long-term average (Robinson, 2001),
which in this work refers to periods where temperatures exceed
the local MMM for the long-term period of 1971e2000. Physio-
logically, heat stress can occur when temperatures exceed the TNZ
of an animal (often species-specific) and when an individual is no
longer able to maintain thermal balance (Norris & Kunz, 2012).
Phenological and genetic adaptations mean that different temper-
atures may be considered heat stress depending on the individual
animal, even within species (Hoffmann & Sgr�o, 2011). For example,
an eastern grey kangaroo living in the semiarid drylands of
Australia will be exposed to average temperatures higher than a
conspecific living along the southern coasts of the country and
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could, therefore, be expected to have a higher TNZ. Hence, the use
of a local MMM instead of a single threshold, as a single threshold
may not be semiarid dryland specific or accurately represent re-
lationships between kangaroos in semiarid drylands and
temperature.

To ascertainwhether heatwaves for the study period were more
intense than a long-term average and that heatwaves at the MCP
are intensifying, we calculated the normal annual average heat-
wave metric for a benchmark period from 1971 to 2000. We then
calculated differences in the annual mean heatwave metric be-
tween the benchmark value (�134.89) and all years from 1913 to
2021. We also calculated the number of days above the MMM for
each year from 1913 to 2021.

Kangaroo Demographic Characteristic and Body Condition

We classified the kangaroos captured by the camera traps by
demography classes: large adult, medium adult, small adult, sub-
adult, young-at-foot and pouch young (Austin & Ramp, 2019). A
single researcher (L.Q.J.) gave a body condition score (BCS) to each
individual using the chart described in Juillard and Ramp (2022).
The choice of a single researcher giving BCSs was made to avoid
potential confusion between BCSs given by multiple people owing
to the subjectivity of BCS assessments and to remain consistent
throughout scoring. The scores given by the chart are as follows: 1:
emaciated, 2: very thin, 3: thin, 4: optimal, 5: muscular. While the
chart uses five score levels, no kangaroo with a BCS of 5 was
observed throughout the period of the study; therefore, only scores
1e4 appear in our results.

Temporal Co-occurrence

We calculated the temporal patterns of kangaroos and dingoes
by estimating kernel densities in R packages ‘overlap’ (v0.3.3) and
‘circular’ (v0.4-93). We used the D4 overlap statistic, which is
regarded as reliable for measuring overlap of activity patterns
when sample sizes are > 75 detections (Ridout & Linkie, 2009). To
calculate the D4 overlap statistic and 95 % CIs, we generated 10 000
bootstrapped detections for both kangaroo and dingo (Wooster
et al., 2021). We used the ‘Basic0’ approach to adjust the 2.5 %
and 97.5 % percentiles, taking into account bootstrap bias. We
divided detections into heat anomaly and nonheat anomaly bins to
assess how much the overlap between kangaroos and dingoes
varied in response to the maximum daily temperature. Heat
anomaly bins represent days when the temperature rises over the
MMM threshold, whereas nonheat anomaly bins represent days
when the temperature falls below the MMM. We generated the D4
overlap statistic for both temperature groups (heat anomaly and
nonheat anomaly) and assessed significance based on the over-
lapping 95 % CIs.

Dingo Prey Selectivity

We explored the difference in hunting attempts between heat
anomaly days (where temperature exceeded theMMM) and days of
nonheat anomalies (where temperature was below the MMM) by
calculating the number of events per day at waterpoints through
the study period. We then used Manly's selectivity measure to find
selection ratios based on the number of days available during both
heat anomaly periods and nonheat anomaly periods and the
number of hunting attempts observed in each period, using the
package ‘adehabitatHS’ (v0.3.15) in R v4.1.1 (R Core Team, 2023).
Selection ratios (Wi) greater than 1 imply hunting attempts were
significantly more likely to occur relative to the number of days
available, while ratios lower than 1 imply hunting attempts were
significantly less likely to occur relative to the number of days
available. To understand if dingoes select kangaroos based on body
condition, we also used Manly's selectivity measure for each kan-
garoo BCSwhere interactions occurredwith dingoes during periods
of heat anomaly and periods of nonheat anomaly. Here, selection
ratios (Wi) for BCS greater than 1 imply preferential selection by
dingoes, while ratios lower than 1 imply that dingoes avoid inter-
acting with kangaroos with those BCS relative to availability.

Ethical Note

The study was approved by the Ethics Committee of the Uni-
versity of Technology Sydney (ACEC ETH21-6640). All animal-based
data were collected using camera traps; no animal was therefore
handled for the purpose of this study, and no welfare concern arose
throughout the study.

RESULTS

Site-calibrated Temperature

Upon combining in situ iButton data with local weather station
temperatures recorded by BOM to obtain site-calibrated tempera-
ture data for the MCP from 1913 to April 2021 (end of study), we
found that the temperature of the MCP varies significantly from the
location of the BOM weather station (St George Airport, QLD).
While the maximum temperature recorded by BOM reached 40.1
�C, that of the MCP reached 50.69 �C (Fig. 3a). Similarly, the MCP
minimum temperature was colder than St George, with the coldest
temperature of the MCP recorded being �6.0 �C compared to a
temperature of �1.2 �C for the BOM data (Fig. 3b).

Heatwave Metrics

Based on the average annual heat anomaly of a benchmark
period from 1971 to 2000 of �134.89, the year 2019 had the second
most intense heatwave on record with a heat anomaly 16.79 above
the benchmark period, while 2020 was still abnormally high with
an anomaly 7.93 above the benchmark (Fig. 4a). The year with the
highest annual heat anomaly was 1973, with an anomaly 18.07
higher than the benchmark. A linear regressionmodel also revealed
an increasing anomaly trend, with heatwaves becoming more
intense over time (Fig. 4a). A similar trend to heatwave intensity
was revealed with the annual number of days above the MMM. The
mean number of days per year above the MMM for the benchmark
period between 1971 and 2000 was 7.39. The MCP experienced 48
days above theMMM in 2019 and 41 days in 2020 (Fig. 4b). The year
2017 had the highest number of days above the MMM (53 days). A
gradual increase in the annual number of days above theMMMwas
also identified (Fig. 4b).

Activity Responses to Rising Temperatures

The activity rate of kangaroos at waterpoints significantly
increasedwith increasing daily maximum temperature (R2¼ 0.225,
z ¼ 31.98, P � 0.001; Fig. 5a). The same pattern was found for
dingoes, with activity rate increasing significantly as temperatures
rose (R2 ¼ 0.204, z ¼ 17.92, P � 0.001; Fig. 5b). The number of daily
dingo visits at waterpoints increased significantly when kangaroos
were absent and when kangaroos were present, with a slightly
stronger effect when kangaroos were present (kangaroos absent:
R2 ¼ 0.125, z ¼ 9.235, P � 0.001; kangaroos present: R2 ¼ 0.172, z ¼
12.850, P � 0.001; Figs. S1 and S2).

Although kangaroo activity rates significantly increased with
increasing temperatures, rates also increased with both higher heat
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anomalies and higher dingo activity (kangaroo ~ heat anomaly �
dingo: z ¼3.621 P � 0.001; Fig. 6a). These results suggest that
kangaroos are unable to avoid aggregating with dingoes when both
heat anomalies and dingo activity rates are high, creating poten-
tially dangerous situations for the kangaroos during heat
anomalies.
Temporal Co-occurrence and Hunting Attempts

Kangaroos shifted their activity pattern from crepuscular to
diurnal during the presence of heat anomalies, with much of their
activity focused in the early afternoon (Fig. 7). A similar trend can
be observed for dingoes, with their activity shifting towards mid to
late afternoon as well. The shift in activity pattern for both species
during periods of heat anomalies drove a significant 7.8 % increase
in temporal overlap (nonheat anomaly D4 ¼ 0.791 ± 0.742e0.821,
Fig. 7a; heat anomaly: D4 ¼ 0.853 ± 0.826e0.861, Fig. 7b). Days
experiencing heat anomalies represented only 10.68 % (N ¼ 55) of
the total number of days in our 18 months study period. Although
74.63 % (N ¼ 50) of 67 documented hunting attempts at water-
points occurred during those days, and there was an increase in
overlap between the two species during periods of heat anomalies,
we found that 73.9 % of interactions between kangaroos and
dingoes resulted in hunting attempts outside of heat anomalies,
compared to 64.1 % during heat anomalies. This implies that while
interactions were higher during heat anomalies and hunting at-
tempts occurred significantly more than would be expected during
heat anomalies based on the number of days available during that
period, in proportion to the number of interactions, hunting at-
tempts were lower; outcomes of such events (e.g. kangaroo mor-
tality), however, remain unknown due to the hunting attempts
generally ending out of frame. It is therefore impossible to conclude
whether hunting success is higher during heat anomalies or outside
of them (heat anomaly: Wi ¼ 6.99 ± 2.06; nonheat anomaly: Wi ¼
0.28 ± 0.05; Fig. S3). Quantifying the BCS of each individual
recorded in the study revealed that on days with temperatures
belowMMM, dingoes preferred hunting of kangaroos with low BCS
(BCS 1: Wi ¼ 12.64 ± 7.51; BCS 2: Wi ¼ 1.55 ± 0.331; Fig. 8b,
Table S1). However, dingoes abandoned these preferences during
heat anomalies, instead hunting all kangaroos relative to their
prevalence at waterpoints on those days (Table S1, Fig. 8a).
DISCUSSION

Understanding how an increasing prevalence of extreme tem-
peratures and heatwaves shape predatoreprey interactions is an
urgent conservation concern in the face of rapid climate change.
We predicted that as temperature increased, so would the preda-
tion pressure exerted on kangaroos by dingoes at shared water-
points, given their increasing water dependence. We found that
during periods of nonanomalous conditions, kangaroos were able
to avoid waterpoints where dingoes were present by avoiding
times of dingo activity. However, as heat anomalies became more
severe, both the activity and temporal overlap of kangaroos and
dingoes increased. Similar effects have been observed for other
species where the number of visits at waterpoints increased with
increasing temperatures (Lundgren et al., 2022). Such an increase in
kangaroo activity rate at waterpoints meant that kangaroos were
no longer able to avoid dingoes at water, instead significantly
aggregating with them, particularly when dingoes concurrently
increased their activity rate at the waterpoints. Similarly, ibex,
Capra ibex, increase their nocturnal activity following days with
high temperatures despite a higher likelihood of predation by
wolves, Canis lupus (Brivio et al., 2024). Our results confirm that
prolonged periods of extreme temperatures can increase the tem-
poral overlap of predators and prey as they mitigate the effects of
heat stress. Additionally, our research provides evidence that while
this overlap did not result in a higher proportion of hunting at-
tempts compared to the number of interactions between the two
species, hunting attempts still occurred significantly more than
expected based on the number of days during which heat anoma-
lies occurred, and that predators may have access to a wider array
of prey than the weaker individuals they may typically hunt
(Genovart et al., 2010). Since all predation attempts observed here
ended outside of the frame of our camera traps, it is impossible to
conclude whether they were more successful during heat
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Figure 4. (a) Difference in average annual heat anomalies at the Mourachan conservation property (MCP) from 1913 to 2021 from the average annual heat anomaly for a benchmark
period from 1971 to 2000 (�134.89). The trend line represents an increase in heatwave intensity over time using a linear regression. The grey confidence intervals on the trend line
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anomalies. More work is needed to study dingo hunting success
during heatwaves.

Our results concur with a rapidly growing body of research
demonstrating that increasing temperatures under climate change
are likely to alter the nature of predatoreprey interactions (Brivio
et al., 2024; Gauzens et al., 2024; Rafiq et al., 2023; Romero et al.,
2018). Both prey and predators are being found to change in ways
that affect the nature of their interactions; some prey species shift
their activity patterns to nocturnality despite higher predation risks
(Brivio et al., 2024), while some predators also shift to more
nocturnal patterns despite higher activity overlaps with more
dominant predator species (Rafiq et al., 2023). However, here we
also show that predation impacts may be felt across the population,
rather than just by those in poorer body condition. Our results show
that dingoes hunted kangaroos of all body conditions during high
heat anomalies. This shift in prey selectivity could be due to most
kangaroos being weakened by heat stress, making them easier
prey, including thosewith higher body conditions that dingoesmay
generally avoid. Despite being weakened by heat stress, stronger
kangaroos would likely standmore of a chance to survive periods of
extreme temperatures than those in poorer conditions (Juillard &
Ramp, 2022). It is likely that the loss of individuals of greater
fitness may have long-term impacts on population growth and
genetic diversity.

Additionally, eastern grey kangaroos are a mesic species, with a
portion of their range extending into semiarid and arid drylands, as
is the case with our study site As a result, individuals in drier re-
gions encounter conditions to which they lack complete adaptation
(Dawson et al., 2007; Dawson et al., 2007). Compared to the other
large macropod species of the MCP, the red kangaroo, a more arid
adapted species (Moss & Croft, 1999), eastern grey kangaroos were
the only species observed during the hunting attempts. We can
speculate that the adaptation of red kangaroos to hotter and drier
conditions may allow them to avoid waterpoints during extreme
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Figure 5. Total daily number of (a) eastern grey kangaroo and (b) dingo visits at waterpoints on the Mourachan conservation property (MCP) by daily maximum temperature (�C).
Each point represents a day. The lines represent the relationship between maximum temperature and number of events obtained from a logged negative binomial regression.
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temperatures when predators are present (Dawson et al., 2007).
Indeed, when temperatures exceed the TNZ of individuals, meta-
bolic rates increase to maintain an optimal body temperature,
increasing the rate of metabolic water loss (Norris & Kunz, 2012). If
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not replaced in time (e.g. by drinking), extensive loss of metabolic
water exacerbates physiological impairments already triggered by
general heat stress because of dehydration and overheating
(Acevedo-Whitehouse & Duffus, 2009; Costa et al., 2013; Norris &
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. Photo: L. M. Ashby. (c) Eastern grey kangaroos drinking at a waterpoint. Photo: T. J.
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Kunz, 2012). Such impairments are likely to be driving forces of
behavioural change, particularly during heatwaves and in less arid-
adapted species like eastern grey kangaroos because of the
increased need for thermoregulation (Acevedo-Whitehouse &
Duffus, 2009). Our findings indicate that under these conditions,
prey may face impossible choices between accessing water and
avoiding predation (Wallach & O'Neill, 2009; Wooster et al., 2022).
This evidence supports the concept of state-dependent risk-taking,
where the physical state of the prey, such as its hydration levels,
influences its behaviour (Clark,1994). Heat anomalies serve as a key
stressor affecting physical conditions, pushing prey species, such as
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eastern grey kangaroos, to make potentially dangerous decisions
and prioritizing physiological needs over predator avoidance. This
creates a link between how predators and prey interact, implying
that water-dependent prey species, which may already be in
decline, may face major population issues (Fuller et al., 2021).

Herbivores in semiarid and arid environments often aggregate
around water points, making such locations reliable sources of prey
for predators (Valeix et al., 2010). Water availability in semiarid
drylands is naturally low (Stokes et al., 2006), and it is likely to fall
even further in a warming future as heatwaves and droughts
deepen (Kiem et al., 2016; Kirono et al., 2020). As a result,
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ndividuals were hunted significantly more or less than would be expected by their
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waterpoint selection will be constrained, causing prey species to
congregate in greater numbers and access areas with higher
predator activity rates (Sutherland et al., 2018; Western, 1975).
Valeix, Fritz, et al. (2009) explored, for example, how the risk of
encountering lions influences African herbivore behaviour at water
points. They discovered that when buffalo, Syncerus caffer, did not
avoid problematic waterpoints (high predator density), it was
during a severe drought, indicating that their need for water out-
weighed their instinct to avoid predators (Valeix, Fritz, et al., 2009).
Additionally, Destefano et al. (2000) provided evidence that coyote,
Canis latrans, activity was seven times higher at sites with water
than at sites without water in southern Arizona, U.S.A. Here,
dingoes significantly increased their activity at waterpoints when
temperatures increased and kangaroos were absent; however,
when kangaroos were present, the increase in dingo activity was
stronger. This could suggest that the increase in dingo activity rate
we observed at waterpoints with increasing temperatures could in
part be due to the dingoes exploiting the increased physiological
need for water of the kangaroos and not only for their own physi-
ological requirements. We also show that dingo's preference for
hunting weaker kangaroos was abandoned during these climatic
events, that heatwaves at the MCP are intensifying, and that the
number of days above the MMM per year is increasing. These
findings imply that, as these weather extremes continue to inten-
sify across Australia (Kirono et al., 2020), so might kangarooedingo
interactions; however, more work is needed to fully confirm this
trend across the kangaroos range. We can also speculate that
increased temporal overlap between kangaroos and dingoes
further results in a coupling effect of predatoreprey interactions
and that dingoes will hunt any individual during these times.

Our findings indicate that the intensification of heatwaves un-
der climate change may be a key player in the coupling of
predatoreprey interactions in semiarid drylands by causing ther-
moregulation needs of prey to take over their predator avoidance
instincts. Water availability is a major driving factor in dryland
ecology (Stokes et al., 2006); however, water availability is being
greatly influenced by both climate change and human activity
(McCluney et al., 2012). Understanding how that influence might
play out in dryland ecosystems is particularly important due to the
vast areas of land they cover and the biodiversity they support
globally (Rija et al., 2013). As temperatures continue to rise and
water becomes increasingly scarce, our work suggests that water
points may become increasingly contested spaces. This issue could
be a more concerning matter for mesic species like eastern grey
kangaroos with ranges extending into drier regions (Coghlan et al.,
2015). Individuals living in the more arid parts of their range could
have the potential to be more vulnerable to intensifying events like
heatwaves followed by increased interactions with predators, un-
less they can adapt to such conditions. Further, this phenomenon is
likely to affect more populations in the future as processes such as
aridification expand drylands in Australia (Larkin et al., 2020). Our
results highlight the urgency of continuing to explore how a
warmer future might alter key biotic interactions and their roles in
the functioning of ecosystems.
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