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Context. Aerial shooting is an important tool for managing the economic and environmental 
impacts of widespread wild fallow deer populations in eastern Australia and could be crucial for 
mounting an effective response to an emergency animal disease incursion. However, there is a 
concern that the disturbance caused by aerial shooting could cause infected animals to disperse, 
thereby transmitting pathogens to previously uninfected areas. Aims. We sought to describe the 
nature and extent of spatial behavioural changes in fallow deer exposed to aerial shooting to: (1) 
assess the risk that aerial shooting poses to disease spread, and (2) better understand how aerial 
shooting can contribute to routine deer management programs. Methods. We contrasted movement 
rates, activity range areas, and daily activity patterns of 48 GPS-collared fallow deer before, during and 
after exposure to aerial shooting at three sites in New South Wales. Key results. No collared deer left 
its pre-shoot activity range area during shooting or within 30 days after shooting finished. Observed 
behaviour changes included increased daily and hourly distance travelled by female deer during and 
after shooting, increased activity range areas for female deer after shooting, and increased nocturnal 
activity in female and male deer during shooting. However, observed changes were minor, temporary, 
localised, and variable among sites. Conclusions. Collared deer showed strong site fidelity despite 
repeated intense disturbance and substantial population reductions. We found no evidence to 
support concerns that aerial shooting poses a hazard of disease spread. Implications. Aerial shooting 
should be retained as a key control tool for managing wild fallow deer populations in Australia, including 
for reducing disease host population densities in the event of an emergency animal disease incursion. 
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OPEN ACCESS 

Wildlife populations around the world are actively managed to alter their abundance or 
distribution. This often involves direct interference and disturbance from activities such 
as hunting, capture or translocation. Human disturbance can cause a wide range of 
behavioural responses in wildlife, including altered movement rates, temporal shifts in 
peak activity periods, altered space use patterns within activity ranges, and spatial shifts 
in activity range location (e.g. Tablado and Jenni 2017). Major population reductions and 
disruptions to social networks can also cause surviving animals to modify their spatial 
behaviour for some time after the disruption (Ramsey et al. 2002; Williams et al. 2008; 
Ham et al. 2019). These short- and longer-term behaviour changes can have important 
implications for wildlife population management (Efford et al. 2000; Latham et al. 2018). 
Notably, intensive disturbance and population control from humans could contribute to the 
spread of infectious disease if it increases the probability of infected animals mixing with 
susceptible uninfected animals (Ham et al. 2019; Mysterud et al. 2020). 

High-density deer (Cervidae) populations are often managed to reduce unwanted 
impacts on conservation assets, agricultural production, wildlife or livestock health, or human 
safety and amenity (Nugent et al. 2011; Forsyth et al. 2023a). Population management 
commonly relies on episodic lethal control using shooters on foot or mounted in terrestrial 
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vehicles or helicopters (e.g. Forsyth et al. 2013; Comte et al. 
2023). The behaviour of target animals and shooting teams in 
such operations can be conceptualised using predator–prey 
frameworks (Hone 1990; Tracey and Fleming 2007). Prey 
are expected to increase vigilance and defensive behaviour 
such as fleeing or seeking refuge in safe habitat upon 
detecting cues associated with the immediate presence of a 
potential predator (Brown 1999). These predator avoidance 
behaviours can then trigger further temporal or spatial activity 
shifts as animals attempt to compensate for foregone activities 
such as foraging and rest (Lima and Dill 1990). Deer can also 
shift to more nocturnal activity patterns when exposed to 
increased hunting pressure, thereby making them less 
accessible to diurnal hunters (Ikeda et al. 2019). Different 
population control methods present different forms and 
intensities of disturbance and are likely to elicit different 
behavioural responses from deer (Mysterud et al. 2020). 
Fight, flight, or freeze responses to the presence of predators 
can also vary between sexes (Stewart et al. 2022) and among 
habitat types (Bojarska et al. 2024), species (de Boer et al. 
2004), and individuals (Ciuti et al. 2012). 

In addition to predator avoidance behaviour, deer might 
also change their movement and landscape use patterns in 
response to severe population reduction or disruption to herd 
structure resulting from the removal of animals by shooting. 
Animals grazing in exposed landscapes and subject to attack 
by predators that pursue their prey are expected to experience 
strong pressure to forage in groups (Kie 1999). This may be 
due to increased foraging efficiency provided by high 
group-level vigilance (i.e. the ‘many eyes’ effect; Pulliam 
1973), the lower individual-level risk of predation when a 
predator attacks a large group (i.e. the ‘dilution effect’; 
Turner and Pitcher 1986), or a combination of these and 
other factors (Roberts 1996). A study of a white-tailed deer 
(Odocoileus virginianus) population subjected to severe 
population reduction by shooting proposed that an observed 
increase in the activity range size of female deer immediately 
after the control operation was due to social restructuring as 
deer attempted to establish new foraging groups (Williams 
et al. 2008). For deer and other ungulates, the importance 
of establishing or joining new groups is expected to vary 
depending on the severity of the population reduction 
(Williams et al. 2008), interactions between sex and season, 
and the distribution and quality of foraging resources and 
refuge habitat (Roberts 1996; Kie 1999; Childress and Lung 
2003). 

Six deer species (fallow deer, Dama dama; red deer, Cervus 
elaphus; sambar deer, C. unicolor; rusa deer C. timorensis; 
chital deer, Axis axis; hog deer, A. porcinus) have established 
wild populations in Australia. Along with other wild ungulates 
such as feral pigs (Sus scrofa), goats (Capra hircus), and camels 
(Camelus dromedarius), deer populations could act as wildlife 
reservoirs for exotic animal diseases such as foot and mouth 
disease (Davis et al. 2016; Cripps et al. 2019). Given the 
likely catastrophic impacts of exotic animal disease incursions 

in Australia (Buetre et al. 2013), and the presence of 
economically-important diseases in neighbouring countries 
and trading partners (Mighell and Ward 2021; Susila et al. 
2023), there is a pressing need for effective population 
control methods that can be used to safely manage disease 
outbreaks in wild ungulate populations in Australia. 

Aerial shooting from helicopters can rapidly reduce deer 
population densities over extensive areas (Bengsen et al. 
2023; Cox et al. 2023), as would likely be required in the 
event of an outbreak of an exotic animal disease in a wild 
deer population (Animal Health Australia 2023). Alternative 
population control tools such as ground-based shooting, 
trapping and fertility control are generally unable to achieve 
similar results (Merrill et al. 2006; Comte et al. 2023; Forsyth 
et al. 2023b). However, prolonged aerial shooting from a 
helicopter presents an intense, repeated disturbance that 
is likely to induce predator avoidance behaviour in deer 
(Latham et al. 2018), which could lead to spreading the 
disease into previously uninfected areas through infected 
animals (Animal Health Australia 2023). Social reorganisa-
tion after intensive population reduction could also lead to 
wider ranging behaviour in survivors (e.g. Williams et al. 
2008) and increased mixing of infected and uninfected animals. 
Similar behaviour changes observed in badgers (Meles meles) 
that survived culling for bovine tuberculosis management 
appear to have increased the risk of disease transmission 
among badger social groups and between badgers and cattle 
(Ham et al. 2019). 

Fallow deer populations are sympatric with domestic 
ungulates through large parts of eastern Australia and could 
serve as reservoirs for infectious diseases that harm livestock 
production and trade (Davis et al. 2016; Cripps et al. 2019). 
The short- and long-term behavioural responses of fallow 
deer to aerial shooting operations are unknown. Fallow 
deer in Italy increased vigilance behaviour and tended to 
select foraging areas with wide visibility when subjected to 
ground-based shooting (Pecorella et al. 2016). However, a 
study of 20 VHF-collared fallow deer in Tasmania concluded 
that ground-based shooting of a small number of deer for 
disease surveillance caused no detectable change in the 
spatial behaviour of survivors (Statham and Statham 1996). 
Fallow deer typically flee when approached by helicopters 
(Bengsen et al. 2021; Hampton et al. 2022), but the expected 
geographic extent and duration of predator avoidance 
behaviours are unknown. Consequently, it remains unclear 
whether sustained aerial shooting of deer could lead to 
behavioural responses that increase the risk of disease spread. 

In this study, we used GPS-collared animals to examine the 
spatial behaviour of fallow deer immediately before, during, 
and after four aerial shooting operations at three sites in 
eastern Australia. Our goal was to assess whether aerial 
shooting provides a safe method for reducing population 
density in response to an exotic disease incursion. We estimated 
the magnitude and duration of changes in the distances travelled 
by deer during the day, activity range size, and the overlap 
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between pre- and post-shoot activity ranges. We also assessed 
the extent to which deer: (1) shifted toward greater nocturnal 
activity patterns, and (2) showed a greater preference for heavily-
wooded vegetation (vs open, grassy areas) during the day. 

Materials and methods 

Study areas and shooting operations 
We captured 71 yearling or adult fallow deer at three sites in 
New South Wales (NSW), Australia, between June 2020 and 
April 2022 (Fig. 1). All three sites were characterised by a 
mixture of woodland and open country used for livestock 
production on undulating to hilly terrain. However, sites 
varied in topography, altitude, climate, and proportional 
woodland cover. 

Deer were captured using helicopter net-gunning and fitted 
with GPS tracking collars programmed to log hourly location 
fixes (G5-2D, Advanced Telemetry Systems Inc., Isanti MN, 
USA; LiteTrack Iridium 420, Lotek Wireless Inc., Newmarket 
ON, Canada). Capture and handling procedures are detailed in 
Bengsen et al. (2021) and were approved by the Department 
of Primary Industries’ Orange Animal Ethics Committee (ORA 
20-23-003, ORA 21-24-013). Fallow deer were the dominant 
deer species at each site, but red, chital and rusa deer were 
also present at some sites in much lesser numbers. Feral 
pigs were common at all sites but were less abundant than 
fallow deer. All sites had been subjected to one aerial shooting 
operation in the preceding 12 months and all collared deer 
had been pursued by a helicopter during capture and 
collaring, so no collared animals were naive to harassment by 
helicopters. Two does captured prior to Operation A2 were 
presumed to be a mother-daughter pair due to their relative 
ages and proximity at time of capture, but there was no 
indication that any other collared deer was a member of a 

Fig. 1. Location of three study sites in south-eastern Australia at which 
48 GPS-collared fallow deer (Dama dama) were exposed to aerial 
shooting. There were two aerial shooting operations at A, and one 
each at B and C. 

consistent social group with another collared deer. There 
was a notable female bias in deer exposed to Operations A2 
and C (Table 1) because we avoided capturing deer with 
large antlers that might be prone to injury while netted 
(Latham et al. 2020), and because some males in the sample 
died or lost their collars prior to shooting operations. It was 
not necessary to avoid large males in the sample exposed to 
Operation B because they were captured in October 2021 
after having shed their antlers. All deer were collared 
between 2 and 10 months prior to shooting operations. 

Deer at each site were subjected to ≥1 aerial shooting 
operation targeting deer and feral pigs. Seven collared deer 
that were exposed to Operation A2 also provided data 
during Operation A1. Based on the age of deer at collaring, 
we expect that most deer exposed to Operation A2 were 
present during Operation A1. Shooting operations were 
conducted by NSW Government shooters in accord with the 
Feral Animal Aerial Shooting Team manual (FAAST 2020) 
using Bell 206 Jet Ranger or Eurocopter AS350 Squirrel 
helicopters, as detailed for NSW sites in previous studies 
(Hampton et al. 2022; Bengsen et al. 2023). Shooting 
Operations A1, A2, and B used one helicopter shooting team 
and lasted for 3 days. Operation C used two helicopter 
shooting teams operating concurrently for 11 days (Table 1). 
Shooting teams were instructed to avoid shooting collared 
deer but could shoot other deer in groups containing 
collared individuals. Helicopter search patterns generally 
approximated a Lévy walk, characterised by many small 
steps within geographic patches and fewer long steps 
between patches (Supplementary material Fig. S1). Shooting 
teams searched patches intensively for extended periods 
and revisited patches throughout the course of the opera-
tion. Consequently, we expect that individual deer were 
repeatedly exposed to disturbance and harassment from 
shooting teams. 

Tracking data 
For each aerial shooting operation, we examined approxi-
mately 2 months of deer tracking data: 30 days before 
shooting, the duration of the shoot, and 30 days after 
shooting. This window allowed us to combine enough data for 
robust before/after analyses of movement behaviour while 
minimising the bias due to seasonal variability in deer 
behaviours. However, Operations B and C were close to the 
expected peak fallow deer breeding season which usually 
commences around early April (Mulley 2023). We only 
considered deer that had tracking data for the complete time 
window (Table 1). Data were screened to remove implausible 
location fixes, defined as a movement spike with in and out 
speed of more than 15 km per hour and a turning angle ≤30°. 
We also removed any location fixes associated with a 
horizontal dilution of precision (hdop) >3. 
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Table 1. Characteristics of four aerial shooting operations and deer tracking data used to estimate the effects of aerial shoot on deer spatial 
behaviours. 

Operation Date Area Flight Deer Deer Population Deer GPS GPS fix success 
(km2) time (h) killed killed km−2 reduction collared fixes rate (%) 

A1 September 2020 135 24 778 5.7 42%A 3m, 5f 12,816 99.6 

A2 September 2021 135 19 1060 7.9 NA 4m, 14f 27,028 96.3 

B April 2022 282 15 146 0.5 NA 7m, 4f 14,732 78.7 

C February 2023 491 101 3228 6.6 17%B 2m, 9f 17,950 84.2 

NA, not available; m, male; f, female 
A(95% CrI = 39, 45%; Bengsen et al. 2023). 
B(95% CrI = 16, 17%; D. M. Forsyth and A. J. Bengsen, unpubl. data). 

Deer space use 
We characterised the spatial activity ranges of deer using 
biased random bridges (Benhamou 2011) which incorporate 
the spatio-temporal autocorrelation of an animal’s tracking 
data in calculating their utilisation distribution (UD). We 
used the movement-based kernel density estimation on the 
99% UD (Benhamou and Cornélis 2010) to describe deer 
activity ranges before the start and after the end of the 
aerial shooting operations. We estimated the overlap 
(between 0 and 1) of the post-shooting range with the pre-
shooting range, as well as the relative change in range area 
(i.e. area post-shoot divided by area pre-shoot) as measures 
of disturbance from the shooting operations. A relative 
change in range area with 95% confidence intervals 
including 1 represented no change, whereas values >1 indicated  
an increase in range area after shooting and values between 0 
and 1 represented a decrease in range area after shooting. For 
both ranging behaviours (i.e. range overlap and change in 
area), we fitted generalised linear models (GLMs) with sex, 
site (K = 3) and their interaction as explanatory variables. 
Due to the  structure of the  data, we could  not include  a year
effect in the models. We used a beta distribution to model the 
range overlap (restricted between 0 and 1) and a Gamma 
distribution for the relative change in range area (positive 
values). Deer UD’swere calculated using  the  ‘adehabitat’ package 
version 0.4.20 (Calenge 2006) and all GLMs fitted with 
‘glmmTMB’ version 1.1.5 (Brooks et al. 2017) in R version 
4.2.3 (R Core Team 2023). 

To describe the effect of intense disturbance on short-term 
spatial behaviour, we used an intervention analysis to identify 
structural changes in mean daily step length (mean hourly 
distance, MHD; Kay et al. 2017) and the daily maximum 
distance between any two locations (MxD; Kay et al. 2017) 
for female and male deer at each site before, during and 
after being exposed to aerial shooting. For step length, we 
only used steps with location fixes taken one hour apart. We 
first estimated the expected MHD and MxD for each combina-
tion of site, sex and shooting operation by extracting a time 
series of movement data starting 30 days prior to the shoot 
and finishing 30 days after the shoot and using a linear 

mixed effects model specifying day as a fixed effect and 
animal ID as a random intercept. Models were fitted using 
the lme4 package (Bates et al. 2015) in R. For each of the 
16 resulting time series, we used the Kwiatkowski-Phillips-
Schmidt-Shin (KPSS) unit root test to assess trend stationarity. 
We then identified breakpoints in the time series at which 
the linear regression coefficient changed from one stable 
relationship to a new one using the breakpoints function of 
the strucchange R-package (v.1.5-2 Zeileis et al. 2002). The 
optimal number and location of breakpoints for each time 
series were selected from the model with the minimal Bayesian 
information criterion. Adequacy of range size GLMs and time 
series models was assessed using standardised residual plots. 

Fallow deer diel cycles 
Fallow deer are commonly crepuscular, with peaks of feeding 
activity around sunset and sunrise (Mulley 2023). This is often 
associated with deer moving between dense cover that 
provides shelter and refuge during the day, and more open 
vegetation that provides richer grazing opportunities at 
night (Borkowski and Pudełko 2007). All aerial shooting 
activity occurred during daytime, and deer were often driven 
short distances out of tree cover into more open areas where 
they could be more easily shot. We expected deer to adjust the 
spatial and temporal distribution of their ranging behaviour 
by: (1) shifting to a more nocturnal activity pattern during 
shooting; and (2) increasing their use of wooded refuge 
habitat during daylight hours. For each of the four shooting 
operations, we used the hourly mean step length to characterise 
diel activity cycles of deer. We fitted a Gaussian generalised 
additive mixed model (GAMM) with sex (males and females) 
and period specific splines (before, during and after aerial 
shoot) to the step length (m) data. We used a cyclic cubic 
spline for the hour of the day to account for the circular 
nature of time and included animal ID as a random effect 
(intercepts and smooth terms). 

To estimate the extent to which deer increased their use of 
woodlands during daylight hours, we modelled the proportion 
of tree cover across the three sites. We first used the NSW 
Native Vegetation Extent 5 m Raster (v1.2, Fisher et al. 2016) 
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to create a 5-m grid with presence-absence (1 or 0) of tree 
cover. We then resampled the data to a 1-ha grid using pixel-
averaging (i.e. sum of all 5-m grid cells/400). For each deer 
GPS location, we extracted the value of the matching grid cell 
(0 = no tree cover, 1 = 100% tree cover). For each shooting 
operation, we fitted a Gamma GAMM with sex and period 
specific splines (before, during and after aerial shoot) to the 
tree cover data. True zeros were changed to 0.00001, less than 
1/400 = 0.0025 (i.e. the lowest empirical tree cover). We used 
a cyclic cubic spline for the hour of the day to account for the 
circular nature of time and included animal ID as a random 
effect (intercepts and smooth terms). Both diel cycle models 
were fitted using the ‘mgcv’ package (v1.8.41, Wood 2011) 
in R and visually checked for an absence of pattern in the 
model residuals and a k-index close to 1. 

Results 

Space use 
Across the three sites, 48 deer (16 males, 32 females) provided 
useable location data from 30 days before to 30 days after the 
respective aerial shoot operations (Table 1). Male activity 
range areas prior to shooting operations (mean = 777.5 ha, 
95% CI: 648.3–906.7 ha) were 2.5 times larger than those of 
females (mean = 318.9 ha, 95% CI: 227.5–410.2 ha). Expected 
male activity range area remained stable (i.e. confidence 
intervals including 1) after three of the four aerial shooting 
operations and increased 2.7 times after Operation C (Fig. 2). 
Female activity range area increased 1.4 and 1.7 times after 
operations A2 and B, respectively, and remained stable after 
operations A1 and C. 

Post-shoot activity ranges of all deer overlapped with their 
pre-shoot range (mean overlap = 79%, range: 12–99%); no 
deer abandoned their pre-shoot range. The expected degree 
of range overlap of males varied among shooting operations 
(Fig. 3), with the lowest overlap after operation C (mean = 
41%, 95% CI: 17–66%) and the highest after operation A1 
(89%, 95% CI: 80–97%). Activity ranges of females were more 
stable than those of males, with a mean overlap above 80% for 
all operations (Fig. 3). 

Step length and maximum daily distance 
None of the eight MHD time series showed evidence of a unit 
root (KPSS test statistic < critical value for α = 0.05). Hence, 
all these time series were assumed to be stationary and suitable 
for further analysis. The optimal number of breakpoints for 
each time series ranged from 0 to 3. Breakpoints coincided 
with the completion of shooting for female deer in Operation 
A2 and the onset and completion of shooting for female deer 
in Operation C (Fig. 4). In Operation A2, expected female 
MHD increased by 40% from 101.5 m (s.e.m. = 6.2 m) to 
142.1 m (s.e.m. = 7.0 m) immediately after the conclusion 
of the shoot and then returned to initial levels (142.1 m, 
s.e.m. = 6.0 m) after 8 days. In Operation C, expected female 
MHD increased by 68% from 89.7 m (s.e.m. = 11.0 m) to 
150.5 m (s.e.m. = 11.5 m) with the onset of shooting and 
then decreased to 101.0 m (s.e.m. = 11.0 m) when shooting 
ceased. Male deer exposed to Operation C also showed 
increased MHD during the shoot, but the breakpoints in the 
time series were offset from the start and conclusion of 
shooting by 1 and 4 days, respectively. Breakpoints did not 
coincide with the start or finish of shooting for any other 
combination of sex and site. 

Fig. 2. Expected mean (and 95% confidence interval) relative change in 
activity range area (UD 99%) for male and female fallow deer after being 
exposed to one of four aerial shooting operations. Horizontal dashed 
line (y = 1) indicates no change, i.e. values above the line show 
increases in ranging areas and values below the line show decreases 
in ranging areas after the shoot operations. For operation locations 
and timings, see Fig. 1 and Table 1, respectively. 

Fig. 3. Expected mean (and 95% confidence interval) overlap of 
activity range areas of male and female fallow deer subject to one of 
four aerial shooting operations. The overlap represents the proportion 
of the activity range post-shoot that is shared with the activity range 
pre-shoot. For operation locations and timings, see Fig. 1 and Table 1, 
respectively. 
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Fig. 4. Time series of mean hourly distance travelled (MHD) for female (red) and male (blue) fallow 
deer exposed to one of four aerial shooting operations in eastern Australia. Red and blue ribbons 
show 95% confidence intervals for each time series. Grey polygons show the timing of shooting 
operations. Dashed lines represent the fitted values from a model with the optimal number of 
breakpoints in the time series. For operation locations and timings, see Fig. 1 and Table 1, respectively. 

The optimal number of breakpoints for each MxD time series No breakpoints coincided with the start or completion of 
shooting for any other combination of sex and site (Fig. 5). ranged from 0 to 3. For female deer exposed to Operation A2, 

the expected maximum daily distance between two points 
Diel cycle for step length increased by 64% from 899 m (s.e.m. = 79.7 m) to 1473 m 

(s.e.m. = 90.0 m) 1 day after the cessation of the shoot. This As expected, both male and female fallow deer showed strong 
crepuscular activity (i.e. movements concentrated around increase lasted for 7 days before returning to pre-shoot levels. 

6 



www.publish.csiro.au/wr Wildlife Research 51 (2024) WR24098 

Fig. 5. Time series of maximum daily distance between any two locations (MxD) for female (red) and 
male (blue) fallow deer exposed to one of four aerial shooting operations in eastern Australia. Red and 
blue polygons show 95% confidence intervals for each time series. Grey polygons show the timing of 
shooting operations. Dashed lines represent the fitted values from a model with the optimal number of 
breakpoints in the time series. For operation locations and timings, see Fig. 1 and Table 1, respectively. 

sunrise and sunset) before the aerial shoot operations on all 
three sites (Fig. 6). Deer activity patterns showed site-
specific disruptions during the shooting operations. During 
Operation A1, females showed 60% increase in mean step 
length during daylight with a shift of movements towards 
dusk, but their night-time movements remained at the same 
level. Concomitantly, males abandoned their crepuscular 

activity for a more even activity distribution across night 
and day resulting in a 20% reduction in night-time activity 
(Fig. 6). The only change in activity observed during 
Operation A2 was a 30% increase in night-time movements 
for females. During Operation B, females maintained their 
crepuscular pattern and increased their night-time movements 
by 30%. During that operation, male movements doubled 
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Fig. 6. Expected mean (and 95% confidence intervals) diel cycle of movement activity (hourly step length) for female (red) and male (blue) 
fallow deer exposed to one of four aerial shooting operations in eastern Australia. Vertical dashed lines represent sunrise and sunset. For 
operation locations and timings, see Fig. 1 and Table 1, respectively. 
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during the daytime (+115%) and night-time (+110%). During 
Operation C, females increased their movement by 65% during 
the day and 40% during the night, and males increased their 
night-time movements by 20%. After all shooting operations, 
both male and female fallow deer reverted to their crepuscular 
activity pattern with similar levels of movements as observed 
before the shooting operations (Fig. 6). 

Diel cycle for tree cover 
Our models described clear site- and sex-specific patterns 
of tree cover use by fallow deer before, during and after 
the aerial shooting operations (Fig. 7). At site A, before 
Operations A1 and A2, females used 20–30% denser tree cover 
than males and both sexes used 20–30% denser tree cover 
during daylight hours than at night. During Operation A1, 
while males kept the same pattern, females did not increase 
their use of tree cover during the day. After the shooting 
operation, both sexes returned to their pre-shoot patterns of 
tree cover use. Operation A2 had no effect on female use of 
tree cover (both during and after). In contrast, males used 
denser tree cover at night during the shooting operation and 
reverted to the pre-shoot pattern at the end of the shooting 
operation but used 10% higher tree cover. At site B, males 
used tree cover more evenly through the day and night and, 
although there was no change during the shoot, they used more 
open areas (10–20% lower tree cover) after the operation, 
especially at night. At this site, females showed a different 
pattern, spending the second half of the night in dense tree 
cover and moving to more open areas (<40% tree cover) 
during daylight and dusk. During shooting at site B, females 
kept the same pattern but used 20% denser tree cover at 
night and returned to pre-shoot levels after the operation. At 
site C, before the shooting operation, males and females 
showed similar patterns of tree cover use to deer at site A. 
During the shoot, males showed a more even use of tree cover 
at similar levels as before the shoot and kept this pattern after 
the shoot operation but at a 20% higher level of tree cover. 
Females at site C maintained their use of tree cover during 
and after the aerial shoot. 

Discussion 

The four aerial shooting operations examined in this study 
represented intense episodic disturbance during daylight 
hours for between 3 and 11 consecutive days and removed 
substantial numbers of deer from each population. Female 
fallow deer increased their activity range areas after two of 
the four operations and male fallow deer after one operation, 
but none of the 48 collared deer exposed to aerial shooting 
dispersed from its pre-shoot activity range into a new area. 
Females also increased their daily movements during or 
immediately after two operations, but these changes were 
short-lived. Both sexes showed temporary, idiosyncratic 

changes in diurnal and nocturnal movement patterns and in 
the use of tree cover during shooting operations. 

Aerial shooting teams represent an unusual predator and 
disturbance source for deer. Shooting teams typically aim 
to maximise the number of deer killed per unit effort over a 
large area (10s-100s km2). This is achieved by frequently 
switching between patches of likely deer habitat to maintain 
a high site-wide kill rate as the number of deer killed per unit 
effort declines within a patch due to deer fleeing or being 
killed (Supplementary material). Pursuit and shooting of 
individual deer constitute an intense and loud disturbance 
that can last for several minutes (Hampton et al. 2022; Cox 
et al. 2023). The agility of fallow deer (relative to other 
species subjected to aerial shooting, Hampton et al. 2022; 
Bengsen et al. 2023) and the requirement to shoot animals 
multiple times before moving on to another animal, impose 
considerable processing time on each animal. Consequently, 
some deer that occur in large social groups escape (Hampton 
et al. 2022). These escapees can be expected to associate the 
distinctive auditory cues of an approaching helicopter with a 
brief, but high, risk of being killed. Given that all collared deer 
had experienced pursuit by helicopter during capture, and 
possibly also during previous shooting operations, no animals 
in our sample were naive to these cues. Theory and experience 
suggest that animals should show their strongest anti-
predator behaviour when they detect strong cues indicative 
of brief, high risk predation events (Lima and Bednekoff 
1999; Fisher and Stankowich 2018). Persecution by aerial 
shooting teams should, therefore, provide a powerful prompt 
for deer to deploy strong anti-predator behaviour, including 
changes in the ways in which they inhabit and use the 
landscape. However, the only clear indicators of coarse-scale 
behaviour change during shooting operations were the 
apparent disruption of normal crepuscular activity cycles for 
both sexes during all shooting operations and the increase in 
mean hourly step length with the onset of shooting for female 
deer in Operation C. 

The increased nocturnal movement rates apparent in our 
data were consistent with expectations for deer compensating 
for foregone diurnal feeding and other activities as a result of 
avoiding or evading a diurnally-active predator. Similar shifts 
towards greater nocturnal activity have been reported in 
other deer species exposed to different levels of recreational 
hunting pressure (e.g. Ikeda et al. 2019; Bonnot et al. 2020). 
In addition to increased nocturnal activity, the magnitude and 
variability of diurnal movement rates tended to increase for 
female deer in Operations A1 and C and male deer in 
Operation B. This may be due to deer being intermittently 
pursued by helicopters during the day, as shooting teams 
sometimes reported pursuing groups that included collared 
deer. Despite increases in nocturnal or diurnal activity 
during shooting, only female deer in Operation C showed a 
clear and consistent increase in hourly step length over the 
duration of shooting. However, there was no comparable 
increase in the mean maximum distance between location 
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Fig. 7. Expected mean (and 95% confidence intervals) diel cycle of tree cover use for female (red) and male (blue) fallow deer exposed 
to one of four aerial shooting operations in eastern Australia. Vertical dashed lines represent sunrise and sunset. For operation locations 
and timings, see Fig. 1 and Table 1, respectively. 
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fixes for these deer. Shooting therefore appears to have caused 
the nine female deer exposed to Operation C to increase their 
movement rates during shooting, but not the area over which 
they moved each day. Only two male collared deer were 
exposed to this operation, so there were insufficient data to 
determine whether this behaviour change was restricted to 
females. Contrary to expectations (e.g. Lone et al. 2015) and 
the tendency of deer to flee towards tree cover when pursued 
(Bengsen et al. 2023), neither female nor male deer showed 
clear indication of increased and persistent use of dense 
tree cover as predator refuge during daylight hours in any 
operation. 

Some female deer altered their spatial behaviour 
immediately after shooting. The increased mean hourly step 
length and mean maximum distance between location fixes 
evident in female deer for 8 days immediately after Operation 
A2 were consistent with expectations for a population in 
which animals temporarily increase their mobility while 
attempting to join or create new foraging groups (e.g. Williams 
et al. 2008). Furthermore, the 30-day activity range areas of 
female deer tended to increase after shooting for two of the 
four operations, including A2. Group formation and maintenance 
conveys important benefits for predator avoidance and 
foraging efficiency in grazing species, such as fallow deer, 
that use open habitats (Kie 1999). Directly pertinent to the 
present study, the probability of an individual deer escaping 
an aerial shooting team tends to increase with group size 
(Hampton et al. 2022), consistent with the ‘dilution effect’ 
hypothesis (Turner and Pitcher 1986). Consequently, we 
expect that deer that have lost group-mates to aerial shooting 
will experience strong pressure to join or form new groups. 
Indeed, this phenomenon has been exploited in population 
control operations for other ungulates by releasing collared 
‘Judas’ animals that find new herds and betray their location 
to managers (Taylor and Katahira 1988). Despite the increases 
in distance travelled and activity range areas, the spatial 
overlap of pre- and post-shoot activity ranges of female deer 
was >80%, indicating strong site fidelity. Spatial behaviour 
changes in female deer after shooting were therefore 
localised and did not represent a shift away from previously 
inhabited areas. 

Male deer exposed to Operation C showed a noticeable 
increase in post-shoot activity range area, but female deer 
did not. The increase in male range area was consistent with 
both movement metrics (mean hourly step length and 
maximum distance between location) suddenly increasing 
21 days after the shoot, corresponding with the expected lead 
up to the rut in early April. A similar increase in both metrics 
was observed in male deer in late March the previous year, 
prior to the start of Operation B (Fig. 4). At this time of year, 
adult male fallow deer often move to lekking stands and 
attempt to secure exclusive access to female social groups, 
while subordinate males persistently seek mating opportunities 
around the fringes of these groups (Mulley 2023). Both these 
behaviours can be expected to result in increased movement 

and expansive ranging behaviour. Our findings are similar to 
those of previous studies in Europe and New Zealand in 
which activity ranges of male fallow deer increased around the 
rut (Nugent 1994; Davini et al. 2004). The observed changes in 
ranging behaviour of males after Operation C are therefore 
likely to be an artefact of seasonal behaviour rather than a 
response to aerial shooting. In contrast to a study of fallow 
deer in Italy (Ciuti et al. 2003), but similar to findings from 
New Zealand (Nugent 1994), there was no clear indication of 
an increase in female range area or activity associated with 
the rut. 

The strong site fidelity observed in our study, despite 
repeated exposure to intense disturbance and the death of 
conspecifics, is consistent with studies of other deer species 
exposed to disturbances such as large wildfires, human and 
non-human predators, and low-level helicopter survey 
flights (Gehr et al. 2020; Kreling et al. 2021; Dyal et al. 
2022). Male deer showed lower pre- and post-shoot range 
overlap than females, most likely due to the larger areas 
over which they ranged and the tendency for male ranges 
to be less stable than those of females (e.g. Nugent 1994). 
Nonetheless, all male deer maintained at least 12% overlap 
with their pre-shoot range. Strong site fidelity is common in 
mammalian herbivores and is expected to confer fitness 
benefits due to its positive effects on resource acquisition 
efficiency and predation avoidance (Switzer 1993). Notably, 
animals should be more prone to predation in unfamiliar 
environments than in familiar ones due to poorer predator 
awareness, greater exposure to predators during exploratory 
behaviour, and poorer knowledge of escape routes and refuge 
habitats (Metzgab 1967). For example, a study of GPS-
collared black-tailed deer (Odocoileus hemionus) found that 
those deer that had a high probability of leaving their 
activity range over a given interval experienced a four-fold 
increase in mortality risk, largely due to increased predation 
(Forrester et al. 2015). However, game theory suggests that 
site fidelity may be a maladaptive strategy for prey animals 
facing a highly efficient predator with spatial memory 
(Mitchell and Lima 2002), such as an aerial shooting team. 

Study limitations 
There were several limitations inherent in our sample of 
collared animals that must be considered when interpreting 
our results and making recommendations for management. 
First, all collared deer had previously been exposed to 
harassment and capture by helicopter, and it is likely that 
many deer had also been exposed to at least one aerial 
shooting operation prior to being collared, but our study 
wasn’t designed to specifically test whether naive deer might 
have behaved differently. However, as discussed above, we 
expect that deer that have already been exposed to cues 
associated with aerial shooting operations should deploy 
stronger anti-predator behaviour than naive animals. Second, 
the female sex bias in deer exposed to Operations C and A2 
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meant that only two and four males, respectively, were 
exposed to these operations. Future studies using similar 
methods could reduce sex bias by capturing deer after they 
have shed antlers and by reducing the interval between 
capture and exposure to shooting or other treatments. Third, 
Operation B coincided with the rut, and it is possible that 
mating behaviour may have obscured some responses to 
aerial shooting, particularly in males. Fourth, the 60-min 
interval between location fixes used in our study was too long 
to identify contacts between individual deer and helicopters, 
and to characterise immediate avoidance behaviour observed 
by aerial shooting teams (e.g. Hampton et al. 2022). However, 
such short-term behaviours are unlikely to cause functionally-
important changes in landscape use or disease spread risk 
unless they accumulate to the point at which they become 
apparent at coarser time scales that would have been 
observable in our study. Finally, only deer that were visually 
assessed to be healthy and in good condition were fitted with 
collars. Deer that are unwell or in poor condition could behave 
differently to those studied here, particularly if they are 
afflicted with a condition that impairs mobility. 

Management implications 
Contrary to concerns expressed in some wild animal and 
disease management doctrine (e.g. Animal Health Australia 
2023), aerial shooting did not cause any deer to disperse 
into new areas, and the tendency for deer to become more 
active at night was not associated with decreased diurnal 
activity and reduced availability to aerial shooting teams. 
Inconsistencies in other spatial behaviours between sexes 
and among operations indicate that some responses of deer 
to aerial shooting are likely to be context-specific. 

Three of the four operations examined were representative 
of typical practice for population control operations aiming to 
reduce the impacts of deer on livestock production, using one 
helicopter shooting team for fewer than 6 consecutive days 
(e.g. Bengsen et al. 2023). The only clear evidence of behaviour 
change in these operations was the increased step length in 
female deer immediately after shooting in one operation, 
and an increase in activity range area for female deer after 
two operations. Operation C represented a more intense and 
sustained disturbance, with two helicopter shooting teams 
operating concurrently for 11 days. This may be more 
representative of a disease management operation in which 
control effort is maintained until a target population density 
below a disease transmission threshold is reached. Operation 
C was the only operation in which deer showed a clear and 
consistent change in spatial behaviour during shooting. 

The strong site fidelity evident in collared deer exposed to 
intense persecution over several days suggests that fallow 
deer in situations similar to those in our study are unlikely to 
leave familiar activity range areas if it is not necessary for 
survival. Consequently, deer that survive initial aerial shooting 

operations can be expected to remain in situ and be available 
for follow-up lethal control. 

Conclusion 

The spatial behavioural changes of GPS-collared fallow deer 
in response to disturbance and population density reduction 
from aerial shooting were minor, localised, temporary, and 
inconsistent at three sites in New South Wales. None of the 
spatial behaviour changes observed in deer exposed to aerial 
shooting are likely to increase the risk of deer transmitting 
pathogens to previously uninfected animals beyond the 
targeted area. Given the limitations and impracticality of 
alternative methods for rapidly reducing large wild deer 
populations, and the minor impact on deer behaviour observed 
in our study, aerial shooting should be retained as a viable 
population control tool in case of an emergency animal 
disease outbreak in wild fallow deer in Australia. 

Supplementary material 

Supplementary material is available online. 
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