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Abstract

Background Prey species can display antipredator movement behaviours to reduce predation risk, including pro-
active responses to chronic or predictable risk, and reactive responses to acute or unpredictable risk. Thus, at any
given time, prey movement choice may reflect a trade-off between proaction and reaction. In previous studies, proac-
tion and reaction have generally been considered separately, which neglects their potentially simultaneous influence
on animal movement decisions and overall space use.

Methods In this study, we analysed how proaction and reaction interact to shape the movements of GPS-collared
red deer (Cervus elaphus) in response to hunting by humans. Using an exhaustive inventory of red deer hunting
events and very high-resolution canopy cover density (LIiDAR), we combined movement metric (displacement
and path length) models and integrated step selection functions to investigate antipredator movement responses
to lethal risk on various spatiotemporal scales, considering a dynamic landscape of risk.

Results Our results show that red deer either proactively avoided areas of chronic risk, or they selected canopy
cover where and when risk was predictably high. However, when risk was encountered anyway, canopy cover

was no longer selected, but only modulated a reactive response along a remain-to-leave continuum. This reaction
was even more evident when the environment was unfamiliar, underlining the importance of memory in such reac-
tion patterns.

Conclusions We describe how proaction and reaction fuse in an antipredator sequence of interconnected move-
ment decisions in a large herbivore, and discuss how this result may help disentangle the ecological consequences

of behavioural responses to predation. Finally, we lay the foundations for further investigations into the origins of simi-
larities and differences between proactive and reactive movement responses.
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Background

Avoiding predation while ensuring sufficient resource
acquisition is a constant challenge for wild prey species.
As prey seek feeding opportunities, they often expose
themselves to higher predation risk [1] as predators, in
turn, also seek to maximize fitness gains by hunting when
and where encounter and capture probabilities are high
[2, 3]. Antipredator behaviours may reduce predation
risk, but these are offset by other fitness-related costs [4]
such as reduced reproduction [5, 6], slower growth [7]
and/or decreased survival [8]. Ultimately, prey individu-
als must continuously make cost-benefit assessments
[9, 10], trading-off between predation avoidance and
resource acquisition, which in turn also affects space use,
among other behaviours.

As predation risk and resource distribution vary in
space and time, prey movement decisions and space use
also reflect knowledge about these variations, and of
deviations to both spatial and temporal predictability.
Paradoxically however, most of the current approaches
to quantifying the food-risk trade-off [11] and its conse-
quences on prey behaviour [12] generally assume fixity
in one or both of these dimensions [13], either focusing
on behavioural time allocation (e.g. vigilance [14], ‘giv-
ing up densities’ of resources [15]) or habitat selection
in relation to long-term spatial patterns of risk, referred
to as the 'landscape of fear’ ([16]; see [17] for a review).
Conversely, the risk allocation hypothesis [18, 19] pro-
poses that prey adjust the intensity of their antipreda-
tor responses not only based on the immediate level
of risk (or acute risk), but also in relation to how risk is
distributed over time — considering its frequency and
intensity relative to background levels (or chronic risk).
Here, we contribute to this framework by considering
how the proactive responses to chronic or predictable
risk, and reactive responses to acute or unpredictable risk
[20] simultaneously emerge along the entire ‘predation
sequence’ [21, 22].

As predation can be segmented into various steps at
different spatiotemporal scales (the ‘predation sequence’
[21]: encounter—detection—identification—attack—
subjugation—consumption), antipredator ~movement
behaviours can target various steps of this sequence [21,
23]: proactive antipredator behaviours generally aim at
reducing encounter and/or detection probabilities based
on cumulative former experience of risk, which may be
perceived as chronic in the landscape [24], predictably
variable in time [18, 25] and/or predictably associated
with environmental contexts (e.g. habitat type [26]; habi-
tat feature [27]). On the other hand, reactive antipreda-
tor behaviours generally aim at reducing attack and/
or kill probabilities based on direct, sudden cues of risk
which are acute or unpredictable to the prey [20, 27] (e.g.
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[28, 29]). The display of these antipredator behaviours in
prey species requires sensory and cognitive abilities [30].
Indeed, reactive behaviour involves the perception of
risk cues while proactive behaviour additionally requires
associations between risk and context (e.g. risky time of
day, risky habitat feature), and can be ‘innate’ [31, 32],
and/or triggered by knowledge of past experience [33]
and the memory thereof [34]. Accordingly, familiarity
with the surrounding area [35, 36] can modulate habitat
selection [37] and behaviour choice [29].

The success of proactive and reactive antipredator
behaviours adopted by prey depends on the hunting
strategy of the predator, which may have spatial and tem-
poral consequences for the perception of risk [38]. For
example, coursing predators tend to increase risk percep-
tion of their prey in open areas, while ambush predators
have this effect in covered habitats [39]. Human hunters,
while exhibiting a large diversity of hunting modes, tend
to select areas with good visibility to improve hunting
success [40]. Human disturbance alone is also a form of
risk [41, 42], and ungulates in anthropogenic landscapes
are known to switch between forested areas during the
day, and open areas at night as a consequence [43]. There-
fore, in grazing or mixed-feeding ungulates that have
coevolved with coursing predators such as wolves (Canis
lupus), and/or with human hunters and disturbance, the
food-risk trade-off is often translated into a compromise
between grazing in open areas, where grass biomass [44,
45] and palatability [46] may be higher, and selecting
canopy cover to evade predators, including humans [47].
Canopy cover can be proactively selected, in response to
predictable or chronic risk, but the role of canopy cover
in antipredation goes beyond simple selection or avoid-
ance; for example, perception of risk in open habitat can
be exacerbated by the distance to refuge cover [48], by
the relative positions between the predator, the prey and
the refuge [49], or even by crop phenology [50]. When
exposed to direct and acute lethal risk, the classical hide
vs flee decisional dilemma that ungulates face [48, 51, 52]
(or the ‘remain vs leave’ dilemma, on a broader tempo-
ral scale than just instantaneous reaction (53)) can also
be modulated by cover [54]. Therefore, ungulates can use
canopy cover in both proactive and reactive antipredator
behaviours.

Proaction and reaction coexist within the spectrum of
behaviours available to prey species, but little is known
about how this coexistence shapes prey space use
through time. In this study, we thus leveraged high-res-
olution hunting data combined with hourly movement
data of GPS-collared red deer (Cervus elaphus) from
the same area to investigate the role of proaction and
reaction in antipredator movement and habitat selec-
tion strategies along the predation sequence, at multiple
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spatiotemporal scales (Fig. 1). We considered three main
research questions.

How do red deer respond to acute lethal risk
through movement, given exposure to the risk, sur-
rounding habitat features and site familiarity?

Chassagneux et al. [29] showed that ‘remaining’ behav-
iour in red deer was always followed by delayed flight,
thus we expected that red deer would exhibit a reactive
‘leaving’ response in the 24 h following exposure to direct
lethal risk, with a decreasing magnitude of response with
distance to the hunting location (Q.1), available sur-
rounding canopy cover (Q.2), and site familiarity (Q.3).

What is the instantaneous habitat selection
response of red deer to acute lethal risk, given the diel
period?
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We expected red deer to avoid acute lethal risk (Q.4)
and to select for forested habitat (Q.5) when exposed to
high acute risk. In line with the risk allocation hypothe-
sis, we expected these reactive antipredator behaviours to
be strongest during the hours of the day in which hunting
is allowed (i.e. dawn, day, dusk) (Q.6).

What is the overall habitat selection behaviour of
red deer in a landscape of predictable spatial and tem-
poral risk?

We expected that red deer would use cover where
chronic spatial risk was high (Q.7), and that they would
increase their selection for cover as hunting pressure
increased throughout the year (Q.8). We also expected
that proactive antipredator behaviour in red deer would
be strongest during dawn, day and dusk, when hunting
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Fig. 1 Schematic representation of predicted associations between predation risk and prey space use along the predation sequence, including our

research questions and expectations
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is allowed and human disturbance is prevalent (Q.9), in
accordance with the risk allocation hypothesis.

Methods

Study area and red deer hunting regime

The study took place in the hunting reserves of Lauregno
and Proves, in the Non Valley (Central-eastern Alps,
Autonomous Province of Bolzano, Italy), which cover a
total surface of 32.7 km? (Fig.S1), characterised by rugged
terrain (857-2613 m a.s.l.) and marked habitat hetero-
geneity, particularly in the distribution of open and for-
ested patches (Data S1). Lower altitudes are dominated
by conifer forests (Abies spp. and Picea spp.), as well as
irrigated hay meadows, while higher elevations are cov-
ered successively by alpine shrublands and grasslands.
The target species of this study, the red deer, is the larg-
est ungulate in the Alps. This gregarious species tends
to form sex-specific groups of typically 3-6 individuals
in summer and 6-9 individuals in winter [58]. In May—
June, pregnant females isolate to give birth, whereas they
remain grouped in harems during the mating season in
September—October.

The population of red deer in this study area has been
estimated as approximately 278 individuals (source:
Autonomous Province of Bolzano), and is selectively
hunted following the Italian law and regulations of the
Province of Bolzano (https://provincia.bz.it/agricoltura-
foreste/fauna-caccia-pesca/default.asp): that is, the hunt-
ing period is open from May 1st to December 15th, with
demographic targets varying throughout the year. Hunt-
ing is banned at night (one hour after sunset to one hour
before sunrise, Data S2). Ungulate hunters in this area
use firearms, and adopt a sit-and-wait approach, either
at ground level or in an elevated hunting blind, with
most hunting events occurring in open habitats (Data
S2). The grey wolf (Canis lupus) has been recolonising
the area since 2017 [59]. Although wolf predation and
telemetry data were not available during the 2021-2023
study period, earlier research conducted between 2018
and 2020 [60] on the local wolf pack — whose territory
encompassed our study area — indicated that wolf preda-
tion had a considerably lower impact on red deer mor-
tality than human hunting. Based on telemetry-informed
kill site monitoring at the time, wolves were estimated to
kill approximately 17 red deer annually within the study
area, compared to about 59 taken by hunters over the
same period [60].

Red deer captures

We captured 15 adult female red deer during the winters
of 2021-2023, each of which were eartagged and collared
with a GPS tracker (Vectronics Aerospace GmbH®, Ver-
tex Plus), set to record one fix/hour, for circa 1.5 y after
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which the collars were programmed to drop off, reach-
ing a total of 23 animal-years between 11/01/2021 and
20/11/2023. During captures, deer were immobilised
through telenarcosis (‘Vienna mix; i.e. Xylazine, Zoletil,
and Antisedan).

Data pre-processing
We carried out data processing and analyses in R soft-
ware [61] (v.4.2.2).

Trajectory data

We processed the GPS data by removing locations with
low accuracy (dilution of precision >10), and we added a
small amount of time (10 s) to time duplicates and a small
spatial shift (0.00001 degrees to the latitude and the lon-
gitude) to consecutive location duplicates (as advised in
the crawl R package [62] guide). In order to exclude any
capture effect from the analysis, we also removed all loca-
tions in the 10 days following capture [63]. In the result-
ing animal tracks, 83% of all fixes were separated from
the previous and subsequent fix by 1 h (+ 10 min). We did
not interpolate missing locations, to only focus on ‘true’
locations. After data pre-processing, a total of 137,368
GPS locations were used for subsequent analyses (Fig.
S1).

Hunting data

Hunting bag information was recorded in the database
of the Sidtiroler Jagdverband/Associazione Cacciatori
Alto Adige (www.stat.jagdverband.it), with the bagged
species, kill location (estimated precision of circa 15 m)
and kill time (estimated precision of circa 20 min). In
order to include all hunting events occurring in the study
period, as well as estimate former experience of risk, we
extracted hunting records for all red deer bagged on the
territory since 2016 (i.e. the earliest available date; extrac-
tion on the 05/02/2024 with gdapRegex R package [64]),
obtaining a total of 470 reported kills (annual mean of
58.8+3.2 events). We excluded incomplete records (e.g.
missing kill time or location), for a final total of 407 red
deer hunting bags (Fig.S1).

Model variables

In order to assess antipredator behaviour at various
spatio-temporal scales (Fig. 1), we extracted ecological
variables from spatial layers accounting for a dynamic
environment, as described below.

Environmental variables

We described the environment of red deer with four
indices known to affect their movement in Alpine envi-
ronments (altitude, terrain ruggedness, food resources,
canopy cover density), using spatial raster layers at 10 m
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resolution, except for canopy cover, which was 20 m. We
derived altitude and terrain ruggedness from the digital
elevation model of the National Institute of Geophysics
and Volcanology [65] for topographical description of
the area (Data S3). We generated a canopy cover density
map, calculated as the surface density of trees exceed-
ing 2 m height in LiDAR’s Canopy Height Model [66]
to describe refuge distribution (Data S3). As a proxy for
quality forage availability, we also estimated daily maps
of new-growth forage biomass (hereafter referred to as
‘food’), from spatiotemporal extrapolations based on the
modelling of field-measured biomass of newly emergent
graminoids, forbs and shrubs as a function of Normal-
ized Difference Vegetation Index, habitat type, slope
exposure, and Julian day (Data S3).

Lethal risk variables

Based on the kill location and time of all hunting events in
the study area, we derived various components of lethal
risk experienced by the collared red deer. First, we quan-
tified acute spatiotemporal risk, to investigate reactive
responses as a function of spatial and temporal distance
to lethal events occurring throughout the monitoring
period of red deer (11/01/2021-20/11/2023), considering
the distance to the kills (direct movement response; Q.1-
3), and hourly spatially-explicit risk maps (instantaneous
habitat selection response; Q.4—6). Second, we quantified
chronic spatial and predictable temporal risk by consid-
ering all lethal events since 2016, to investigate proactive
movement behaviour as a function of canopy cover and
risk (overall habitat selection; Q.7-9).

First, for every hunting event occurring throughout the
monitoring period, we measured the Euclidean distance
between the location of the hunting event and each GPS-
collared red deer at the time of hunting (or at the closest
fix before the hunting event within 1 h). Second, we cre-
ated a series of hourly risk maps at a resolution of 10 m.
We estimated the weighted kernel density considering
hunting events that occurred within the previous 24 h
(smoothing parameter of 2 km with spatialEco R pack-
age [67]; the threshold of 2 km was identified from the
predictions of the reaction to lethal risk model, see 3.1;
see also [28, 68]). The used weights were a function of
time and decreased linearly from 1 to 0 throughout the
24 h following the hunting event, in order to simulate
the decay of perceived acute risk. Each hourly risk map
was then weighted overall by the highest weight occur-
ring in that map, as a way of distinguishing high and low
absolute risk values between hourly maps. Third, to cre-
ate the chronic spatial risk map, we generated a map of
cumulated spatial risk at a resolution of 10 m: we esti-
mated the kernel utilisation distribution (ad hoc esti-
mation of smoothing parameter with adehabitatHR R
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package [69]) of all locations of recorded hunting events
between January 2016 and November 2023. To estimate
the predictable temporal risk, we fitted a yearly circular
kernel density (smoothing parameter of 0.1 with circular
R package [70]) to the circular Julian dates of all recorded
hunting events between January 2016 and November
2023.

All risk variables were constrained between 0 and 1. We
extracted the risk for each location as the density value of
the cell containing this location (acute or chronic risk),
associated with its timestamp (temporal chronic risk).

Diel periods

We defined four diel periods in the 24 h of each day
relative to the timing of sunrise and sunset (suncalc R
package [71]): dawn and dusk were considered as the
two-hour periods centred around sunrise and sunset,
respectively, and day and night in the remaining hours
from dawn to dusk, and from dusk to dawn, respectively.
Hunting events occurred during dawn (10% of all hunt-
ing events), day (14%) and dusk (75%, Fig.S2); but not at
night (< 1%, see Data S2).

Movement analyses

To investigate the role of proaction and reaction in
antipredator movement responses along the predation
sequence, we combined and integrated different analyti-
cal approaches at three different spatiotemporal scales of
the predation sequence (Fig. 1), as described below.

Reaction to lethal risk: direct movement response over 24 h

To characterise reactive red deer movement following a
lethal event, assuming a ‘remain’ or ‘leave’ dilemma [53],
we measured red deer displacement (straight line dis-
tance between the first and last location) and cumulated
path length over the 24 h following the lethal event (Data
S4). We excluded travel sequences with missing hourly
fixes in such time intervals. We then investigated how
movement metrics (displacement and cumulated path
length) varied as a function of risk, using a generalised
linear mixed model with a negative binomial error distri-
bution and a log family (glmmTMB R package [72]). Spe-
cifically, we modelled these metrics as a function of the
distance to the lethal event at the time of hunting (Q.1),
interacting with the canopy cover density surrounding
the animal (mean within 500 m buffer, based on 95th
percentile of step lengths; Data S5) at the time of hunt-
ing (Q.2), and site familiarity (local value, defined as the
movement-based utilisation distribution value associ-
ated with the location at time of the lethal event; Data S6)
(Q.3). We also controlled for the local terrain ruggedness
(local value, Data S3) at the time and location of hunt-
ing, as well as individuals and years as random effects
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on the intercept. Continuous explanatory (distance to
lethal event, terrain ruggedness) variables were scaled
(to a standard deviation of 1) and centred (to a mean of
0), and proportional explanatory variables (canopy cover
density, site familiarity) were first arcsine-square-root
transformed. We analysed the effects of risk and environ-
mental variables on displacement and cumulated path
length in two separate models, and we verified the mod-
els’ assumptions, as well as the fit quality by statistically
assessing the prevalence of outliers and visually check-
ing residual distributions (Tables S7.2 and S8.2, Fig.S7,
Fig.S8; DHARMa R package [73]). We did not note any
collinearity issue (maximum variance inflation factor <2;
Tables S7.4 and S8.4; performance R package [74]).

Reactive and proactive habitat selection

We fitted integrated step selection functions [75] on indi-
vidual movement tracks to estimate the relative probabil-
ity of selecting covered habitat at various levels of lethal
risk, as well as the relative probability of selecting spatial
risk itself, both reactively (Q.4—6) and proactively (Q.7—
9). To do so, we generated 50 potential steps (‘available’)
for each observed step (‘used’). These available steps
were obtained by sampling their distances in a Gamma
distribution and the turning angles in a Von Mises dis-
tribution, parameterised based on observed steps. We
then fitted conditional logistic regressions (amt R pack-
age [76]) on all individual movement choices together,
considering risk (see 2.4.2) and local environmental vari-
ables (see 2.4.1; with values constrained between 0 and 1)
as predictors, controlling for movement variables (cosine
of the turning angle and logarithm of the length of the
step), and we used the individual-step ID as stratum. Due
to unavailability of risk information outside of the hunt-
ing reserves, we removed ‘used’ steps with missing risk
values, or individual-step IDs with more than 10 missing
‘available’ risk values.

Reaction to lethal risk: instantaneous habitat selection
response 'To model the reactive behaviour of red deer to
acute lethal risk, we considered the probability of a loca-
tion to be selected as a function of the acute spatiotempo-
ral risk (Q.4), the local canopy cover density (Q.5) and the
diel period (Q.6.

Proaction to lethal risk: overall habitat selection behav-
iour 'To model the proactive behaviour of red deer to
chronic lethal risk, we estimated the probability of a loca-
tion to be selected as a function of the chronic spatial risk
(Q.7), the predictable temporal risk (Q.8), the diel period
(Q.9) and the local canopy cover density.

For both habitat selection models (reaction and pro-
action), we ran alternative models including some or
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all of the above-mentioned variables of interest: from
simple additive terms to complex three-way interac-
tions (Tables S9 and S10). Importantly, diel period and
predictable temporal risk were included only as inter-
action terms, not as additive effects, since they do not
vary within strata. We also included control variables
to all tested models, namely food availability, altitude
and terrain ruggedness (see 2.4.1. Environmental varia-
bles) as environmental additive control terms, and step
length in interaction with turning angle as well as step
length in interaction with diel period as movement-
dependent control terms [75]. Among the alternative
models, the most parsimonious was selected [77], mini-
mising the Akaike Information Criterion (AIC). The
quantitative effect of variables identified as influential
in movement choices was estimated with logarithmic
relative selection strengths (log-RSS, [57]), by comput-
ing the logarithm of the ratio between the model pre-
dictions when all variables were set to 0.5 (exception
for Fig. 3B, see caption), while the variable of interest
was set to 1 or 0, and the step length and turning angle
to their mean values.

Results

Reaction to lethal risk: direct movement response

Our models for displacement (displ) and path length
(pathl) explained 25% and 27% of variability observed
in our data, respectively. Distance to the lethal event
in interaction with surrounding canopy cover den-
sity strongly and significantly modulated red deer dis-
placement (x?,=11.093, p;zr=0.001) and path length
(x*; =4.053, pypr=0.044) response in the 24 h following
a kill. Specifically, when red deer were majoritarily sur-
rounded by open areas, displacement decreased as dis-
tance to the lethal event increased (Fig. 2A — dotted red
line). In contrast, when red deer were majoritarily sur-
rounded by canopy cover, displacement increased as dis-
tance to the lethal event increased (Fig. 2A — solid green
line). These opposing reactions intersected at about
2 km from the lethal event, and at this distance red deer
showed similar displacements regardless of the canopy
cover. Similar trends were observed for path lengths,
but the converging response intensity regardless of sur-
rounding cover only occurred when red deer were very
close to the lethal event (<100 m) (Fig. 2C). Interestingly,
displacement and path length were significantly lower
when red deer were familiar with their surroundings
(Fig. 2B, D; Byispi=—0.370, SE51=0.052, z4;=—7.09,
Paisp <0.001; B =—0.122, SE 4y =0.025, 7,y = —4.95,
Ppah <0.001). Local terrain ruggedness did not affect the
direct movement response of the deer (X2Ldispl=0.249,
pLRT,displ = 0618’ le,pathl = 0340’ pLRT»pathl = 0560)
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reference canopy cover densities

Reaction to lethal risk: instantaneous habitat selection
response

The model considering two-way interactions between
acute spatiotemporal risk, canopy cover density, and diel
period (i.e. Alternative model 1; Table S9) was retained
as the most parsimonious. Red deer avoided acute spa-
tiotemporal risk during the day (Fig. 3A, log-RSS [95%
CI]=-2.772 [-4.590; —0.955]) and at dusk (Fig. 3A, log-
RSS [95% CI]= —2.256 [—3.679; —0.834]), while they
selected for these areas at night (Fig. 3A, log-RSS [95%
CI]1=0.926 [0.099; 1.752]). At dawn, movement choices
were independent of the acute spatiotemporal risk
(Fig. 3A, log-RSS [95% CI]= —0.664 [—2.789; 1.460]).
In the absence of risk, red deer selected for cover during
the day (Fig. 3B, log-RSS [95% CI]=0.517 [0.339; 0.694])
and at dawn (Fig. 3B, log-RSS [95% CI]=2.137 [1.782:
2.492]), and they avoided cover at night (Fig. 3B, log-RSS
[95% CI]=-1.072 [—1.204; — 0.940]) and at dusk (Fig. 3B,
log-RSS [95% CI] = —2.331 [-2.630; —2.032]). However,
selection for cover decreased as acute spatiotemporal

risk increased (Fig. 3C, slopej,, rgs=—1.363). Given the
absence of the three-way interaction in this model, this
slope of selection for cover as a function of acute spati-
otemporal risk was invariable across diel periods.

Proaction to lethal risk: overall habitat selection behaviour
The model considering the three-way interaction
between chronic spatial risk, canopy cover density and
diel period, and the two-way interaction between pre-
dictable temporal risk and canopy cover (i.e. Alternative
model 8; Table S10) was retained as the most parsimo-
nious. When simultaneously considering selection for
chronic spatial risk and selection for canopy cover, we
found that at dusk, red deer showed neutral to avoid-
ant behaviour towards spatial risk (Fig. 4B, Table 2), but
they avoided cover as risk increased (Fig. 4A, Table 1).
During the day, they were neutral towards spatial risk
(Fig. 4B, Table 2), and they selected less for cover as the
level of chronic spatial risk increased — but only to a
certain level of risk (circa 0.75 on a scale from 0 to 1),
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beyond which cover was used according to availabil-
ity (Fig. 4A, Table 1). Red deer selected areas of higher
risk at dawn and at night (Fig. 4B, Table 2), but they
increasingly selected or avoided cover as risk increased,
respectively (Fig. 4A, Table 1). In parallel to the annual
fluctuation of hunting pressure, red deer increased
their selection for cover as predictable temporal risk
increased (Fig. 4C, Alog-RSS, . min =0.555). Given the
absence of the three-way interaction in the most par-
simonious model, this fluctuation throughout the year
was invariable across diel periods. Interestingly, selec-
tion for cover reached its maximum in mid-September,
when the hunting pressure was highest (Fig. 4C).

Discussion

Given the pivotal role of ungulates in ecosystems [78,
79], landscape-scale effects of predation on this taxon
are fundamental to understanding ecosystem dynamics,
especially in anthropogenic ones [80—82]. Taking advan-
tage of the spatiotemporal scalability of movement paths
[55], and a unique, complete dataset of hunting bags,
we investigated how proaction and reaction interact to
shape movement behaviours of a prey species at vari-
ous spatiotemporal scales in their natural environment.
We showed how canopy cover and familiarity with the
landscape modulate antipredator responses to chronic
and acute lethal risk to answer the questions outlined in
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Fig. 1. Specifically, the differential role of canopy cover in
proactive and reactive antipredator behaviour revealed
a decisional sequence: during the most hazardous diel
period (i.e. dusk), deer tended to proactively avoid areas
of chronically high risk altogether (Fig. 4B), whereas dur-
ing a less — but still — hazardous period (i.e. dawn), they
proactively selected for cover in chronically high-risk

20 300
Julian day

Fig. 4 Relative selection strength (log-RSS, [57]) with 95% confidence intervals (A) for canopy cover in response to chronic spatial risk and (B)
for chronic spatial risk in response to canopy cover, and (C) for canopy cover in response to predictable yearly risk, by red deer at different diel
periods. For C, note that the diel period affects the absolute level of canopy cover selection (see Fig. 3B), but not its relationship with predictable
yearly risk. The hunting period is indicated with the textured line above the x-axis

areas (Fig. 4A; Q.7). Cover was also proactively selected
when risk was predictably high at a broader temporal
scale — namely, annually (Fig. 4C; Q.8). When red deer
occasionally exposed themselves to acute lethal risk
despite proactive efforts, they responded within the fol-
lowing 24 h by adjusting their movement along a remain-
to-leave continuum, modulated by the level of risk
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Table 1 Relative selection strengths (log-RSS, [571) with 95%
confidence intervals for canopy cover by red deer in response to
low and high chronic spatial risk, for each diel period (dawn, day,
dusk, night)

Low chronic spatial risk High chronic spatial risk

(setto 0) (setto 1)
Diel period log-RSS 95% Cl log-RSS  95% ClI
Dawn 1378 [0.641;2.115] 2.370 [1.579;3.162]
Day 0540  [0.154;0.927] 0.101 [-0.280; 0.481]
Dusk —1.017  [-1.695-0339] -3812 [-4442;,-3.182]
Night -0.922 [-1.239;,-0606] —1.927 [-2.248: —1.605]

Table 2 Relative selection strengths (log-RSS, [57]) with 95%
confidence intervals for chronic spatial risk by red deer in areas of
low and high canopy cover, for each diel period (dawn, day, dusk,
night)

Low canopy cover (set High canopy cover (set

to 0) to1)
Diel period log-RSS 95% ClI log-RSS  95% Cl
Dawn 2447 [0.985;3.909] 3440 [2.217;4.662]
Day 0.562 [-0.584;1.707] 0.122 [-0.953; 1.196]
Dusk 0.337 [-0.802; 14771 —2457 [-3.642;,-1.272]
Night 2.665 [2.121;3.209] 1.660 [1.091; 2.230]

(distance to the lethal event), surrounding canopy cover,
and site familiarity (Fig. 2; Q.1-3). In particular, deer
tended to reduce movement if they were in covered areas
offering them inconspicuousness (i.e., tending towards a
hiding tactic), and to escape/leave if they were in open
habitats, but less so when the environment was familiar,
confirming the importance of memory and cognition in
decision-making. As expected, avoidance of acute risk
itself was strongest during the day and at dusk (Fig. 3A;
Q.4, 6), when hunting was most probable (89% of hunting
events; Fig.S2). However, we found no evidence of selec-
tion for cover along the chosen response path in these
contexts of acute spatiotemporal risk (Fig. 3C, Q.5), indi-
cating that cover at the time of acute lethal event encoun-
ter only conditioned the remain-to-leave choice (Fig. 2A,
Q).

Canopy cover and site familiarity modulate the response

to acute risk on a remain-to-leave continuum

In reaction to direct acute risk, prey species typically
choose between remaining or leaving [51, 53]. However,
in the 24 h period after encounters with acute risk, we
found that red deer displayed a continuum of behaviours,
from reducing movement to increasing it, so that dis-
placements and path lengths varied with the distance to
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risk, the availability of canopy cover, and site familiarity
(Fig. 2).

At short distances from risk, cumulated path length
remained constant regardless of cover (Fig. 2C), confirm-
ing a heightened level of alertness after a hunting event
as noted by Chassagneux et al. [52]. Under similar condi-
tions — but often using behavioural assessments at finer
temporal scales, such as direct observations — other
authors have investigated high reactivity to additional
cues [83, 84]; active seeking of information to reassess
risk [85, 86]; or an active exploration in search for safer
areas [87]. Therefore, red deer response in densely cov-
ered habitat seemed to resemble a restricted movement
response, rather than a strict sit-and-hide response.

Instead, exposure to lethal events in more open habitats
induced more directional movements in deer (Fig. 2A vs
2C, red dotted lines: similar intercepts but slope associ-
ated with displacement far exceeds the one associated
with path length), probably due to an increased percep-
tion of risk exposure in this type of environment [54],
or possibly because they can simply be traversed more
quickly. Instead, exposure to hunting events in habitats
with high cover density induced movements that were
consistently less directional, whether the deer was close
to the hunting event or not (Fig. 2A vs 2C, green solid
lines: higher intercept for path length than for displace-
ment, but similar slopes). This pattern could reflect a
reduced perception of risk exposure, a need to reassess
the risk, or zig-zagging behaviour in order to hinder close
pursuits [88] or confuse the predator [89] in habitats
with lower visibility and more obstacles. However, given
the hourly resolution of our movement data, such fine-
scale behavioural mechanisms remain speculative in this
context.

Furthermore, we found a behavioural switch in red
deer displacements at circa 2 km from lethal events
(Fig. 2A), suggesting a distance above which red deer
decreasingly perceive hazard cues, or respond less as
exposure decreased [90]. Further research and experi-
mental set-ups are needed to disentangle perception
from response [91]; nevertheless, the spatial scale of this
switching distance was consistent with previously pub-
lished studies. For example, elk (Cervus canadensis) were
shown to move from grasslands to forested areas when
wolves were detected within 1 km [28] and their move-
ment rates decreased as distance to wolves increased up
to 5 km, beyond which their movement rates were con-
stant [68]. Finally, both displacement and path length
became longer in more densely covered habitats as dis-
tance from lethal events increased (Fig. 2A, C), indicating
in the absence of perceived risk a typical directional use
of forested areas and a typical exploitative use of open
areas (Fig.54).
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In addition, prey species have often been noted to
escape risk more often and move at greater distances
when cover is scarce, when understorey vegetation is
scarce, or when far from a refuge (fleeing [92]). Our
measurement of available canopy cover at the time of
exposure to lethal events provided a single variable
integrating all these various potential elements concur-
rently used in red deer decision making: the current
position in refuge habitat; the nearest distance from
refuge habitat; and the availability of refuge habitat.
Unlike escaping, restricted movement behaviour may
provide a more adequate response to avoid detection
by predators [21, 93], especially in response to visual
predators such as humans [40] in areas with dense
canopy cover offering concealment [94]. Staying put, in
contrast with restricted movements, may be more likely
observed in prey that are physically unable to outrun
their predator (e.g. ungulate fawns [95]) or in prey that
can effectively be hidden in their environment (e.g.
small, solitary, camouflaged and/or woodland species
[94, 96]). However, unlike the findings of Chassagneux
et al. [29] and Bojarska et al. [97] on red deer responses
to drive hunts, the restricted movement responses that
we observed were not followed by delayed flight within
24 h, and were significantly more likely if the deer were
familiar with their surroundings (Fig. 2B, D). Restricted
movement responses may indeed provide for more
safety to sit-and-wait hunting, compared to spatially
spread drive hunts [98]. The often hypothesised role of
familiarity in antipredatory behaviour [35, 36, 99] may
become more apparent with direct exposure to sit-and-
wait hunting events, where risk is acute and precisely
localised. Interestingly, high site familiarity reduced
displacement (Fig. 2B) and path length (Fig. 2D) possi-
bly as a consequence of a reduced need for active infor-
mation seeking [100] and a more effective escape [35],
facilitated by improved navigation abilities in familiar
environments [101].

Here, we considered the reactive behaviours to risk
over 24 h, providing evidence for a continuum of behav-
iours in red deer, from ‘remaining’ to ‘leaving’ It should
be noted, however, that the hourly resolution of our
data limits our ability to capture immediate, short-term
responses (e.g., freezing or hiding vs fleeing) in the sec-
onds or minutes following exposure to acute risk [48].
Finer temporal scales and/or more targeted data collec-
tion strategies (see [54] for an example) would be needed
to draw such inferences. The consideration of such addi-
tional fine-scale responses would not alter the overall
framework of movement responses along the predation
sequence (Fig. 1); rather, it would be integrated into an
additional level of reactive movement responses at a finer
spatiotemporal scale.
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Red deer alternate between risk avoidance and exposure
mitigation in response to temporal variation in attack rates
In our study, dusk emerged as the most hazardous diel
period, with 74.7% of all red deer hunting events occur-
ring during that time (Fig.S2). More strikingly, when
considering hourly attack rates (sensu [18]), dusk hours
were 7.4 times more hazardous than dawn hours, and
17.4-36.2 times more hazardous than daytime hours (the
range reflecting day length variability). Following the Risk
Allocation Hypothesis, we predicted the highest selec-
tion for canopy cover at dusk. However, red deer showed
the strongest avoidance of cover at dusk (Fig. 3B), and
avoidance intensified with increasing chronic spatial risk
(Fig. 4A). Instead, rather than selecting cover to mitigate
risk, the step selection analyses revealed that, at dusk,
red deer avoided the risky areas altogether — both acute
spatiotemporal risk (Fig. 3A) and chronic spatial risk
(Fig. 4B). This contrasts with behaviour at dawn, when
risk was still elevated but lower than at dusk: red deer did
not avoid risk per se (Fig. 4B) but they selected for cover
(Fig. 3B) to mitigate risk exposure, increasingly so with
increasing chronic spatial risk (Fig. 4A). During the day,
deer exhibited weak selection responses overall — likely
due to reduced movement and activity (Fig.S11) — but
still selected for cover (Fig. 3B) and strongly avoided
acute spatiotemporal risk (Fig. 3A), while responding
neutrally to chronic risk (Fig. 4B) and its interaction with
cover (Fig. 4A). This suggests limited proactive avoidance
during the day (when risk existed but was relatively low),
but clear reactive responses when risk was encountered.
At night, when hunting was not permitted and actual
risk was minimal, deer appeared to take risk across met-
rics: they avoided cover (Fig. 3B), selected for both acute
(Fig. 3A) and chronic risk (Fig. 4B), and avoided cover
increasingly as chronic spatial risk rose (Fig. 4A) — likely
because these areas offered greater forage with no real
cost. Lastly, annual variation in attack rates also trig-
gered varying antipredator responses in red deer, consist-
ent with the risk allocation hypothesis, as deer selected
more for cover during the peak hunting season (Fig. 4C),
regardless of diel period.

Dusk, a critical time in the predator-prey space race

Despite proactive avoidance of high-risk areas at dusk,
red deer were still exposed to lethal encounters, illustrat-
ing a classic case of the prey-predator space race [102,
103]. As discussed above, red deer selected open areas at
dusk while avoiding areas of high chronic and acute risk,
suggesting that individuals may exploit open areas not yet
(commonly) used by hunters. Selecting these open areas
at dusk may be a compensatory behaviour for lost graz-
ing opportunities after dawn and day largely spent under
canopy cover. The effect of accumulated lost feeding
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opportunities in the previous hours may also explain the
difference in risk taking at dawn and dusk: at dawn, red
deer have been able to forage abundantly throughout the
night, making risk taking less necessary with respect to
dusk. Whether this behaviour relates to other physiologi-
cal or behavioural constraints (e.g. rumen functioning,
alternate habitat use in a mixed feeder, intrinsic crepus-
cularity, hunger levels) requires further investigation.
Moreover, observed responses may be modulated by
additional factors beyond the scope of this study, includ-
ing variation in vigilance [39] or grouping behaviour
[26], reproductive status [104], individual body condi-
tion [105], and environmental conditions such as weather
[106, 107] — all of which merit further investigation.

Diel cyclicity of lethal risk may be the key for red deer

to face the food-cover trade-off

Sensitivity to diel cyclicity of risk is rarely considered in
studies on reactive antipredator behaviour (but see [26,
108]), but is often described in association with proactive
antipredator behaviour [25, 109-113]. In our study, pre-
dictability of risk across the diel cycle played a key role in
shaping how individuals navigated the trade-off between
cover and food, proactively and reactively. By highlight-
ing how red deer perceive and respond to risk at fine diel
scales, our results underscore the importance of integrat-
ing ‘schedules of fear’ [20] with the more commonly con-
sidered ‘landscapes of fear’ [17]. Indeed, as predation risk
varies both in time and in space, integrating these axes
of variation rather than investigating them separately
may account for much of the observed variability in risk
responses and non-consumptive effects [82, 114, 115].

Proactive choice for cover conditions following reactive
behaviour
When acute risk was perceived, red deer integrated this
information with local canopy cover availability and
responded along a remain-to-leave continuum (Fig. 2A,
C). These decisions reduced exposure to acute risk dur-
ing the 24 h following the kill (Fig. 3A), without evidence
of canopy cover selection along their paths (Fig. 3C). This
suggests that habitat selection was no longer a viable
response at this scale, and individuals instead reacted
through movement under the constraints of their imme-
diate surroundings. Deer tended to leave when in open
habitats and remain when in closed ones (Fig. 2A), sug-
gesting that selection coefficients — intrinsically reli-
ant on movement — primarily captured “flight” in open
areas, thereby explaining the counterintuitive pattern of
increased canopy cover avoidance under higher acute
risk (Fig. 3C).

Ensemble, the proactive and reactive uses of cover
appeared to be different and underpinned sequential
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context-dependent choices, at different spatiotemporal
scales. Indeed, although usually described separately,
proaction and reaction coexist within the spectrum of
behaviours available to prey species and they poten-
tially contribute together to a multistage antipredator
sequence [86], to context-dependent decision-making
(e.g. if risk is unpredictable, prey invest only in reaction
(20)) and even to proactive—reactive trade-offs within a
decisional process (see speed-accuracy trade-off [116],
see evidence- vs time-based mechanisms [117]) or
within behavioural syndromes (see proactive—reactive
personality axis [118]). Furthermore, even within reac-
tive antipredator behaviours, there are still elements of
predictable risk (i.e. diel cyclicity), allowing red deer to
modulate their reactions to acute risk through proac-
tive knowledge. In order to keep a clear and ecologically
meaningful distinction between proaction and reaction,
we recommend accounting for the predictability, and
chronicity vs acuteness of risk (see Glossary in [20]), to
articulate further the concept of temporal nature of risk
(long vs short term sensu [26, 119]).

Conclusions

During this study, it is likely that human hunting was the
most important risk for red deer (humans as a “super
predator” [120, 121]; see Sect. “Study area and red deer
hunting regime”), though the increasing presence of
wolves and their different hunting mode with respect to
humans (coursing vs human sit-and-wait) may also con-
tribute to shaping red deer space use patterns. While
fine-scale wolf behaviour or wolf predation data were not
available for our study area during the period of our anal-
ysis, the integration of all lethal impacts into future anal-
yses [111], as well as non-lethal human disturbance [122],
may further contribute to understanding ungulate behav-
ioural responses to multiple disturbance cues and trade-
offs in anthropogenic ecosystems. Our fine-scale dataset
provides a rare opportunity to disentangle how red deer
coordinate proactive and reactive responses across tem-
poral risk gradients, offering a coherent framework that
aligns responses to acute and chronic risk. Building on
this foundation, future research could explicitly test
how background risk modulates acute reactivity, ideally
through integrative modelling approaches and expanded
temporal or individual sampling.

Our study revealed the ability of red deer to react to
spatiotemporally varying risk in their environment by
modulating their movement behaviour at large and fine
scales, spatially and temporally, reactively and proactively.
For the first time in a large herbivore, we described how
proaction and reaction fuse in an antipredation sequence
[86] of interconnected movement decisions. From these
findings, several interesting questions emerge: what are
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the evolutionary origins of these similarities and dif-
ferences between proactive and reactive antipredator
behaviours? Do proactive behaviours emerge from accu-
mulated reactive behaviours? Or do both behaviours
undergo independent natural selection? Further research
integrating individual and species life-histories may pro-
vide novel insights to these intriguing questions.

Abbreviations

iSSA Integrated Step Selection Analysis

GPS Global Positioning System

LiDAR Light Detection And rRanging

Q Question

AIC Akaike Information Criterion

log-RSS  logarithmic Relative Selection Strength
displ displacement

pathl path length

SE Standard Error

LRT Likelihood Ratio Test

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/540462-025-00584-z.

Supplementary material 1 (R 9 KB)
Supplementary material 2 (R 113 KB)
Supplementary material 3 (CSV 67 KB)
Supplementary material 4 (CSV 259601 KB)
Supplementary material 5 (TXT 4 KB)
Supplementary material 6 (PDF 1241 KB)

Acknowledgements

The study was carried out in collaboration with the Wildlife Office (Ufficio
Gestione fauna selvatica / Amt flr Wildtiermanagement) of the Autonomous
Province of Bolzano. We thank the Sudtiroler Jagdverband/Associazione
Cacciatori Alto Adige, especially hunters from the reserves of Laurein/Lau-
regno and Proveis/Proves; and the veterinarians of the Istituto Zooprofilattico
Sperimentale delle Venezie (Sezione di Bolzano) for their collaboration. We
also thank all the stage students and interns who assisted during captures. We
are grateful to the Eurodeer members (https://eurodeer.org) who provided
constructive feedback on a preliminary version of the analysis. Views and opin-
ions expressed are those of the authors only and do not necessarily reflect
those of the European Union or the European Commission, nor can they be
held responsible for them.

Author contributions

CV: Conceptualisation and study design; Data curation; Formal analysis; Inves-
tigation; Methodology; Software; Validation; Visualisation; Writing — original
draft; Writing — review & editing. BR: Conceptualisation; Formal analysis;
Methodology; Software; Validation; Visualisation; Writing — early drafts; Writing
- review & editing. AC: Formal analysis; Investigation; Software; Visualisation;
Writing - review & editing. SDF: Data curation; Investigation. FO: Data curation;
Investigation; Project administration; Resources; Writing — review & editing.
DR: Investigation; Resources; Project administration. HCH: Funding acquisition;
Supervision; Writing — review & editing. LP: Funding acquisition; Supervision;
Writing - review & editing. FC: Conceptualisation and study design; Investiga-
tion; Resources; Funding acquisition; Project administration; Supervision;
Writing — early drafts; Writing — review & editing.

Funding

This work was financially supported by a Ph.D. scholarship to CV co-funded

by the Centre Agriculture Food Environment—C3A, (University of Trento and
the Fondazione Edmund Mach—FEM), and the Sustainable Development and
Protected Areas Service of the Autonomous Province of Trento. BR was funded

Page 13 of 16

by the Gordon and Betty Moore Foundation (GBMF9881). AC (fully) and FO,
HCH, and FC (partially) were funded under the National Recovery and Resil-
ience Plan (NRRP), Mission 4 Component 2 Investment 1.4—Call for tender No.
3138 of 16 December 2021, rectified by Decree n.3175 of 18 December 2021
of the Italian Ministry of University and Research funded by the European
Union — NextGenerationEU (Project code CN00000033, Concession Decree
No. 1034 of 17 June 2022 adopted by the Italian Ministry of University and
Research, CUP D43C22001280006, Project title “National Biodiversity Future
Center—NBFC").

Availability of data and materials

We provided the data as supplementary material, ensuring full reproducibility
of analyses. We removed sensitive spatial information on red deer from data
tables (while providing visuals — see Fig.5T — and maintaining reproducibility:
re-projection of single fixes) as these animals are selectively hunted under the
regulations of the Autonomous Province of Bolzano, and spatial data were
acquired or shared with us through agreements with this public body.

Declarations

Ethics approval and consent to participate

All animal handling and procedures were performed with ethical permission
(permit approval by ISPRA-Wildbeobachtungsstelle) and led by a licensed
veterinarian following Italian regulations. The administrative authorisation was
granted by Decree No. 24664/2020 of the competent Provincial Council.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

! Animal Ecology Research Unit, Research and Innovation Centre, Fondazione
Edmund Mach, San Michele allAdige, Italy. 2Conservation Genomics Research
Unit, Research and Innovation Centre, Fondazione Edmund Mach, San
Michele allAdige, Italy. *Centre Agriculture Food Environment (C3A), University
of Trento, San Michele all’Adige, Italy. “Department of Evolutionary Biology
and Environmental Studies, University of Zurich, Zurich, Switzerland. *National
Biodiversity Future Centre (NBFC), Palermo, Italy. SWildlife Office, Autonomous
Province of Bolzano - South Tyrol, Bolzano, Italy. ” Stelvio National Park Office -
Sustainable Development and Protected Areas Service, Autonomous Province
of Trento, Cogolo di Peio, Italy. ®Stelvio National Park - Direzione ERSAF
Lombardia, Bormio, Italy.

Received: 21 January 2025 Accepted: 10 July 2025
Published online: 07 August 2025

References

1. Sih A. Optimal behavior: can foragers balance two conflicting
demands? Science. 1980;210(4473):1041-3.

2. Mitchell WA, Lima SL. Predator-prey shell games: large-scale move-
ment and its implications for decision-making by prey. Oikos.
2002;99(2):249-59.

3. lorio-MerloV, Graham IM, Hewitt RC, Aarts G, Pirotta E, Hastie GD, et al.
2022 Prey encounters and spatial memory influence use of forag-
ing patches in a marine central place forager. Proc R Soc B Biol Sci.
1970,289:20212261.

4. Ajie BC, Pintor LM, Watters J, Kerby JL, Hammond JI, Sih A. A framework
for determining the fitness consequences of antipredator behavior.
Behav Ecol. 2007;18(1):267-70.

5. Creel S, Christianson D, Liley S, Winnie JA. Predation risk affects
reproductive physiology and demography of elk. Science.
2007;315(5814):960.

6. Zanette LY, White AF, Allen MC, Clinchy M. Perceived Predation risk
reduces the number of offspring songbirds produce per year. Science.
2011,334(6061):1398-401.


https://doi.org/10.1186/s40462-025-00584-z
https://doi.org/10.1186/s40462-025-00584-z
https://eurodeer.org

Vanderlocht et al. Movement Ecology

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

(2025) 13:57

Pangle KL, Peacor SD, Johannsson OE. Large nonlethal effects of an
invasive invertebrate predator on zooplankton population growth rate.
Ecology. 2007;88(2):402-12.

Griffin KA, Hebblewhite M, Robinson HS, Zager P, Barber-Meyer SM,
Christianson D, et al. Neonatal mortality of elk driven by climate, preda-
tor phenology and predator community composition. J Anim Ecol.
2011,80(6):1246-57.

Lima SL, Dill LM. Behavioral decisions made under the risk of predation:
a review and prospectus. Can J Zool. 1990;68(4):619-40.

Brown JS, Laundré JW, Gurung M. The ecology of fear: optimal foraging,
game theory, and trophic interactions. J Mammal. 1999;80(2):385-99.
Sih A. Prey uncertainty and the balancing of antipredator and feeding
needs. Am Nat. 1992;139(5):1052-69.

Schmitz OJ, Beckerman AP, O'Brien KM. Behaviorally mediated trophic
cascades: effects of predation risk on food web interactions. Ecology.
1997,78(5):1388-99.

Kneitel JM, Chase JM. Trade-offs in community ecology: linking spatial
scales and species coexistence. Ecol Lett. 2004;7(1):69-80.

Fortin D, Boyce MS, Merrill EH, Fryxell JM. Foraging costs of vigilance in
large mammalian herbivores. Oikos. 2004;107(1):172-80.

Brown JS. Patch use as an indicator of habitat preference or competi-
tion. Behav Ecol Sociobiol. 1988:22(1):37-47.

Laundré JW, Herndndez L, Altendorf KB. Wolves, elk, and bison: reestab-
lishing the ‘landscape of fear’in Yellowstone National Park, USA. Can J
Zool. 2001;79(8):1401-9.

Gaynor KM, Brown JS, Middleton AD, Power ME, Brashares JS. Land-
scapes of fear: spatial patterns of risk perception and response. Trends
Ecol Evol. 2019;34(4):355-68.

Lima SL, Bednekoff PA. Temporal variation in danger drives anti-
predator behavior: the predation risk allocation hypothesis. Am Nat.
1999;153(6):649-59.

Bednekoff PA, Lima SL. Risk allocation is a general phenomenon: a reply
to Beauchamp and Ruxton. Am Nat. 2011;177(1):147-51.

Palmer MS, Gaynor KM, Becker JA, Abraham JO, Mumma MA, Pringle
RM. Dynamic landscapes of fear: understanding spatiotemporal risk.
Trends Ecol Evol. 2022;37(10):911-25.

Endler BE. Interactions between predators and prey. In: Behavioural
ecology: An evolutionary approach. Third. Oxford: Blackwell Scientific
Publications; 1991. p. 169-202.

Suraci JP, Smith JA, Chamaillé-Jammes S, Gaynor KM, Jones M, Luttbeg
B, et al. Beyond spatial overlap: harnessing new technologies to resolve
the complexities of predator—prey interactions. Oikos. 2022,2022(8):
€09004.

Patin R. Jeu spatial et interactions comportementales dans la relation
prédateur-proie [Internet]. [Montpellier]: Université Montpellier; 2018.
Available from: https://theses.hal.science/tel-01954656

Laundré JW, Herndndez L, Ripple WJ. The landscape of fear: ecological
implications of being afraid. Open Ecol J. 2010;3(3):1-7.

Tillmann JE. Fear of the dark: night-time roosting and anti-preda-

tion behaviour in the grey partridge (Perdix perdix L.). Behaviour.
2009;146(7):999-1023.

Creel S, Schuette P, Christianson D. Effects of predation risk on group
size, vigilance, and foraging behavior in an African ungulate commu-
nity. Behav Ecol. 2014;25(4):773-84.

Creel S. The control of risk hypothesis: reactive versus proactive anti-
predator responses and stress-mediated versus food-mediated costs of
response. Ecol Lett. 2018;21(7):.947-56.

Creel S, Winnie J, Maxwell B, Hamlin K, Creel M. Elk alter habi-

tat selection as an antipredator response to wolves. Ecology.
2005;86(12):3387-97.

Chassagneux A, Calenge C, Marchand P, Richard E, Guillaumat E, Baubet
E, et al. Should i stay or should i go? Determinants of immediate and
delayed movement responses of female red deer (Cervus elaphus) to
drive hunts. PLoS ONE. 2020. https://doi.org/10.1371/journal.pone.
0228865.

Dall SRX, Giraldeau LA, Olsson O, McNamara JM, Stephens DW. Informa-
tion and its use by animals in evolutionary ecology. Trends Ecol Evol.
2005;20(4):187-93.

Chamaillé-Jammes S, Malcuit H, Le Saout S, Martin JL. Innate threat-
sensitive foraging: Black-tailed deer remain more fearful of wolf than

32.

33

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Page 14 of 16

of the less dangerous black bear even after 100 years of wolf absence.
Oecologia. 2014;174(4):1151-8.

Hébert M, Versace E, Vallortigara G. Inexperienced preys know

when to flee or to freeze in front of a threat. Proc Natl Acad Sci.
2019;116(46):22918-20.

Fraker ME. The effect of prior experience on a prey’s current perceived
risk. Oecologia. 2009;158(4):765-74.

Bracis C, Gurarie E, Rutter JD, Goodwin RA. Remembering the good
and the bad : memory-based mediation of the food - safety trade-off
in dynamic landscapes. Theor Ecol. 2018. https://doi.org/10.1007/
$12080-018-0367-2.

Clarke MF, da Silva KB, Lair H, Pocklington R, Kramer DL, McLaughlin
RL. Site familiarity affects escape behaviour of the eastern chipmunk,
Tamias striatus. Oikos. 1993;66(3):533.

Forrester TD, Casady DS, Wittmer HU. Home sweet home: fitness
consequences of site familiarity in female black-tailed deer. Behav Ecol
Sociobiol. 2015;69(4):603-12.

Wolf M, Frair J, Merrill E, Turchin P. The attraction of the known: the
importance of spatial familiarity in habitat selection in wapiti Cervus
elaphus. Ecography. 2009;32(3):401-10.

Palmer MS, Packer C. Reactive anti-predator behavioral strategy shaped
by predator characteristics. PLoS ONE. 2021;16(8): €0256147.

Chen A, Reperant L, Fischhoff IR, Rubenstein DI. Increased vigilance of
plains zebras (Equus quagga) in response to more bush coverage in a
Kenyan savanna. Clim Change Ecol. 2021;1(1): 100001.

Gaynor KM, MclInturff A, Abrahms BL, Smith AM, Brashares JS. Hunting
mode and habitat selection mediate the success of human hunters.
Mov Ecol. 2024;12(1):29.

Frid A, Dill LM. Human-caused Disturbance Stimuli as a Form of Preda-
tion Risk. Conserv Ecol [Internet]. 2002;6(1). Available from: http://www.
ecologyandsociety.org/volé/iss1/art11/

Ciuti S, Northrup JM, Muhly TB, Simi S, Musiani M, Pitt JA, et al. Effects of
Humans on Behaviour of Wildlife Exceed Those of Natural Predators in a
Landscape of Fear. PLoS ONE. 2012 Nov 28;7(11).

Salvatori M, De Groeve J, van Loon E, De Baets B, Morellet N, Focardi S,
et al. Day versus night use of forest by red and roe deer as determined
by Corine Land Cover and Copernicus Tree Cover Density: assess-

ing use of geographic layers in movement ecology. Landsc Ecol.
2022;37(5):1453-68.

Ratajczak Z, Nippert JB, Collins SL. Woody encroachment decreases
diversity across North American grasslands and savannas. Ecology.
2012,93(4):697-703.

Randle M, Stevens N, Midgley G. Comparing the differential effects of
canopy shading by Dichrostachys cinerea and Terminalia sericea on grass
biomass. South Afr J Bot. 2018;119(1):271-7.

Jefferies RL, Klein DR, Shaver GR. Vertebrate herbivores and north-

ern plant communities: reciprocal influences and responses. Oikos.
1994,71:193-206.

Mysterud A, @stbye E. Bed-site selection by European roe deer
(Capreolus capreolus) in southern Norway during winter. Can J Zool.
1995;73:924-32.

Stankowich T. Ungulate flight responses to human disturbance: a
review and meta-analysis. Biol Conserv. 2008;141(9):2159-73.

Kramer DL, Bonenfant M, Kramer DL. Direction of predator approach
and the decision to flee to a refuge. Anim Behav. 1997;54:289-95.
Rigoudy N, Chamaillé-Jammes S, Hewison AJM, Bonnet A, ChavalY,
Lourtet B, et al. Crop phenology reshapes the food-safety landscape for
roe deer in an agroecosystem. J Appl Ecol. 2024;61(3):564-74.

Eilam D. Die hard: a blend of freezing and fleeing as a dynamic
defense—implications for the control of defensive behavior. Neurosci
Biobehav Rev. 2005;29(8):1181-91.

Chassagneux A, Calenge C, Siat V, Mortz P, Baubet E, Said S. Proximity to
the risk and landscape features modulate female red deer movement
patterns over several days after drive hunts. Wildl Biol [Internet]. 2019
Apr 19,2019(1). Available from: https://bioone.org/journals/wildlife-
biology/volume-2019/issue-1/wlb.00545/Proximity-to-the-risk-and-
landscape-features-modulate-female-red/https://doi.org/10.2981/wlb.
00545 full

Olejarz A, Augustsson E, Kjellander P, Jezek M, Podgorski T. Experience
shapes wild boar spatial response to drive hunts. Sci Rep. 2024 Dec
1,14(1).


https://theses.hal.science/tel-01954656
https://doi.org/10.1371/journal.pone.0228865
https://doi.org/10.1371/journal.pone.0228865
https://doi.org/10.1007/s12080-018-0367-2
https://doi.org/10.1007/s12080-018-0367-2
http://www.ecologyandsociety.org/vol6/iss1/art11/
http://www.ecologyandsociety.org/vol6/iss1/art11/
https://doi.org/10.2981/wlb.00545.full
https://doi.org/10.2981/wlb.00545.full

Vanderlocht et al. Movement Ecology

54.

55.

56.

57.

58.

59.

60.

61.

62.
63.

64.

65.

66.

67.

68.
69.
70.

71.

72.

73.

74.

75.

(2025) 13:57

Bonnot NC, Hewison AJM, Morellet N, Gaillard JM, Debeffe L,

Couriot O, et al. Stick or twist: roe deer adjust their flight behaviour
to the perceived trade-off between risk and reward. Anim Behav.
2017;1(124):35-46.

Nathan R, Getz MW, Revilla E, Holyoak M, Kadmon R, Saltz D, et al. A
movement ecology paradigm for unifying organismal movement
research. Proc Natl Acad Sci U S A. 2008;105(49):19052-9.

Johnson DH. The comparison of usage and availability measure-
ments for evaluating resource preference. Ecology. 1980;61(1):65-71.
AvgarT, Lele SR, Keim JL, Boyce MS. Relative selection strength:
quantifying effect size in habitat- and step-selection inference. Ecol
Evol. 2017,7(14):5322-30.

Mustoni A, Zanon E, Pedrotti L, Tosi G. Ungulati delle Alpi: biologia,
riconoscimento, gestione. Cles: Nitida immagine; 2005.

Groff C, Angeli F, Asson D, Bragalanti N, Pedrotti L, Rizzoli R, et al. Rap-
porto Grandi Carnivori 2017 - Large Carnivore Report 2017 [Internet].
Trento: Servizio Foreste e fauna della Provincia Autonoma di Trento;
2018 Mar. Available from: https://grandicarnivori.provincia.tn.it/
Groff C, Angeli F, Asson D, Bragalanti N, Pedrotti L, Zanghellini P. Rap-
porto Grandi Carnivori 2018 - Large Carnivore Report 2018 [Internet].
Trento: Servizio Foreste e fauna della Provincia Autonoma di Trento;
2019 Mar. Available from: https://grandicarnivori.provincia.tn.it/

R Development Core Team. R: a language and environment for
statistical computing. R Foundation for Statistical Computing, Vienna,
Austria. www.r-project.org. 2022.

Johnson DS. Package ‘crawl’ 2018.

Bergvall UA, Morellet N, Kjellander P, Rauset GR, De Groeve J, Borowik
T, et al. Settle down! ranging behaviour responses of roe deer to dif-
ferent capture and release methods. Animals. 2021 Nov 1;11(11).
Rinker TW.‘qdapRegex”: regular expression removal, extraction, and
replacement tools. 2017.

Tarquini S, Isola I, Favalli M, Battistini A, Dotta G. TINITALY, a digital
elevation model of Italy with a 10 meters cell size (Version 1.1)
[Internet]. Istituto Nazionale di Geofisica e Vulcanologia (INGV); 2023
[cited 2024 Nov 13]. p. about 3000 M grid cells, in total about 50 GB
of disk memory, DEM: about 17 GB of disk memory, shaded relief
map: about 4.2 GB of disk memory, slope map: about 4.3 GB of disk
memory, sky view factor (2.5 o) map: about 4.3 GB of disk memory,
view factor (equal area) map: about 4.3 GB of disk memory, openness
down map: about 4.3 GB of disk memory, Hue-Saturation-Value
composition image: about 12.7 GB of disk memory. Available from:
https://tinitaly.pi.ingv.it/

Autonomous Province of Trento. LIDAR PAT 2014 integrato con voli
2018. Ufficio Sistemi Informativi - Servizio autorizzazioni e valutazioni
ambientali [Internet]. Autonomous Province of Trento, Italy; 2020.
Available from: http://www.territorio.provincia.tn.it/portal/server.pt/
community/lidar/847/lidar/23954

Evans JS, Murphy MA. spatialEco [Internet]. 2°23. Available from:
https://github.com/jeffreyevans/spatialEco

Proffitt KM, Grigg JL, Hamlin KL, Garrott RA. Contrasting effects of
wolves and human hunters on elk behavioral responses to predation
risk. J Wildl Manag. 2009;73(3):345-56.

Calenge C. The package ‘adehabitat’for the R software: a tool

for the analysis of space and habitat use by animals. Ecol Model.
2006;197:516-9.

Agostinelli C, Lund U. R package ‘circular”: circular statistics. 2023.
Thieurmel B, EImarhraoui A. suncalc: compute sun position, sunlight
phases, moon position and lunar phase. 2022.

Brooks ME, Kristensen K, van Benthem KJ, Magnusson A, Berg CW,
Nielsen A, et al.'gImmTMB’ balances speed and flexibility among
packages for zero-inflated generalized linear mixed modeling. R J.
2017;9(2):378-400.

Hartig F. DHARMa: residual diagnostics for hierarchical (multi-level/
mixed) regression models. 2022; R package version 0.4.6, 2022.
Lidecke D, Ben-Shachar M, Patil |, Waggoner P, Makowski D. per-
formance: an R package for assessment, comparison and testing of
statistical models. J Open Source Softw. 2021,6(60):3139.

Avgar T, Potts JR, Lewis MA, Boyce MS. Integrated step selection
analysis: bridging the gap between resource selection and animal
movement. Methods Ecol Evol. 2016;7(5):619-30.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Page 150f 16

Signer J, Fieberg J, Avgar T. Animal movement tools (amt): R package
for managing tracking data and conducting habitat selection analyses.
Ecol Evol. 2019;9(2):880-90.

Burnham KP, Anderson DR, Huyvaert KP. AIC model selection and multi-
model inference in behavioral ecology: Some background, observa-
tions, and comparisons. Behav Ecol Sociobiol. 2011;65(1):23-35.

Pringle RM, Abraham JO, Anderson TM, Coverdale TC, Davies AB, Dutton
CL, et al. Impacts of large herbivores on terrestrial ecosystems. Curr Biol.
2023;33(11):R584-610.

Monk J. Diverse impacts of large herbivores. Nat Ecol Evol.
2024;8(4):602-3.

Dorresteijn I, Schultner J, Nimmo DG, Fischer J, Hanspach J, Kuemmerle
T, et al. 2015 Incorporating anthropogenic effects into trophic ecology:
predator-prey interactions in a human-dominated landscape. Proc R
Soc B Biol Sci. 1814;282:20151602.

Kuijper DPJ, Sahlén E, ElImhagen B, Chamaillé-Jammes S, Sand H, Lone
K, et al. 2016 Paws without claws? Ecological effects of large carnivores
in anthropogenic landscapes. Proc R Soc B Biol Sci. 1841,283:20161625.
Ausilio G, Sand H, Mansson J, Mathisen KM, Wikenros C. Ecological
effects of wolves in anthropogenic landscapes: the potential for trophic
cascades is context-dependent. Front Ecol Evol. 2021;8:8.

Vanderlocht C. Antipredator behaviour of red deer (Cervus elaphus) in
an experimental gradient in predator scent: can we create a landscape
of fear? [MSc thesis]. [Wageningen]: Wageningen University & Research;
2021.

Adams JL, Camelio KW, Orique MJ, Blumstein DT. Does informa-

tion of predators influence general wariness? Behav Ecol Sociobiol.
2006;60(5):742-7.

Blanchard DC, Blanchard RI, Rodgers RI. Risk assessment and animal
models of anxiety. 1991.

Hemmi JM, Pfeil A. A multi-stage anti-predator response increases
information on predation risk. J Exp Biol. 2010;213(9):1484-9.

Grignolio S, Merli E, Bongi P, Ciuti S, Apollonio M. Effects of hunting with
hounds on a non-target species living on the edge of a protected area.
Biol Conserv. 2011;144(1):641-9.

Caro TM, Graham CM, Stoner CJ, Vargas JK. Adaptive significance of
antipredator behaviour in artiodactyls. Anim Behav. 2004,67(2):205-28.
Humpbhries DA, Driver PM. Erratic display as a device against predators.
Science. 1967;156(3783):1767-8.

Ydenberg RC, Dill LM. The Economics of Fleeing from Predators. In 1986.
p. 229-49,

Prugh LR, Sivy KJ, Mahoney PJ, Ganz TR, Ditmer MA, van de Kerk M, et al.
Designing studies of predation risk for improved inference in carnivore-
ungulate systems. Biol Conserv. 2019;1(232):194-207.

Stankowich T, Blumstein DT. Fear in animals: a meta-analysis and review
of risk assessment. Proc R Soc B Biol Sci. 2005;272(1581):2627-34.

De Franceschi G, Vivattanasarn T, Saleem AB, Solomon SG. Vision

guides selection of freeze or flight defense strategies in mice. Curr Biol.
2016;26(16):2150-4.

Smith WP. Ontogeny and adaptiveness of tail-flagging behavior in
white-tailed deer. Am Nat. 1991;138(1):190-200.

Fitzgibbon CD. Anti-predator strategies of immature Thom-

son’s gazelles: hiding and the prone response. Anim Behav.
1990;40(5):846-55.

Koivula K, Rytkénen S, Orell M. Hunger-dependency of hiding behav-
jour after a predator attack in dominant and subordinate willow tits.
Ardea. 1995;83(2):397-404.

Bojarska K, Gerber N, Herzog S, Isselstein J, Meif3ner M, Riesch F, et al.
Red deer responses to drive hunts are related to habitat and landscape
characteristics. J Wildl Manag. 2024 Jul 1;88(5).

Montgomery RA, Raupp J, Miller SA, Wijers M, Lisowsky R, Comar A,

et al. The hunting modes of human predation and potential non-
consumptive effects on animal populations. Biol Conserv. 2022;265:
109398.

Heathcote RJP, Whiteside MA, Beardsworth CE, Van Horik JO, Laker PR,
Toledo S, et al. Spatial memory predicts home range size and predation
risk in pheasants. Nat Ecol Evol. 2023;7(3):461-71.

Snyder RL, Jenson W, Cheney CD. Environmental familiarity and

activity: aspects of prey selection for a ferruginous hawk. Condor.
1976;78(1):138-9.


https://grandicarnivori.provincia.tn.it/
https://grandicarnivori.provincia.tn.it/
http://www.r-project.org
https://tinitaly.pi.ingv.it/
http://www.territorio.provincia.tn.it/portal/server.pt/community/lidar/847/lidar/23954
http://www.territorio.provincia.tn.it/portal/server.pt/community/lidar/847/lidar/23954
https://github.com/jeffreyevans/spatialEco

Vanderlocht et al. Movement Ecology (2025) 13:57

101.

102.

103.

104.

105.

106.

107.

109.

110.

112.

114.

116.

117.

118.

120.

121.

122.

Jang H, Boesch C, Mundry R, Kandza V, Janmaat KRL. 2019 Sun, age and
test location affect spatial orientation in human foragers in rainforests.
Proc R Soc B Biol Sci. 1907,286:20190934.

Sih A. The behavioral response race between predator and prey. Am
Nat. 1984;123(1):143-50.

Hugie DM, Dill LM. Fish and game: a game theoretic approach to habi-
tat selection by predators and prey. J Fish Biol. 1994;45(sA):151-69.
Childress MJ, Lung MA. Predation risk, gender and the group size effect:
does elk vigilance depend upon the behaviour of conspecifics? Anim
Behav. 2003;66(2):389-98.

Dannewit J, Petersson E. Association between growth, body condition
and anti-predator behaviour in maturing and immature brown trout
parr. J Fish Biol. 2001;59(4):1081-91.

Mysterud A, @stbye E. Cover as a habitat element for temperate
ungulates: effects on habitat selection and demography. Wildl Soc Bull.
1999,27(2):385-94.

Rivrud IM, Loe LE, Mysterud A. How does local weather predict red
deer home range size at different temporal scales? J Anim Ecol.
2010;79(6):1280-95.

Valeix M, Fritz H, Loveridge AJ, Davidson Z, Hunt JE, Murindagomo F,
et al. Does the risk of encountering lions influence African herbivore
behaviour at waterholes? Behav Ecol Sociobiol. 2009;63(10):1483-94.
Marchand P, Garel M, Bourgoin G, Dubray D, Maillard D, Loison

A. Coupling scale-specific habitat selection and activity reveals
sex-specific food/cover trade-offs in a large herbivore. Anim Behav.
2015;1(102):169-87.

Kohl MT, Stahler DR, Metz MC, Forester JD, Kauffman MJ, Varley N, et al.
Diel predator activity drives a dynamic landscape of fear. Ecol Monogr.
2018;88(4):638-52.

Kohl MT, Ruth TK, Metz MC, Stahler DR, Smith DW, White Pj, et al. Do
prey select for vacant hunting domains to minimize a multi-predator
threat? Ecol Lett. 2019;22(11):1724-33.

Courbin N, Loveridge AJ, Fritz H, Macdonald DW, Patin R, Valeix M, et al.
Zebra diel migrations reduce encounter risk with lions at night. J Anim
Ecol. 2019;88(1):92-101.

Smith JA, Donadio E, Pauli JN, Sheriff MJ, Middleton AD. Integrating
temporal refugia into landscapes of fear: prey exploit predator down-
times to forage in risky places. Oecologia. 2019;189(4):883-90.

Cusack JJ, Kohl MT, Metz MC, Coulson T, Stahler DR, Smith DW, et al.
Weak spatiotemporal response of prey to predation risk in a freely
interacting system. J Anim Ecol. 2020;89(1):120-31.

Sheriff MJ, Peacor SD, Hawlena D, Thaker M. Non-consumptive predator
effects on prey population size: a dearth of evidence. J Anim Ecol.
2020;89(6):1302-16.

Chittka L, Skorupski P, Raine NE. Speed-accuracy tradeoffs in animal
decision making. Trends Ecol Evol. 2009,24(7):400-7.

Hawkins GE, Heathcote A. Racing against the clock: evidence-based
versus time-based decisions. Psychol Rev. 2021;128(2):222.

Quinn JL, Cole EF, Bates J, Payne RW, Cresswell W. Personality predicts
individual responsiveness to the risks of starvation and predation. Proc
R Soc B Biol Sci. 2012;279(1735):1919-26.

Broekhuis F, Cozzi G, Valeix M, Mcnutt JW, Macdonald DW. Risk avoid-
ance in sympatric large carnivores: Reactive or predictive? J Anim Ecol.
2013;82(5):1098-105.

Darimont CT, Fox CH, Bryan HM, Reimchen TE. The unique ecology of
human predators. Science. 2015;349(6250):858-60.

Slovikosky SA, Montgomery RA. Large mammal behavioral defenses
induced by the cues of human predation. PNAS Nexus. 2024;3(9):382.
Abernathy HN, Ditmer MA, Stoner DC, Hersey KR, Schoenecker KA, Jack-
son PJ, et al. Dynamic riskscapes for prey: disentangling the impact of
human and cougar presence on deer behavior using GPS smartphone
locations. Ecography. 2025;5: e07626.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 16 of 16



	Proactive and reactive movement behaviours shape the antipredator sequence in a large herbivore
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Study area and red deer hunting regime
	Red deer captures
	Data pre-processing
	Trajectory data
	Hunting data

	Model variables
	Environmental variables
	Lethal risk variables
	Diel periods

	Movement analyses
	Reaction to lethal risk: direct movement response over 24 h
	Reactive and proactive habitat selection
	Reaction to lethal risk: instantaneous habitat selection response 
	Proaction to lethal risk: overall habitat selection behaviour 



	Results
	Reaction to lethal risk: direct movement response
	Reaction to lethal risk: instantaneous habitat selection response
	Proaction to lethal risk: overall habitat selection behaviour

	Discussion
	Canopy cover and site familiarity modulate the response to acute risk on a remain-to-leave continuum
	Red deer alternate between risk avoidance and exposure mitigation in response to temporal variation in attack rates
	Dusk, a critical time in the predator–prey space race
	Diel cyclicity of lethal risk may be the key for red deer to face the food-cover trade-off
	Proactive choice for cover conditions following reactive behaviour

	Conclusions
	Acknowledgements
	References


