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Wild ungulates are a major consumer of agricultural crops in human dominated landscapes. Across Europe,
ungulate populations are leading to intensified human-wildlife conflicts. At the same time, ungulates play a vital
role in the structuring and functioning of ecosystems, and are highly appreciated for recreational hunting. Thus,
managers often face the challenge of maintaining the benefits of having thriving ungulate populations while
simultaneously minimizing their negative impacts. Broadcasting playbacks of predator vocalizations (e.g. dogs
barking, wolves howling or humans talking) could potentially be used to induce fear and thereby displace or
steer behavior of ungulates from conflict-prone sites resulting in reduced visitation and foraging time and
consumption. Predator playback experiments in wilderness areas have repeatedly demonstrated to reduce the
preys resource use and impacts on the surrounding landscape, but this has not been tested in agricultural fields
where human-ungulate conflicts are most pronounced. We responded to this need by conducting a predator
playback experiment in multiple crop fields in southern Sweden, where multiple ungulate species (fallow deer,
roe deer, red deer, moose, wild boar) coexist, using a novel integrated camera trap — speaker system (ABRs) that
broadcasts sounds of choice when a camera is triggered by an ungulate. Predator playbacks (wolf, dog, human)
reduced deer patch use and crop damage on wheat fields more than playbacks of control sounds (owl, goose,
raven). Our results confirm findings from previous studies in wilderness areas, and demonstrate that broad-
casting predator playbacks using ABRs may provide an effective tool to reduce crop damage at the scale and
duration of our study.

1. Introduction

Wild ungulates can have strong effects on their environment, and in
human-dominated landscapes this may lead to conflicts with human
land use such as agriculture (Reimoser and Putman, 2014). Ungulate
numbers and distribution are increasing across Europe (Apollonio et al.,
2010b; Linnell et al., 2020; Thulin et al., 2015) due to better conser-
vation practices, wildlife management actions and increased availability
of forage arising from agriculture and forestry practices (Ferretti and
Lovari, 2014; Presley et al., 2019). Across Europe, these increasing
populations lead to increased crop damage, affecting production and
incomes in agriculture (Reimoser and Putman, 2014). Estimating the
cost of wild ungulate grazing on agriculture is difficult because many
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countries lack national monitoring programs (Linnell et al., 2020;
Reimoser and Putman, 2014). However, compensation for crop damage
by wildlife represents 35% of the total global agricultural compensation
(Ravenelle and Nyhus, 2017) and in some European countries reaches
up to 13 million euro annually (Linnell et al., 2020). Agricultural im-
pacts of ungulates, such as wild boar (Sus scrofa), fallow deer (Dama
dama) and red deer (Cervus elaphus) are thus seen as an increasing
problem (e.g. Apollonio et al., 2010a; Bleier et al., 2017; Marchiori et al.,
2012; Menichetti et al., 2019; Schley and Roper, 2003).

Although expanding ungulate populations in Europe lead to
increasing conflicts with human land use, they also play crucial roles in
the functioning of Europe’s ecosystems (Linnell et al., 2020). In fact,
many stakeholders celebrate the ungulate comeback in Europe and
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emphasize diverse positive impacts of increased ungulate populations
(e.g. prey for large carnivores, carrion for scavengers and ecosystem
engineers) and as a resource for hunters or wildlife tourism (see Linnell
et al., 2020 for a detailed review). Managers thus face the challenge of
maintaining and/or promoting these perceived positive values of
increased ungulate populations while minimizing their negative im-
pacts. Hence, while population control may in some cases be an efficient
management tool to reduce crop damage (Geisser and Reyer, 2004) this
may also counteract other management goals aimed at improving
hunting, recreational value or conservation. There is thus an urgent need
for management approaches that create/aim for variable ungulate
densities across the landscape (low in conflict-prone areas, high in
natural habitats or where focus is on wildlife use). One such manage-
ment approach, which is receiving increasing interest, is the use of tools
and methods to induce fear (anti-predator responses) to steer the
behavior and distribution of wildlife across the landscape (Cromsigt
et al.,, 2013; Garvey et al., 2020; Gaynor et al., 2020). In addition to
creating variable densities across landscapes, this approach is also of
interest for species that are difficult to control numerically (e.g., wild
boar) and because society is increasingly asking for non-lethal tools to
reduce conflicts (Blumstein, 2016; Cromsigt et al., 2013; Garvey et al.,
2020; Gaynor et al., 2020; Reimoser and Putman, 2014; Shivik, 2006).

The science behind using fear as a tool to influence behavior is based
on the so-called “ecology of fear” (Brown et al., 1999). The ‘ecology of
fear’ posits that anti-predator behavior is powerful enough to have
population-, community- and ecosystem-level impacts (Brown et al.,
1999; Lima and Dill, 1990; McNamara and Houston, 1992), as corrob-
orated in a growing number of experiments on free-living wildlife
(reviewed in Zanette and Clinchy, 2020). Prey should respond strongly
and consistently to the perceived presence of predators (Smith et al.,
2017; Zanette and Clinchy, 2020), because the cost of failing to avoid a
predator is almost certain death (Lima and Dill, 1990; Bouskila and
Blumstein, 1992; Johnson et al., 2013). Consequently, compared to
deterrents (e.g. scare crows or lines of flags along fence lines; Shivik,
2006) that do not simulate predator cues using fear as a tool in wildlife
management may be more effective (Cromsigt et al., 2013; Garvey et al.,
2020; Gaynor et al., 2020; Zanette and Clinchy, 2020). Animals may
perceive the presence of predators using visual, olfactory and/or audi-
tory signals (Creel and Christianson, 2008) and respond by either
leaving or avoiding the risky area or increasing their vigilance, resulting
in reduced time spent foraging (Brown et al., 1999; Lima and Dill, 1990;
Kuijper et al., 2014; Gaynor et al., 2020; Zanette and Clinchy, 2020).
Broadcasting auditory predator cues has proven to be a particularly
effective means of inducing fear responses in wildlife (e.g. Zanette et al.,
2011; Hettena et al., 2014; Suraci et al., 2016; Smith et al., 2017; Suraci
et al., 2019b).

To develop effective acoustic tools that manipulate fear, one needs to
know what auditory cues lead to the strongest anti-predator responses
(Garvey et al., 2020; Gaynor et al., 2020; Smith et al., 2020). Prey may
perceive and respond to different predators in very different ways due to
differences in their vulnerability and/or their anti-predator strategies
(Clinchy et al., 2016; Durant, 2000; Zanette and Clinchy, 2020; van
Beeck Calkoen et al., 2021; Epperly et al., 2021). Recent worldwide
analyses, however, have established that humans may be “super pred-
ators” (Darimont et al., 2015; Zanette and Clinchy, 2020) eliciting
similarly strong antipredator responses in a wide range of ungulate and
carnivore species (Zanette and Clinchy, 2020). Correspondingly, mul-
tiple recent predator playback experiments have demonstrated that
ungulates and carnivores in Europe, Africa and North America fear
hearing the human ‘super predator’ far more than non-human predators
(Clinchy et al., 2016; Suraci et al., 2019b; Zanette and Clinchy, 2020).

The effective use of fear as a tool in wildlife management depends on
minimizing habituation (Shivik, 2006; Blumstein, 2016; Zanette and
Clinchy, 2020). Habituation is governed in part by the time between
exposures to an aversive stimulus; irregularity and infrequency lessen
the likelihood of habituation (Blumstein, 2016; Zanette and Clinchy,
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2020). One should thus be able to minimize habituation by maximizing
variation in the characteristics of the aversive stimulus and ensuring
exposure is intermittent rather than continuous (Zanette et al., 2011;
Garvey et al., 2020; Shivik, 2006). The Automated Behavioral Response
system (ABR) represents a newly-developed tool that could be used in an
applied setting to implement auditory fear cues while minimizing the
chance of habituation at the scale of weeks (e.g. 4 weeks, Suraci et al.,
2016; 5 weeks, Suraci et al., 2019b) and even entire breeding/growing
seasons (e.g. 4 months, Zanette et al., 2011). This integrated camera trap
— speaker system only broadcasts a sound when animal movement ac-
tivates the camera sensor, thereby ensuring exposure is intermittent. The
ABR can moreover be programmed to broadcast any sound in any order,
ensuring variation is maximized, thereby further ensuring habituation is
avoided (Suraci et al., 2017; Smith et al., 2020).

Systems, such as the ABR, may offer novel ways of applying the
ecology of fear to mitigate human-wildlife conflicts. However, most
studies using ABRs or similar systems have focused on changes in animal
behavior and have not measured the consequences of these behavioral
changes on the wildlife’s landscape use and forage resources. Moreover,
few have performed studies in the actual management setting where
human-wildlife conflicts occur (Smith et al., 2020) but see (Thuppil and
Coss, 2016) for the use of playbacks to reduce crop raiding by elephants
(Elephas maximus) in India. A recent review of the use of frightening
devices to protect crops found no examples of the broadcast of predator
vocalizations as a measure to protect crops (Enos et al., 2021). Hence,
we urgently need more studies that experimentally test these
fear-manipulating tools, such as ABRs, in an actual management context
and link behavioral responses to the ungulate impacts on the landscape,
such as crop damage. In this study, we used ABRs to broadcast predator
vocalizations, and thus manipulate fear, to test whether inducing fear
can reduce crop damage. In addition, we had two sets of ABRs pro-
grammed with different frequencies at which predator and control vo-
calizations were triggered; a set of ABRs with high frequency of predator
playbacks (“high-predator level”) and a set of ABRs with lower fre-
quency of predator playbacks (“low-predator level”). We then compared
patch use by ungulates and crop damage between regular camera traps
sites (no-sound controls), “high-predator level” ABR sites and “low--
predator level” ABR sites.

2. Methods
2.1. Study area description

The study was performed in the county of Sodermanland, in the
hemiboreal climate zone of southern Sweden (58.963899 N, 17.156465
E, Fig. 1a). The climate is mild with a monthly mean temperature of
16-20 degrees in May-July and mean precipitation of 75-100 mm,
(Swedish Meteorological and Hydrological Institute (SMHI), 2021). A
mosaic of boreal forests and agriculture characterizes the county with
20-39% of the total land area being used as agricultural land (Jord-
bruksverket, 2020a). The agricultural land comprises a mixture of crops
with cereals (wheat, barley and oat being the three dominant species),
grass (leys) and rape seed (canola) (Brassica napus) being the three most
common crops (Jordbruksverket, 2020b). The average annual yields in
the county are 7240 kg/ha (winter wheat), 4230 kg/ha (barley), 4510
kg/ha (oat), 2680 kg/ha (grass) and 3470 kg/ha (rape seed) (Jord-
bruksverket, 2020c). In addition to crop fields, the area consists of cattle
farms and a relatively large number of estates that obtain income from
selling hunting rights on several wild ungulate species. These estates
maintain high densities of ungulates through supplementary feeding
during winter and other forms of wildlife habitat management (e.g.,
sowing game crops). This diversity in land use is creating conflict in the
area, where farmers are increasingly concerned about crop damage by
the high-density populations of wild ungulates. Moose (Alces alces), roe
deer (Capreolus capreolus), red deer (Cervus elaphus), fallow deer (Dama
dama) and wild boar (Sus scrofa) coexist in the study area. The
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Fig. 1. a) Map representing the placement of study area in Sweden, b) distribution of the 7 fields in the study area and c) placement of 4 camera traps (no-sound

controls) and ABRs on one example field. (For color please see online figure)

populations of these ungulates are managed through regulated annual
hunting. The main form of hunting is with baying dogs, but sit and wait
hunting and stalking occur as well. Hunting is seasonal for the deer
species, but is allowed year-round for wild boar. However, baying dogs
cannot be used during February-July. During the hunting season
2019/2020, ungulates were harvested at the following rates within the
hunting district, indicative of their relative abundances: ~69 fallow deer
per 1000 ha, ~14 wild boar per 1000 ha, ~2 Moose per 1000 ha, ~5 roe
deer per 1000 ha and ~2 red deer per 1000 ha and (moose data:
(Lansstyrelserna, 2021) other ungulates: (Svenska Jagareforbundet,
2021)).

Wolves were absent in the study area and locally extinct since the
late 19th century (Ekman, 2010). However, during recent years, ob-
servations of single wolves have increased in the area and since 2015 a
wolf pack established a territory in the area with 1 confirmed repro-
duction in 2021. Lynx occur sporadically in the area, but no permanent
family groups have been confirmed to date.

2.2. Experimental design

Within our study area, we selected seven independent crop fields
(Fig. 1b), ranging between 15 and 28 ha in size, sown with winter wheat
(Triticum aestivum). We selected fields that were at least 4 km apart,
which reflects the average home range size of fallow deer (Borkowski
and Pudelko, 2007; Ciuti et al., 2003; Davini et al., 2004). Fallow deer is
the most common ungulate in the study area (see above) and responsible
for a considerable proportion of the crop damage in the region (personal
communication with local landowners). By keeping the 4 km distance,

we assumed that our fields were visited by different fallow deer herds.
Furthermore, the fields were situated next to country roads, except for
one, which was 100 m away from a larger road. Distance to settlements
and housing ranged from 100 m to 284 m with an exception of one field
having a settlement 50 m from the field edge. All fields had at least one
field edge covered by forest.

We experimentally broadcasted predator vocalizations with the
objective of increasing perceived predation risk in certain locations of
our crop fields. Instead of continuously broadcasting sounds, we used
Automated Behavioral Response systems (ABRs) (Suraci et al., 2017),
consisting of a video-enabled camera trap (BTC-8FHD-PX; Browning
Trail Cameras, Morgan, UT) linked to a playback speaker unit triggered
by the camera’s activation. The CT activates the speaker unit as soon as a
passing animal triggers the passive infrared sensor of the camera. Before
the start of the experiment, we searched for locations which were
intensively used by ungulates along the edges of all fields (e.g., well-used
game trails coming out of the forest into the field, high abundance of
dung or tracks). We then confirmed this initial assessment by deploying
four camera traps capturing images (HC500; Reconyx Inc., Holmen, WI;
from here on referred to as “regular CTs”) in the identified spots per field
(two fields had five camera traps). We ran those CTs for one week
starting 4th of June 2020. Based on this information, we then placed CTs
and ABRs on the most highly used parts of each field’s forest edges for a
six-week long study (Fig. 2). During the first two weeks, we disabled the
sound system of the ABRs to allow us to record “pre-playback treatment”
differences in ungulate patch use in front of regular CTs and ABRs and
contrast ungulate patch use between pre-treatment and during treat-
ment. During these first two pre-treatment weeks, each field thus had six
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Fig. 2. Explanation of the different study phases and study
design. a) Three fields were deployed with 4 camera traps
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cameras, where on four fields these were all regular CTs and on three
fields two were ABRs and four were regular CTs. ABRs and regular CTs
used different camera trap models (Browning vs. Reconyx) and ABRs
recorded videos whereas regular CTs captured images. We used the
pre-treatment data to test if this led to detection differences between
ABRs and regular CTs.

During the next four weeks, starting June 29 2020, we started the
actual playback experiment and placed ABRs on all seven fields at the
same locations with activated playback systems. Each field had four CTs
and two ABRs at the same locations as we used during the first two
weeks (Fig. 2c). During this playback experiment, we broadcasted
predator (dog, wolf, human) and non-predator control vocalizations
(goose, owl, raven, see below for more details). We refer to the locations
of the two ABRs in each field as “experimental plots” whereas the regular
CTs in each field served as “no-sound control plots”. On each field, the
two ABRs were deployed at least 400 m from each other to ensure that
the playbacks broadcasted at one ABR location were not audible at the
other. In the field, we could no longer hear the ABRs at a distance of
~150 m, however, as ungulates have better hearing than humans, we
decided to place ABRs at least 400 m apart. We also aimed for at least
200 m distance between regular CTs and ABRs, and between regular
CTs. On four fields this distance was not possible due to the size of fields
and other practical restrictions such as keeping the surrounding habitat
similar. In these cases, the distance between regular CTs (the ones
without sound playbacks) were a minimum of 100 m. We placed ABRs
and regular CTs on 1.5 m high poles, facing a parallel direction along the
forest edge. The poles were placed on the field edge in immediate
connection to the planted crop and thus also adjacent to the forest edge.

2.3. ABR settings

When an animal triggered the ABR camera’s sensor, the camera
started recording a video and the attached speaker started broadcasting
a playback from unique pre-determined playlists (see Supplementary
Materials for the playlists). These playlists were made up of the vocali-
zations of different predator and non-predator control (bird) playback
types (Hettena et al., 2014; Crawford et al., 2022; Epperly et al., 2021).
All of the species whose vocalizations we used were naturally occurring
in our study area. The predator vocalizations comprised of dogs (bark-
ing), wolves (barking and howling) and humans (talking). As controls,
we used the vocalizations of different bird species, similar to previous
ABR experiments on the fear responses of ungulates (Crawford et al.,

(regular CTs) and 2 ABRs with disabled sound systems

during the pre-playback period. B) 4 fields were deployed

with 6 regular CTs (2 of them on ABR locations) during the
p pre-playback period. C) During the playback period, all 7
» fields were deployed with 4 regular CTs and 2 ABRs, one
with high frequency of predator vocalizations (high-pred-
ator level) and one with low frequency of predator vocal-
izations (low-predator level). During these playback weeks,
ABRs and CTs were placed on the exact same spots as
during the pre-playback weeks. (For color please see online
figure)

/ ‘ High-predator level ABR

/ G Low-predator level ABR

2022; Epperly et al., 2021). In our experiment, we used Barnacle goose
(Branta leucopsis), Common raven (Corvux corax) and Tawny owl (Strix
aluco), which are all common in our study area and have comparable
sound characteristics (e.g. pitch and interval) to those of the predators.
By choosing non-predator control vocalizations with similar sound
characteristics to the predator vocalizations, we aimed to ensure that
any difference in response to predator vocalizations was attributable to
perceived predation risk, and not to differences in sound characteristics
(e.g. lower vs. higher pitch; Zanette et al., 2011; Hettena et al., 2014;
Suraci et al., 2016; Zanette and Clinchy, 2020). We broadcasted
different bird species according to the appropriate times in the diel cycle
(i.e., goose and raven during the day, owl at night). Note that the species
of birds used were not of interest to the study. The objective was to
compose a single class of vocalizations, i.e. controls, and hence, as in
previous ABR experiments, no analyses were conducted of differences in
responses to the different birds.

We used 10 exemplars of each playback type (i.e., species vocaliza-
tion). The 10 human exemplars consisted of recordings of ten different
individuals, 5 females and 5 males, speaking conversationally in
Swedish (i.e., reading different texts in a neutral fashion not conveying
alarm or threat; following Clinchy et al., 2016; Smith et al., 2017; Suraci
et al.,, 2019a, 2019b; Crawford et al., 2022). Sound files of dogs and
wolves originated from online audio and video databases, and library
archives, and bird playbacks were downloaded from https://www.xeno-
canto.org. Dog exemplars included recordings of multiple breeds, e.g.
Alsatians, Dobermans and hunting hounds. We edited all sound files for
consistency in amplitude and quality using Audacity® (www.audacityt
eam.org) and broadcasted the playbacks at a consistent mean sound
pressure level of 80 dB at 1 m, to ensure responses to the playbacks were
unrelated to variability in sound intensity across or within treatments
and loud enough to be audible within the 15 m detection range of the
camera’s motion sensor (Smith et al., 2017; Suraci et al., 2019b; Zanette
and Clinchy, 2020; Crawford et al., 2022; Epperly et al., 2021).

Each playlist consisted of 24 h divided into 15-minute intervals, each
of which contained one playback type (i.e., one species vocalization).
We pre-determined the order of playback types in each playlist,
balancing and randomizing predator and control playback types across
the 24 h and avoiding order effects. In the end, we had 4 different
playlists (two for the High-predator, and 2 for the Low-predator treat-
ment, see further below), which were used in our ABRs (please see the
Supplementary Materials for each playlist). This set-up follows an
established protocol from previous ABR experiments (see Crawford
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et al.,, 2022 for a detailed explanation of the reasoning behind this
set-up). The set-up determines that the playback type changed every
15 min (if camera was triggered), broadcasting randomly-selected ex-
emplars from that playback type within the 15 min, but switching to a
different playback type for the next 15-minute interval (if the camera
was triggered). To illustrate this, if an animal triggered the ABR be-
tween, e.g., 12:00 and 12:15, the speaker would select a playback from
the pre-determined playlist, e.g. Tawny owl, and start playing a random
exemplar of Tawny owl. If the animal remained in the vicinity and
re-triggered the ABR within this interval, the ABR would broadcast a
different, randomly selected, exemplar of Tawny owl. If the animal left
the vicinity and returned during the next 15 min interval, 12:15 and
12:30 (or a later time), the ABR would broadcast a different playback
type, e.g. humans.

When programming the ABRs, we also needed to set the delay and
the duration of the playback vocalization (Suraci et al., 2017). To ensure
that one captures the response of the animal to the broadcast vocaliza-
tion, one needs to select a delay between the start of the video recording
and the start of the sound broadcasting so that the animal is in full view
in the video when the broadcast starts. If this delay is too short, then the
video may not capture the immediate response of the animal to the
sound, if the delay is too long, the animal may be out of sight. The
optimal delay varies among species and systems (Suraci et al., 2017).
We, therefore, determined the optimal delay through a separate
two-week trial (starting 9th June 2020) with six ABRs deployed in a
fallow deer enclosure and on grass fields. Based on this trial, we set the
system such that the playback started three seconds after the camera was
triggered. Following a well-established protocol used in previous ABR
experiments, we set the duration of all different playback types to 10 s
and set the camera to record 30 second videos (Crawford et al., 2022;
Epperly et al., 2021). Hence, during each 30 s video, there was 3 s of
silence, followed by 10 s of the playback sound and then another 17 s of
silence (Crawford et al., 2022).

2.3.1. ABR Programs “high-predator level” and “low-predator level”

In addition to comparing the patch use and crop damage between
ABR locations and no-sound control locations (regular CTs), we
compared ungulate visitation between the two ABRs on each field,
which were programmed to broadcast predator vocalizations at two
different intensities; one ABR being programmed with the aim of
inducing a high level of predator-induced fear and the other a low level.
The low-predator level ABRs were programmed such that, during each
2-hour period, there were five 15-min intervals during which animals
would hear controls (birds) if the ABR was triggered, one 15-min in-
terval during which they would hear dogs, one during which they would
hear wolves and one during which they would hear humans. The high-
predator level ABRs were programmed such that, during each 2-hour
period, there were two 15-min intervals during which animals would
hear controls (birds) if the ABR was triggered, two 15-min intervals
during which they would hear dogs, two during which they would hear
wolves and two during which they would hear humans. Hence, during
any given 2-hour period animals would be twice as likely to hear
predator vocalizations when passing by high-predator level ABRs
compared to when passing low-predator level ABRs (Crawford et al.,
2022).

2.4. Crop damage measurements

We measured crop damage by ungulates on the fields at the end of
the playback experiment, starting the 1st of August 2020, using two
25 m long transects starting at the location of each ABR and regular CT
unit (Fig. 3). To cover a larger area in front of the ABR and regular CT
one transect faced the same direction as the ABR and regular CT, and the
other one faced 45 degrees away from the direction the ABR/regular CT
were facing. On each transect, we laid out 1 m? square plots at 5, 10, 15,
20 and 25 m distances along the transect. In each of these plots, we
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nr of ungrazed nr of grazed

Fig. 3. Outline of crop damage measurements. Crop damage was measured
along two transects of 25 m, one facing in the same direction as the camera
trap/ABR and the other one in a 45 degree angle. Along the transects, 5 1 m2
square plots were distributed in which the number of grazed and ungrazed
wheat straws were counted. (For color please see online figure)

determined damage as the proportion of wheat stalks where the top
culm had been entirely or partly grazed, relative to all stalks in the plot
(Fig. 3). We thus ended up with 10 crop damage measurements per ABR
or regular CT unit, leading to 60 crop damage measurements per field.

2.5. Processing of camera trap data

Images from regular CTs and videos from ABRs of fallow deer, red
deer, roe deer, moose and wild boar were identified and classified in the
camera trap data management platform TRAPPER (Bubnicki et al.,
2016). Before classification, sequences with 5 min interval were
generated (following Bubnicki et al., 2019), where photos/videos that
were captured within 5 min from each other belonged to the same
sequence, i.e. one sequence could consist of a visit of a single individual
or group of individuals. We recorded the species present in that sequence
and the maximum number of individuals per species on a photo/video in
that sequence and we converted the camera trap data into a measure of
patch use by multiplying the length of each sequence in seconds (as the
difference between start time and end time of a sequence) with the
maximum number of individuals in the sequence. In this study, we were
ultimately interested in testing if broadcasting risk cues can reduce crop
damage. Because of this crop damage perspective, our main analysis did
not focus on changes in ungulate individual behavior, but on changes in
the overall use of, or pressure on, the plot by ungulates (i.e., independent
of whether this use was by the same individual or different individuals).

As explained in the Introduction, animals should leave areas they
perceive as fearful; and leave more rapidly the greater the perceived fear
(e.g. when more frightening predators are heard; Brown et al., 1999;
Zanette and Clinchy, 2020). Correspondingly, the rate at which animals
leave or return to a food patch has been used to estimate the relative
fearfulness of different predator vocalizations in most previous ABR
experiments (Smith et al., 2017; Suraci et al., 2019b; Crawford et al.,
2022). Accordingly, we quantified the relative fearfulness of the
different playback treatments in our experiments based on ‘total bout
duration’, defined as follows. Adhering to an established protocol from
previous ABR experiments (Crawford et al., 2022; Epperly et al., 2021),
we categorized videos into independent treatment-specific bouts if
> 60 min elapsed since the last time the same species heard the same
sound treatment at that site. The first video of a given species at a given
site hearing a given treatment, if either, there were no prior exposures to
that treatment, or > 60 min had elapsed since the last exposure to that
treatment, we term a ‘first’ exposure video. If the vocalization heard is
not frightening (e.g. birds), the animal may remain and feed on the crop,
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in which case it would re-trigger the ABR within the same 15 min in-
terval, and hear the same playback type (e.g. birds), Videos of the same
species at the same site, hearing the same treatment < 60 min since the
last time they did, cannot be considered independent and we term these
‘repeat’ exposure videos. An independent treatment-specific ‘bout’ thus
comprises a ‘first’ video and any and all ‘repeat’ videos. The ‘total bout
duration’ is the sum of the intervals between the first exposure video and
all subsequent repeat exposure videos in a bout. If there was just one
video, i.e., just one first exposure alone, as is likely when the vocaliza-
tion heard is very frightening and the animals flee the vicinity, the total
bout duration is 30 ss (the length of the video).

2.6. Statistical analysis

All analyses on patch use were carried out in R 4.0.0 (R Core Team,
2013). To test for a possible detection difference between the different
camera models and recording types (video vs image) of the ABRs and
regular CTs, we compared patch use between ABRs and regular CTs
using the data from pre-playback weeks with a Linear mixed effect
model (LMM). Here we compared three fields, since we only had ABRs
on three fields during this initial pre-treatment trial. In this model, the
response variable was patch use and fixed factor was camera type with
two levels (regular CTs vs ABRs), field ID was added as random
intercept.

2.6.1. Patch use and crop damage

All analyses on patch use were carried out using LMM with a
Gaussian error distribution or generalized linear mixed effect models
(GLMM) with a Binomial error distribution as implemented in the Ime4
package (Bates et al., 2015). When modeling patch use, we included the
log10 transformed number of days the camera/ABR had been out in the
field as an offset, to correct for differences in camera functioning.
Furthermore, we added Field ID as a random intercept to correct for
potential dependence of patch use estimates within fields. When
modeling crop damage, we added a random intercept for each transect
nested within location nested within field ID to correct for the hierar-
chical structure of the crop damage measurements.

We performed several analyses to look at differences in patch use
between the CTs and the two ABR programs. We performed these ana-
lyses on the patch use of the combined patch use of all ungulate species
and of each species separately, for the species with sufficiently high
sample size.

We first ran a LMM to compare patch use between the pre-treatment
weeks and the treatment weeks. Here, we grouped the two ABR pro-
grams (High-predator level and low-predator level) per field to test if the
patch use was lower in front of ABRs than in front of regular CTs during
the playback treatment weeks. Here, patch use index was log trans-
formed. Treatment with two levels (regular CT versus ABR) and Period
with two levels (before versus during playback treatment) were included
as fixed effects. We included the interaction between treatment and
period to test whether the difference in visitation in front of regular CTs
versus ABRs depended on the playback treatment being active or not.

To test how patch use varied among the three overall sound treat-
ments (regular CTs as no-sound treatment, high-predator level ABR and
low-predator-level ABR), we fitted LMM for only the treatment weeks.
The response variable in this model was again patch use, which was log
transformed. Camera type was included as a fixed factor with three
levels (no-sound control CT, Low-predator level ABR and High-predator
level ABR).

Finally, we tested if crop damage on fields varied among the plots
with regular CTs, high-predator level ABRs and low-predator-level ABRs
using a GLMM. In this model, the response variable was the proportion
of damaged wheat straws within each 1-m? measuring plot and camera
type was again included as a fixed factor with three levels (no-sound
control CT, high-predator level ABR and low-predator level ABR).
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2.6.2. Total bout duration

To test whether there was a difference in total bout duration among
the four vocalization treatments (bird control, dog, wolf, human) we
conducted a GLMM with zero truncated negative binomial distribution
using the glmmTMB package. We added ABR ID nested within Field ID
as a random intercept to account for the hierarchical structure of the
bout duration measurements.

To test whether there was a difference in predator vocalization
videos between the high-predator level ABR and the low-predator level
ABR, we conducted Wilcoxon Matched Pairs tests, comparing predator
vocalization videos in total, and dog, wolf and human vocalization
videos considered separately.

3. Results

Average trapping rates (number of sequences/number of regular
CTs/ABRs) and coefficient of variation across all locations used in the
study were 14.6 (CV = 0.79) for fallow deer (no-sound control = 17.1,
CV = 0.75; low-predator level = 9.6, CV = 0.62; high-predator lev-
el =8.6, CV =0.67), 14.5 (CV =1.14) for roe deer (no-sound con-
trol = 18.6, CV =0.97; low-predator level = 6.2, CV =1.39; high-
predator level = 4.5, CV = 0.78), 5.25 (CV = 1.45) for red deer (no-
sound control = 5.1, CV = 1.54; low-predator level = 8, CV = 0; high-
predator level = 2.5, CV =0.28), 4.07 (CV =1.35) for moose (no-
sound control = 4.5, CV = 1.36; low-predator level = 2, CV = 0.7; high-
predator level = 3, CV = 0), 4.9 (CV = 0.93) for wild boar (no-sound
control = 5.2, CV = 0.93; low- predator level =7, CV = 0.60; high-
predator level = 2, CV = 0), and Overall ungulate patch use did not
significantly differ between ABRs and regular CTs during the pre-
treatment trial, when ABRs were not broadcasting sounds (F-value:
0.71, p-value: 0.41).

The total number of videos recorded at the two differently pro-
grammed ABRs were 166 at high-predator level ABR (predator vocali-
zation videos = 129, control vocalization videos = 37) and 289 at low-
predator level ABR (predator vocalization videos = 98, control vocali-
zation videos = 191).

3.1. Patch use and crop damage

3.1.1. Differences in patch use before and during the playback treatment

We found no difference in patch use between regular camera trap
locations and ABR locations during the pre-treatment period (t-val-
ue = 0.50, p = 0.618) (Fig. 4), During treatment there was a significant
difference in patch use between ABR locations and CT locations with
higher patch use at CT locations (t-value = 3.05, p = 0.003). Patch use
increased at regular CT locations during treatment (t-value = 2.06,
p = 0.04) (Fig. 4), patch use at ABRs did not change significantly during
treatment (t-value = —0.57, p = 0.5) (Fig. 4).

3.1.2. Influence of different levels of predator-induced fear on patch use

During the treatment weeks, patch use differed between the no-
sound controls, low-predator level ABRs and high-predator level ABRs
(F-value = 3.47, p = 0.04; Fig. 5). Patch use was lower at high-predator
risk ABR locations compared to no-sound control locations (t-val-
ue = 2.17, p = 0.03) and at low-predator level ABRs compared with no-
sound controls, although this latter difference was only marginally sig-
nificant (t-value = —1.92, p = 0.07). There was no difference in patch
use between high-predator level and low-predator level ABRs (t-val-
ue = 0.31, p = 0.76; Fig. 5). Notably, although the high-predator ABRs
were programmed to broadcast predator vocalizations at a higher in-
tensity, the actual number of predator vocalization videos recorded at
high-predator ABRs was not substantially greater than at low-predator
ABRs (129 vs. 98 respectively), and the difference was not statistically
significant (Wilcoxon Matched Pairs tests, all p > 0.500).

Patch use of red deer, moose and wild boar could not be analyzed
separately due to low sample sizes for these species. Patch use of fallow
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Fig. 4. Model prediction plot from a linear mixed effect model showing the
difference in patch use (log transformed) between the two treatments ABR and
regular CTs as well as between the two periods before manipulation of predator
vocalizations and during manipulation of predator vocalizations. Bars represent
predictions +95% confidence interval. * denotes significant differences be-
tween the treatments.
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Fig. 5. Model prediction plot from a linear mixed effect model showing the
difference in patch use (log transformed) between the three treatments during
manipulation of predator vocalizations; no-sound control, low-predator level
and high-predator level ABRs. Bars represent predictions +95% confidence
interval. Shared letters denote non-significant differences.

deer and roe deer differed among the three treatments (Fig. 6; fallow
deer, F-value =3.25, p=0.04; and roe deer, F-value =14.78,
p = <0.001). Fallow deer patch use was lower at high-predator level
than at no-sound control sites, (t-value = —2.17, p = 0.03), and tended
to be lower in low-predator level ABRs than no-sound controls (t-val-
ue = —1.71, p =0.09). Roe deer patch use was lower at both high-
predator level (t-value = —2.52 p =0.01) and low-predator level (t-
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value = —5.19, p = <0.001) ABR sites compared to the no-sound con-
trol sites. We did not find any difference in patch use between high-
predator level and low-predator level ABRs for either fallow deer (t-
value = 0.56, p = 0.58) or roe deer (t-value = —1.58, p = 0.13).

3.1.3. Influence of different levels of predator-induced fear on crop damage
Crop damage was lower at ABR locations than no-sound control lo-
cations (Chisq = 28.38, pr (>Chisq) = <0.001). Furthermore, crop
damage tended to be lower at high-predator level ABR sites compared to
low-predator level ABR sites (t = 1.76, p = 0.08) (Fig. 7).

3.2. Total bout duration

Total bout duration significantly differed among the vocalization
treatments (control, dog, wolf, human) (Chisq=49.559, pr
(>Chisq) = <0.001). Human vocalizations triggered the strongest re-
sponses (Fig. 8), where bout durations following human sounds were
consistently shorter compared to durations following other vocaliza-
tions (human vs. control Z-value = 6.85, p = <0.001; human vs. dog Z-
value = 4.61, p = <0.001; human vs. wolf Z-value = 3.09, p = 0.002).
Compared to non-predator controls (Fig. 8), ungulates significantly
reduced their bout duration in response to hearing wolves (Z-val-
ue = —3.18, p = 0.001), and they tended to reduce their bout duration
in response to hearing dogs (Z-value = —1.78, p = 0.075).

4. Discussion

Overall ungulate patch use and crop damage were much lower in
plots in front of ABRs than in plots in front of regular CTs (no-sound
control). Moreover, the difference between ABRs and no-sound control
plots in patch use (Fig. 5) and crop damage (Fig. 7) was stronger for the
high-predator level ABRs than for the low-predator-level ABRs. Our
behavioral analysis of total bout duration confirmed that predator vo-
calizations induced stronger fear responses than non-predator vocali-
zations. Ungulates more quickly left a plot (shorter bout duration) after
hearing predator vocalizations than after control bird vocalizations
(Fig. 8). With regards to wildlife management, we demonstrate that
experimentally broadcasting predator vocalizations, using systems such
as ABRs, has potential as a tool to mitigate human-wildlife conflicts and
can effectively reduce wildlife use and crop damage, at least at the scale,
and for the duration, of our study.

Before we began broadcasting vocalizations (i.e. during the 2 weeks
the ABRs were muted), there was no significant difference in patch use
between ABR locations and regular camera trap locations (Fig. 4).
Interestingly, during the playback treatment period, patch use increased
in locations in front of the regular CTs (no-sound control), while it
decreased at ABR locations (albeit not significantly so) (Fig. 4). This
increase in patch use of the no-sound control locations might reflect an
increase in overall field use due to a ripening of the crop and/or redis-
tribution of the use within the field away from the ABRs towards the no-
sound control locations. Observational studies similarly found that fear
may lead to a redistribution of prey moving to safer areas (Blumstein and
Daniel, 1995; Creel et al., 2008; Creel and Winnie, 2005). Recently,
Suraci et al. (2019b) experimentally demonstrated that mountain lions
(Puma concolor) altered their movement and space use in response to
hearing playbacks of the human ‘super predator’ speaking, broadcast
using systems similar to the one we used here.

Although the high-predator ABRs were programmed to broadcast
predator vocalizations twice as often (i.e., 100% more) as the low-
predator ABRs, the actual number of videos with predator vocaliza-
tions recorded at high predator ABRs was only 32% greater than at low-
predator ABRs, most likely explaining the modest difference observed in
patch use between the low-predator level and high-predator level. One
possible explanation for this lies in the total bout duration results; i.e.,
animals left plots more quickly following a predator vocalization than
following a control vocalization, so there are consequently fewer
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Fig. 6. Model prediction plots from linear mixed models showing the difference in the two ungulate species’ patch use (log transformed) between the three
treatments during manipulation of predator vocalizations; no-sound control, low-predator level and high-predator level ABRs. Bars represent predictions +95%

confidence interval. Shared letters denote non-significant differences.

‘repeat’ predator videos. The actual number of videos with predator
vocalizations is thus a function of both how ungulates behave after
hearing a vocalization and the difference in programming between the
ABRs. The total bout duration results further demonstrate that which
specific predators were heard can be expected to affect patch use, with
patches being abandoned more when humans were heard (Fig. 8). This
helps explain why patch use by roe deer was lower at low-predator level
ABRs than high-predator ABRs (Fig. 6), because roe deer actually heard
four times as many human vocalization playbacks at low-predator ABR
locations than high-predator ABR locations.

The pattern of our total bout duration response to the four vocali-
zation treatments (control, dog, wolf, human; Fig. 8) corresponded
precisely with that from a prior predator playback experiment on deer in
the southeastern USA (Crawford et al., 2022). I.e., that bout duration
responses were strongest to human vocalizations, then to wolf vocali-
zations, and with only a weak response to dog vocalizations. This sug-
gests that the effects on patch use and crop damage observed in our
study were likely attributable to predator-induced fear. Our results
confirm those from previous experiments conducted on free-living
wildlife demonstrating that predator-induced fear can cause cascading
effects on the preys’ resources and the surrounding landscape (Smith
et al., 2017; Suraci et al., 2016, 2019a, 2019b; Zanette and Clinchy,
2020). Moreover, our total bout duration results, where the Swedish
ungulates responded most strongly to human vocalizations, are in line
with other studies that human-induced fear effects outweigh those of
other predators (Zanette and Clinchy, 2020) (. In fact, several other
playback experiments have demonstrated this effect of human vocali-
zations for carnivores in Europe and North America (Clinchy et al.,
2016; Suraci et al., 2019b)), and diverse ungulates in South Africa
(Zanette and Clinchy, 2020; Crawford et al., 2022) . This so-called
human ‘super predator’ effect has been explained by recent analyses
showing that, worldwide, humans kill herbivores and carnivores at
greater rates than non-human predators (Darimont et al., 2015; Zanette
and Clinchy, 2020).

Notably, previous experiments testing responses to dogs all demon-
strate that hearing dogs barking either does not induce fear in wildlife
(Suraci et al., 2019b), or has a very weak effect (Clinchy et al., 2016;

Crawford et al., 2022; Epperly et al., 2021), as our results indicate
(Fig. 8). This result is somewhat surprising, especially for our study area
where barking dogs are frequently used in hunting. One explanation for
our study may lie in the fact that we did not use playbacks of the hunting
dog breeds used in our area. However, this does not explain the lack of
response to dog playbacks in an increasing number of studies from a
variety of systems. All of these experiments utilized multiple exemplars
of dog vocalizations drawn from different breeds, and one experiment
(Suraci et al., 2019b) directly tested and demonstrated that individual
cougars (Puma concolor) that had themselves been hunted using dogs,
did not respond fearfully to hearing either large or small dogs. We
currently lack a clear explanation for the absent, or weak, responses to
dog sounds, although part of the explanation may lie in saying “barking
dogs seldom bite”. Le., that across the multiple types of dogs present in
most landscapes (including many non-hunting dogs) the barking of dogs
generally does not associate with increased predation.

The fact that manipulating fear (perceived predation risk) influenced
patch use by ungulates and also significantly reduced their impact on
highly valuable crops, provides important knowledge regarding the
process of applying the ‘ecology of fear’ as a management tool. How
effective the use of fear is in reducing crop damage depends on mini-
mizing habituation (Blumstein, 2016; Shivik, 2006; Zanette and Clin-
chy, 2020). In our study we managed to reduce crop damage during an
important time for the farmer, i.e., the 4 weeks just before harvest.
Habituation has been successfully avoided in similar experiments in
wilderness areas for longer time periods (e.g. 4 weeks, (Suraci et al.,
2016); 5 weeks, Suraci et al., 2019b) or entire breeding/growing seasons
(e.g. 4 months, Zanette et al., 2011). Thus, there is a potential of pro-
tecting crops from grazing by ungulates for a longer period of time than
we could show in this study. Furthermore, it has also been shown that
fear can have major impacts on much larger areas than the spatial scale
in our study (1 square km blocks in a study by Suraci et al., 2019a in the
USA), pointing to the potential to induce fear and mitigate habituation
at the whole field-level. Based on this 5 week, 1 square km study by
Suraci et al. (2019a), the costs of providing crop protection could be as
low as $USD 15 (€ 13.5) per ha for equipment and $USD 3 (€ 2.7) per ha
per week for operating costs. However, replication of this work, and
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Fig. 7. Model prediction plot from a generalized linear mixed model showing
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predator level ABRs. Bars represent predictions +95% confidence interval.
Shared letters denote non-significant differences.

more rigorous costing in actual agricultural applications remains
essential and costs may vary widely among systems depending on local
labor costs and costs for material such as batteries.

4.1. Conclusion and management recommendations

In conclusion, our results contribute novel knowledge on how fear
influences not only wildlife behavior, but also can modify their impact
on the landscape. Furthermore, it provides insight and valuable com-
ponents in assessing the potential of applying the ‘ecology of fear’ as a
tool to mitigate human-wildlife conflicts. Hearing the vocalizations of
the human ‘super predator’ (people speaking) is especially fearful and
should thus be used when aiming to reduce ungulate use and damage on
agricultural land. We recommend using exclusively human vocalizations
in situations where ungulate densities are low or moderate. Earlier
studies suggests that this could be effective throughout the entire
growing season (Suraci et al., 2016; Zanette et al., 2011) at a whole-field
level (Suraci et al., 2019b). When ungulate densities are likely to be
high, it may be advisable to increase variation by adding the vocaliza-
tions of other predators to increase variation and thus reduce the
probability of habituation. Our results regarding the reactions to
non-human predator vocalizations suggests that wolf vocalizations may

Agriculture, Ecosystems and Environment 328 (2022) 107853

600
ab
S 400
o
=
E cb
S
8]
Q
g 200
l\ L
d
0 — I
Control Dog Wolf Human
Playback treatment

Fig. 8. Difference in total bout duration (seconds) of all ungulate species
combined between the different playback treatments broadcasted by the ABRs.
Squares in boxes represent mean value.

be more efficient than dog vocalizations, however, we need more tests to
provide solid recommendations regarding the most frightening
non-human predator vocalizations to include with human vocalizations.
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