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Abstract

Human-wildlife conflicts are a growing problem in Northern Hemisphere where wild ungulates are one of the taxonomic
groups most frequently involved. To mitigate these conflicts, it is essential to develop preventive actions able to avoid
encounters between wildlife and human (activities). We here employed photo-trapping to evaluate the behaviour of red deer
(Cervus elaphus) when confronted with dissuasive portable deterrents that function on the basis of changing patterns of light
and ultrasound. This was done by following a before/after experimental design, with two phases: (i) a test phase, with active
deterrents, and (ii) a control phase, without deterrents. When deterrents were activated they achieved a 48.96% reduction in
the frequency of use by red deer (up to 66.64% when it was assessed on a thinner Sect. 10 m wide from the line of deterrents)
and produced a reduction of 67.71% in the frequency of deterrent-line crossings. However, a habituation effect was detected
since the use by red deer of the treatment area increased as time since treatment. These results indicate that these portable
devices are effective as regards dissuading deer, mainly on short time scales. The deterrents tested here could be suitable
for use at focal points for short periods or in combination with other methods to improve their effectiveness in vulnerability
points. This device could potentially be used to mitigate conflicts caused by wildlife species and in response to relevant and
timely situations, such as vehicle collisions and damage to crops, among others.
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Introduction

Human-wildlife conflicts (hereafter, HWCs) occur whenever
wildlife poses a direct threat to activities taken by humans
(Conover 2001); in essence, they are conflicts between
human interests and are currently widespread (Redpath
et al. 2015). A number of global trends have contributed to
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HWCs, such as human population growth, land use transfor-
mation, species’ habitat loss, among others (see Distefano
2005; Venter et al. 2016). These trends generally force a
greater overlap between wildlife and human activities, thus
generating conflicts, including damage to crops and forests,
traffic accidents and risk for pathogen transmission to live-
stock and even humans (Ruiz-Fons 2017; Gemeda and Meles
2018; Valente et al. 2020). Wild ungulates are one of the
taxonomic groups most frequently involved in such conflicts
owing to their widespread distribution, unprecedented popu-
lation growth and high population densities in certain places
(e.g. Linnell et al. 2020; Carpio et al. 2021).

Several preventive and mitigation measures can be
used to minimize HWCs (e.g. Snyder and Rentsch 2020;
Konig et al. 2020). In the case of wild ungulates, the most
frequently used tools are aimed to reduce population size
and/or constraint habitat use and include harvesting by rec-
reational hunters, trapping, snaring and poisoning (Geisser
and Reyer 2004; Christie et al. 2014; Fischer et al. 2016).
However, the effectiveness of these lethal control methods
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is often controversial, and their social acceptance is an
issue (Martinez-Jauregui et al. 2020). With regard to non-
lethal methods, permanent exclusion fences are commonly
used and are often the most effective approach by which to
reduce HWCs involving ungulates (VerCauteren et al. 2006a,
2010; Lavelle et al. 2011; Negus et al. 2019). Fences for wild-
life are permanent and costly measures, create a strong frag-
mentation effect and cannot, therefore, be implemented in
all situations (VerCauteren et al. 2006a; Lindsey et al. 2012).
Furthermore, certain vulnerable points may compromise their
effectiveness, such as intersections with rivers, roads or steep
terrain (see Mysterud and Rolandsen 2019; Honda 2019;
Honda et al. 2020). Traditional non-lethal dissuasive meth-
ods include the guarding of fields (by farmers, managers or
dogs) and the use of odour repellents (in order to reduce the
desirability of resources) (Beringer et al. 1994; Thapa 2010;
Monteith et al. 2019; Guerisoli and Pereira 2020). The main
problem with odour repellents is, however, that some species
rapidly become habituated to olfactory stimuli (Elmeros et al.
2011), whereas guarding fields may result, for instance, in
farmers becoming exhausted (Hua et al. 2016). The most
widely implemented non-lethal and portable measures are
optical (e.g. scarecrows, lights, lasers, reflective devices) and
sound deterrents (e.g. gas exploders, harassment shooting,
sirens, ultrasonic and bioacoustics devices) (Koehler 1990;
Gilsdorf et al. 2004; Brieger et al. 2017), although animals
may eventually become habituated to them (Benten et al.
2019; Honda 2019). In this respect, several functionalities
are incorporated in the devices to reduce the loss of efficacy
owing to animal habituation; for instance, devices activated
by an animal’s presence are more effective than permanent
or routine displays (Gilsdorf et al. 2002).

Limitations on the use of certain systems include high
costs and maintenance (VerCauteren et al. 2006a; Lindsey
et al. 2012), the loss of effectiveness owing to habituation
(Ujvari et al. 1998; Honda 2019), or low effectiveness as
regards altering the animals’ behaviour (e.g. Elmeros et al.
2011; Benten et al. 2019). Measures can be combined
in order to increase their efficacy (e.g. Nolte 1999;
Honda 2019; Honda et al. 2020), because there is no single
and 100% effective solution with which to protect from
wildlife damage (in a broad sense) (Koehler 1990; Gilsdorf
et al. 2002). There is consequently a need to identify ade-
quate mitigation measures with which to mitigate HWCs
(Redick and Jacobs 2020; Candaele et al. 2021). Here, we
have assessed the effectiveness of a portable device that was
developed by VISEVER S.L. company to deter wildlife with
some improvements to reduce habituation (see below). In
this context, the general objective of this study was to assess
the behaviour of wildlife when confronted with a deterrent
based on random light signals and ultrasound. The specific
objectives were to (i) assess the effectiveness of the devices
as regards preventing animals from using the treatment area
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and (ii) quantify and characterize the response of the animals
to the deterrent activation.

Materials and methods
Study area

The field work was carried out on a perimeter fenced hunting
estate called Los Quintos de Mora (6864 ha), located in the
Montes de Toledo Mountain range (39° 26' N, 4° 2' W), in
central Spain. It is a hunting estate, perimetrally fenced and
managed by Organismo Auténomo de Parques Nacionales
(https://www.miteco.gob.es/es/parques-nacionales-oapn/).
The climate is continental Mediterranean, characterised
by dry summers and a high inter-annual variability in rain-
fall. The study area is a hilly area dominated by Mediter-
ranean vegetation. Three native wild ungulate species are
present in our study area: red deer (Cervus elaphus, 34.87
ind-km™2+7.37 (standard error, SE)), wild boar (Sus scrofa,
6.19 ind-km™2 4+ 1.92 (SE)) and roe deer (Capreolus, 0.44
ind-km~2+0.24 (SE)—males only); estimates were obtained
from camera trap data and random encounter models (for
further details, see Palencia et al. 2021; 2022). This estate
is suitable as regards evaluating the effectiveness of the
deterrents owing to the great probability of the number of
encounters between wildlife and devices.

Deterrents

The devices tested in this study are portable posts designed
to emit signals and deter wildlife (Supplementary Material
Fig. S1). The deterrents are composed of two signals: ultra-
sound (from 20 to 60 kHz) and flashing LED lights (700 nm,
3 W). The problem of habituation was minimized by the fol-
lowing: (i) autonomous activation by passive infrared tigger
(PIR) resulting from the proximity of wildlife, and (ii) the
randomisation of the light signal and the incorporation of an
ultrasound to dissuade fauna. The deterrents are activated
and emit a signal in the presence of an animal within the
field of detection; according to manufacturing manual, they
detect animals in an area of 160° and 13—17 m of effective
activation radius. These characteristics result that a 20 m
separation between deterrents is sufficient to cover the loca-
tion in which the animals can access the experimental area.

The experimental design

From November 2019 to February 2020, a before/after
experimental design was followed. Two sections of 100 m
(pseudo replicates) were selected in an area of wooded land
on the hunting estate (see Fig. 1). These sections were sepa-
rated by a 60 m wide vegetated stream, signifying that the
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Fig. 1 Scheme of the experi-
mental design, in which the two
monitored sections are shown
along with their two zones; one
zone would record the move-
ments of the animals from the
resting place to the feeding area
(zones A and C, for Sects. 1 and —

2, respectively), and the other

the moYements fgomg back to O] ] ]
the resting areas (zones B and
D, for Sects. 1 and 2, respec-
tively). Each zone was moni-
tored with two lines of cameras:
in the internal line cameras
were located on the deterrents
and in the external line cameras
mounted on iron posts at 10 m
from the internal line
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animals that accessed one section could not directly see the
signals from the deterrents in the other section. However,
the proximity between sections does not allow to guaran-
tee the total independence between sections since the same
animal could potentially be exposed to both in consecutive
days. This potential lack of independence between sections
is expected to dilute the effectiveness of the deterrents and,
therefore, the results reported here should be interpreted as a
conservative estimation of the deterrents performance.
Two zones were monitored in each section in order to
verify the daily movements of the animals (see Boitani et al.
1994; Allen et al. 2014): their departure from the resting
place (in this case to the north of the devices) to the feeding
area (in this case to the south of the devices) and vice versa.
In this respect, a zone is expected to record the movements
of the animals when move to feeding area and the other
when back to resting area. Two lines of cameras were placed
in each zone. The first line (internal line hereafter) consisted
of five cameras located on the deterrents (one camera per
device). The second line (external line hereafter) consisted
of four cameras mounted on iron posts 40—50 cm above the
ground and 10 m from the aforementioned line (see Fig. 1).
The field work was carried out in two phases: (i) the test
phase, in which the deterrents were activated, and (ii) the
control phase, without deterrents. The experiment, test and
control phases were alternated in both sections. In Octo-
ber 1, deterrents and cameras were installed in the field.
Devices autonomy-related problems delayed the starting of
the experiment 1 month. During this month, deterrents were
installed in Sect. 1 but remained inactivates. From Novem-
ber 11 to December 9, deterrents were activated in Sect. 1,
whereas from December 9 to January 29, they were activated
in Sect. 2. Hunting was not carried out in the area during
study period. The cameras were checked every 2 weeks in
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order to ensure their operability. The cameras were set up to
be operative 24 h per day and shot a burst of four photos at
each activation and without any delay between consecutive
activations. Four Reconyx cameras (Hyperfire 2 Convert)
were used on the internal lines, while four Browning cam-
eras (Command Ops Pro) were employed on the external
lines, and an additional one was used to complete the inter-
nal lines.

Statistical analysis

With regard to the information obtained with the camera
traps, we considered that successive captures (individual
or group of individuals) of the same species separated by
more than ten minutes were independent events (Meek et al.
2014). At random points (i.e. far for any attracting resource)
the probability to capture two different groups of animals in
a single and narrow point (as that monitored with camera
traps) in less of 10 min can be considered negligible (see
also Jimenez et al. 2017). The capture rate, estimated as
the number of events divided by the number of days that
the camera was operative (camera-days), was estimated
at the camera trap and week levels and is expressed as
events-day ™.

A general linear mixed model (Gaussian distribution and
logarithmic link function; Zuur et al. 2016) was parameter-
ized to identify the factors explaining the variation in the
capture rate (the response variable). The capture rate at
weekly level was used to measure the frequency of use of
a certain area. In this context, we expected the capture rate
to decrease after the activation of the deterrents (test phase)
as a consequence of the animals’ response. Date (number of
weeks from 2019-1-1), time since starting each experimen-
tal phase (weeks; see the experimental design), treatment
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line (internal vs. external) and phase (control vs. test) were
considered as fixed effect factors. Date and time since start-
ing each experimental phase were correlated (Pearson
R=0.4), and they were included to specify the experimental
design. The statistical interactions between time since start-
ing and experimental phase and line and experimental phase
were also tested. Date was considered to account for poten-
tial differences in the use of the area by the species along
the experimental period. Time since treatment is aimed to
assess the evolution of the species response along the experi-
ment. Camera ID nested in zone were used as random effect
factors. A backward stepwise procedure based on AIC was
performed to exclude redundant terms (full model: Respons
e~Date + Time + Phase 4+ Line + Time:Phase + Line:Phase +
(11Zone:CamlID). This model was first parameterized using
all events and subsequently using only those recorded in the
internal line; in that case excluding the terms involving the
factor experimental line.

Another mixed model was parameterized to assess the
factors affecting the crossing success of the deterrent line.
The response variable was the number of events that pro-
duced crossings in relation to the total number of events that
a camera recorded at weekly level; in this case, a general-
ized linear mixed model (binomial distribution and logit link
function). A cross is defined when a capture produces events
in different zones within the same section. Fixed factors,
including interactions, random effects factors and stepwise
procedure were the same previously described for the other
model.

Analyses were carried out using the stats R package (R
Core Team 2013). Mixed models were performed with Ime4
R package (Bates et al. 2015). The r.squareGLMM function
of the MuMIn R package (Barton 2022) was used to calcu-
late conditional and marginal coefficient of determination for
generalized mixed-effect models. A protocol for the explora-
tion of data and residuals to assess normality and variance
homogeneity was applied by following the recommendations
of Zuur et al. (2010). The statistical significance of the p
value was set at 0.05.

Results

The total monitoring effort consisted of 2827 camera-days.
In the experimental phase, Sect. 1 had 488 camera-days
in the control phase (without deterrents) and 918 camera-
days in the test phase (with active deterrents). In Sect. 2,
918 camera-days were registered in the control phase and
503 in the test phase. We obtained 72,894 captures of ani-
mals during the experiment, 71,202 of which were of red
deer. These were reduced to 6543 events by using a time
lag of ten minutes between captures in order to define the
events, and the vast majority were of red deer (6186). The
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analyses were then limited to the events involving red deer,
since only this species provided sufficient information with
which to evaluate the performance of the deterrents.

Effectiveness of the deterrents

The statistical parameters of the model carried out for
assessing deterrents effectiveness and animals’ habitua-
tion are reported in Table 1. The marginal and conditional
R? were 0.37 and 0.51, respectively. Independently of the
other factors, (i) the activation of the devices significantly
reduced the capture rate by 48.96% and (ii) the capture
rate was 41.87% lower on the internal than on the external
line (Fig. 2). The model showed a positive and signifi-
cant association between the trapping rate and the time
since starting each experimental phase (Fig. 2). Given the
notable effect of the camera line in the model, we param-
eterized another model just on data for the internal line
(Table 2). In this case, the only significant predictor was
the experimental phase and the marginal and conditional
R* were 0.35 and 0.48, respectively. Just on the internal
line, the activation of the devices reduced the capture rate
by 66.64% (Fig. 3). In this case, the time since starting
each experimental phase was marginally related to capture
rate.

Crossing success of the deterrents’ lines

The statistical parameters of the model for assessing vari-
ability in the crossing success were reported in Table 3. The
marginal and conditional R* were 0.74 and 0.82, respec-
tively. The crossing success was statistically related to the
experimental phase (lower success during test than in control
phase), and negatively associated to date and the time since
starting each experimental phase (Fig. 4). The activation of
the devices reduced the crossing success by 67.71%

Table 1 Results of the general lineal mixed model used to assess the
effectiveness of the deterrents to reduce the use of red deer of the
treatment area. The model included camera ID nested in zone as ran-
dom effect factors. Fixed factors were date (number of weeks from
2019-1-1), time since starting each experimental phase (weeks),
experimental phase (control vs. test), and line of cameras (internal vs.
external). P value codes: ‘“***’ <(.001 and ‘**’ <0.01

Model terms Estimate (SE) t-value P value
Intercept 0.909 (0.251) 3.62 wE
Date —-0.013 (0.005) —2.69  **

0.052 (0.011) 446  FkE
0.511 (0.037) 1379 ***
0.431 (0.078) 554  FxE

Time since treatment
Experimental phase: control

Camera line: external
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Fig.2 Effectiveness of the deterrents in relation to significant factors,
after controlling for camera trap nested in zone as random effect fac-
tors. Capture rate was used as the frequency of use of a certain area

Table 2 Results of the general lineal mixed model used to assess the
effectiveness of the deterrents to reduce the use of red deer on the
internal line of the treatment area. The model included camera ID
nested in zone as random effect factors. Fixed factors were date (num-
ber of weeks from 2019-1-1), time since starting each experimental
phase (weeks) and experimental phase (control vs. test). P values
codes: “**** <0.001, ‘# <0.1 and ‘ns’>0.1

Model terms Estimate (SE) t-value P value
Intercept —-0.067 (0.3200 -0.21 ns
Date 0.005 (0.006) 0.82 ns

Time since treatment 0.028 (0.015) 1.88 #

Experimental phase: control 0.597 (0.047) 12.51 HAE

Fig. 3 Effectiveness of the 1

and was related to A experimental phase (control vs. test), B line of
cameras (internal vs. external) and C time since starting each experi-
mental phase

Discussion

Our experiment showed that the activation of the deter-
rents tested here: (i) reduced the use of the treatment area
by red deer by 48.96% (up to 66.64% when it was assessed
on the internal lines); (ii) achieved a reduction of 67.71% in
the number of deterrent-line crossings; and (iii) lost their
deterrent effect at 6—7 weeks. The low-cost autonomous and
portable deterrent device tested, therefore, dissuaded the red
deer for a few weeks and has the potential to be used both
as a single measure to protect target points and in combina-
tion with other invasive and/or non-invasive measures, such
as intensive harvesting by recreational hunters or fences,
among others.

deterrents on the internal line A
of cameras, after controlling for
camera trap nested in zone as 1.0 A
random effect factors, in rela- 5
tion to A experimental phase 2
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Table 3 Results of the generalized lineal mixed model (binomial
distribution logit link function) used to assess factors affecting the
crossing success of the deterrents line. The model included camera
ID nested in zone as random effect factors. Fixed factors were date
(number of weeks from 2019-1-1), time since starting each experi-
mental phase (weeks) and experimental phase (control vs. test). P val-
ues codes: “*¥**” <(.001 and ‘*** <0.01

Model terms Estimate (SE) z-value P value

Intercept 2.700 (0.833) 3.24 w%

Date —0.087 (0.017) —5.04  ***
Time since treatment —0.228 (0.041) —-5.63 Hkk
Experimental phase: control 1.279 (0.123) 1042 #%*

Devices producing artificial light and sound are gener-
ally more promising as regards deterring crepuscular and
nocturnal species than either alone (Koehler et al. 1990).
Moreover, those activated by an animal’s presence are more
effective than routine displays (Gilsdorf et al. 2002). The
device tested in this study fulfils all these requirements and
was moderately effective in the medium term, although the
animals became habituated to it after 6-7 weeks.

Previous studies using a wide variety of frightening devices
have reported a wide range of effectiveness (Beringer et al.
2003; Gilsdorf et al. 2004; Benten et al. 2018). However,
greater effectiveness has been reported when physical bar-
riers are complemented with other devices (Peterson et al.
2003; Allen et al. 2013; Honda 2019). For example, Honda
et al. (2020) designed an ungulate-exclusion grate that was
98.5% effective in keeping deer from accessing the road,
although its installation incurred high costs. We recorded a
moderate reduction in the use of the treatment area with some
variability between zones; a lower reduction was observed
when the animals were approaching from the scrubland area
(which typically occurred at sunset and dusk) than when arriv-
ing from the grassland (which typically occurred at night or

sunrise when they were seeking shelter). This can be partially
explained by the fact that deer approaching from the grass-
land alerted other individuals or groups as the deterrents trig-
gered, since deer are social animals that learn spatial pattern
of risk avoidance (Stankowich 2008; Coppes et al. 2017). In
this respect, Jayakody et al. (2008) reported that the percent-
age of deer that were vigilant in grassland was higher than
in scrubland. Another explanation could be a lower effect of
the activation of the devices when the animals left the rest-
ing place (sunset) and there was still sunlight. When using a
flashlight to deter deer, Honda (2019) activated this device
only from 6:00 P.M. to 6:00 A.M. because it was expected
to be effective only at night. Furthermore, the external line
captured more animals than the internal one simply because
it was further away from the negative stimulus of the device
(see below).

After deterrents activation, the crossing success was sig-
nificantly reduced. This evidence the effectiveness of the
devices as regards deterring red deer from crosses through
the line of deterrents and entering the grassland protected
by them. In this study, the devices were located on wooded
land with a large proportion of grassland, which is the main
natural resource selected by deer (Allen et al. 2014). In this
respect, the deterrents were effective as regards protecting
the grassland surface (2000 m?), although this could be due
to the exposure to the novel stimulus in the first days. More
studies in this line are required to evaluate their effectiveness
with regard to protecting a specifically demanded/limited
resource.

Red deer tended to become habituated to the deterrents,
signifying that their effectiveness in reducing the use of the
treatment area by red deer decreased at 67 weeks after
activation. However, the deterrent-line crossings decreased
with time since activation. This is similar to that which
has occurred previous studies, in which animals repeat-
edly exposed to a stimulus, without reward or punishment,

Fig.4 Variation in crossing 1

success (i.e. number of crosses
regarding the number of events) 0251 A
of the deterrent line, after con- 0.20
trolling for camera trap nested
in zone as random effect factors, » 045 -
in relation to A experimental a
phase (control vs. test) and B §
the time since starting each g, 010 4
experimental phase ‘g _

g

0054 |

Test

Experimental phase
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became habituated to that stimulus (Manning 2012). The
same pattern was previously reported by Beringer et al.
(2003), who employed an animal-activated scarecrow that
was effective for 6 weeks in summer when deer browsed
soybean fields. Moreover, previous studies using lighting
techniques found that they were effective only between a few
days and a couple of weeks (Koehler et al. 1990; Belant et al.
1998), whereas lasers did not prevent deer from entering
farm fields (VerCauteren et al. 2003; 2006b). With regard to
sound devices, Ujvéri et al. (1998) observed that fallow deer
(Dama dama) became habituated from the second week,
although Belant et al. (1996) had previously observed that
gas exploders activated by deer movement were effective as
regards reducing deer incursions into feeding stations for
up to 6 weeks, while periodically firing exploders (every
8—10 min) were effective for only 2 days. Recently, Honda
(2019) demonstrated the effectiveness of a sonic device as
regards reducing the intrusions of deer into a fenced area,
although for a period no longer than 1 month. Devices that
are activated by animals with changing patterns of multiple
stimuli (like the deterrents tested here) were more effective
than permanent or routine displays (Nolte 2003). The famili-
arity of red deer with the devices, including randomised sig-
nals (Linhart et al. 1992), could be minimized by installing
or operating them at specific moments, only when resources
are most susceptible to damage (Nolte 1999), or in other
circumstances when an increased number of passes are
expected (e.g. during hunting activities). However, the high
density of the red deer in the study area could be related to a
higher level of exposure (passive) to the deterrents and faster
habituations. The habituation patterns reported here could,
therefore, differ substantially when working with popula-
tions/species at lower densities, since the degree of habitua-
tion depends on the repeated exposure of an individual to the
stimulus. In this respect, the effects of the high density of the
red deer on faster habituations requires further research. On
the other hand, the experimental design is not able to assure
total independence among sections and, therefore, results of
the performance of the deterrents reported here should be
interpreted as conservative estimations. Finally, the reduc-
tion in crossing success with time could be suggesting that
animals finally avoid crossing the treatment area. This fact
could be motivated by our experimental design since deers
just moving 100 m right or left can avoid the exposure to
deterrents. Further studies to disentangle this behaviour are
still needed.

Applicability

From a practical point of view, deterrents tested here are
portable effective automatic devices that do not require an
external power source (Supplementary Material Fig. S1).

The cost of the device in relation to other systems ($300)
is also an advantage (Putman et al. 2004). For example,
Gilsdorf et al. (2004) developed a deer-activated bioacustic
frightening devices that cost about $600, whereas Peterson
et al. (2003) invested $26,040 in each bridge-grate employed
to reduce deer-collisions on urban highways. Deterrents
tested here can be used: (i) to protect small perimeters (e.g.
small crops, reforestations, orchards (Gilsdorf et al. 2004)),
(ii) at vulnerable points where other methods require a high
investment (e.g. intersection rivers and fences (Peterson
et al. 2003; Honda 2020)), or (iii) to mitigate wildlife-
vehicle collisions in accident black spots (Benten et al.
2018), among others. They could also be used together with
other temporary portable devices as an integrated approach.
Diversifying frightening stimuli by changing the placement
and type of frightening devices increases their effectiveness
(Nolte 1999; Koehler et al. 1990). However, it would be
necessary to evaluate their effectiveness in other scenarios
and for other species and ranges of population densities in
order to attain a precise estimation of their practical value
as regards reducing HWCs.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10344-022-01599-2.
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