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As wolves recolonize areas of Europe ranging from moderate to high anthropogenic
impact, fear of wolves is a recurring source of conflict. Shared tools for evaluating
wolf responses to humans, and comparing such responses across their range, can
be valuable. Experiments in which humans approach wild wolves can increase our
understanding of how wolves respond to humans, facilitating human-wolf coexistence.
We have developed the first standardized protocol for evaluating wolf responses to
approaching humans using high-resolution GPS data, and tested it on wild wolves.
We present a field protocol for experimentally approaching GPS-collared wolves, a
descriptive comparison of two statistical methods for detecting a measurable flight
response, a tutorial for identifying wolf flight initiation and resettling positions, and an
evaluation of the method when reducing GPS positioning frequency. The field protocol,
a data collection form, and the tutorial with R code for extracting flight parameters are
provided. This protocol will facilitate studies of wolf responses to approaching humans,
applicable at a local, national, and international level. Data compiled in a standardized
way from multiple study areas can be used to quantify the variation in wolf responses
to humans within and between populations, and in relation to predictors such as social
status, landscape factors, or human population density, and to establish a baseline
distribution of wolf response patterns given a number of known predictors. The variation
in wolf responses can be used to assess the degree to which results can be generalized
to areas where GPS studies are not feasible, e.g., for predicting the range of likely
wolf behaviors, assessing the likelihood of wolf-human encounters, and complementing
existing tools for evaluating reports of bold wolves. Showing how wolves respond to
human encounters should help demystify the behavior of wild wolves toward humans in
their shared habitat.

Keywords: carnivores, Canis lupus, changepoint analysis, field experiments, flight initiation distance (FID), upper
control limit (UCL), wildlife-human interaction

Frontiers in Ecology and Evolution | www.frontiersin.org 1 April 2022 | Volume 10 | Article 793307

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://doi.org/10.3389/fevo.2022.793307
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fevo.2022.793307
http://crossmark.crossref.org/dialog/?doi=10.3389/fevo.2022.793307&domain=pdf&date_stamp=2022-04-27
https://www.frontiersin.org/articles/10.3389/fevo.2022.793307/full
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-10-793307 April 21, 2022 Time: 14:29 # 2

Eriksen et al. Experimental Human Approaches on Wolves

INTRODUCTION

After centuries of decline and subsequent legal protection,
large carnivores are recolonizing parts of their historical
European range (Trouwborst, 2010; Chapron et al., 2014).
The multifunctional patchwork landscapes to which they are
returning vary from moderate to high anthropogenic impact, and
across Europe, large carnivores are settling in managed forests
(Wabakken et al., 2001; Gurarie et al., 2011), forest-farmland
mosaics (Sunde and Olsen, 2018), agro-ecosystems (Blanco
and Cortés, 2007), and sometimes near human settlements
(Carricondo-Sanchez et al., 2020) and urban areas (Basille et al.,
2009; Bateman and Fleming, 2012; López-Bao et al., 2013).
The distribution ranges of large carnivores are still increasing,
and ecological niche models indicate that European human-
dominated landscapes still provide ample space for further range
expansions (Milanesi et al., 2017). Hence, although wilderness
areas may be essential to keep favorable trends in the long term
(Gilroy et al., 2015), the idea that large carnivores can only survive
in remote or protected wilderness areas does not apply to today’s
Europe (Chapron et al., 2014).

Among the European large carnivores, wolves (Canis lupus)
have adapted to the most populated areas, with a mean human
density of 36.7 inhabitants/km2 (range = 0–3,050) in areas of
permanent wolf presence in Europe (Chapron et al., 2014). For
instance, Europe hosts more wolves than the United States,
despite being half the size and more than twice as densely
populated (Chapron et al., 2014; Boitani, 2018). This land sharing
between wolves and humans gives increased potential for direct
wolf-human interactions (Bateman and Fleming, 2012).

The prospect of encountering wolves is a factor that can
affect human attitudes toward the species (Bath, 2000; Røskaft
et al., 2007). Fear of wolves is a recurring source of conflict, and
has been associated with a lack of knowledge about the species
(Bath, 2000; Bath and Majic, 2001), a perception that wolves are
dangerous and unpredictable (Johansson et al., 2012), and a fear
of the unknown (Zimmermann et al., 2001). Some people living
in areas recolonized by wolves report that a concern for their
own or their family’s safety results in diminished quality of life
(Røskaft et al., 2007). In modern times, non-rabid wolf attacks on
humans are very rare, and documented cases are usually linked to
habituation to anthropogenic food sources (Linnell and Alleau,
2016; Reinhardt et al., 2020; Linnell et al., 2021; Nowak et al.,
2021). In developed countries, recent focus has been on wolves
developing fearless behavior, and on human behaviors that may
enhance the risk of attacks (Linnell and Alleau, 2016; Penteriani
et al., 2016; LCIE, 2019; Reinhardt et al., 2020). However, there
is a lack of research to understand the processes that may lead
to risky situations (Löe and Röskaft, 2004; Linnell and Alleau,
2016). Knowledge about wolf behavior toward humans should
help mitigate fear and thus facilitate wolf-human coexistence.

Because fear of wolves is a common challenge across their
recolonized European range (e.g., Bath, 2000; Bath and Majic,
2001; Røskaft et al., 2007; Johansson et al., 2012; Reinhardt et al.,
2020), shared tools for evaluating wolf responses to humans, and
comparing such responses across their range, can be valuable.
Experiments in which human observers approach marked wolves

can increase the knowledge about how wolves can be expected
to respond to interactions with humans (Karlsson et al., 2007).
Experimental human approaches have been done previously on
species such as common buzzards (Buteo buteo) (Sunde et al.,
2009a), reindeer (Rangifer tarandus) (Colman et al., 2012), red
deer (Cervus elaphus) (Sunde et al., 2009b), moose (Alces alces)
(Viljanen, 2019), polar bears (Ursus maritimus) (Andersen and
Aars, 2008), brown bears (Ursus arctos) (Moen et al., 2012,
2018; Ordiz et al., 2013, 2019), lynx (Lynx lynx) (Sunde et al.,
1998), and wolves (Karlsson et al., 2007; Wam et al., 2012,
2014). However, previous studies on wolves used VHF collars
(Karlsson et al., 2007; Wam et al., 2012, 2014), limiting the
level of detail at which the wolf response could be recorded
without subsequent snow tracking (Karlsson et al., 2007). Today’s
GPS collars provide movement data at much higher temporal
resolution and spatial precision and accuracy, without the need
for snow cover. Additionally, a standardized protocol will allow
comparative studies across different study areas, e.g., comparing
responses within and between populations, and among areas
of varying human density. Hence, a baseline distribution of
wolf response patterns can be established given a number of
known predictors. Such knowledge about likely wolf responses
to humans may increase predictability of wolf behavior to people
living in wolf areas.

Large carnivores can show physiological and behavioral
antipredator responses to humans (Ordiz et al., 2011; Støen et al.,
2015), and may show a proactive fight or flight, or a reactive
freeze or hide response (Koolhaas et al., 1999; Roelofs, 2017). The
presence or absence of a flight response, and the distance from the
disturbance at which the animal flees (flight initiation distance,
hereafter FID), are therefore useful parameters to describe the
responses of wild animals to human disturbance (for examples,
see Colman et al., 2012; Moen et al., 2012; Ordiz et al., 2019;
Viljanen, 2019). As shown in brown bears, extensive experimental
approaches on GPS collared animals make it possible to compare
flight initiation distances between individuals and demographic
groups, and to study potential habituation and lasting behavior
when approached repeatedly (Ordiz et al., 2013, 2019; Sahlen
et al., 2015). For detecting flight initiation during human
approaches, two statistical methods have been used previously,
i.e., Upper Control Limit (UCL; Moen et al., 2012; Sahlen et al.,
2015; Ordiz et al., 2019) and changepoint analyses (Killick et al.,
2012; Viljanen, 2019; Græsli et al., 2020). However, it is not
known if the methods differ in results for FID calculations.

In this paper, we present (1) a standardized field protocol
for experimentally approaching GPS-collared wolves to assess
their responses to encounters with humans, controlling for
factors such as habitat parameters and number of approaching
humans; (2) a descriptive comparison of two statistical methods
(changepoint analysis and UCL) to detect the presence or absence
of a measurable flight response, and to identify the time and
location of both flight initiation and resettling; (3) a tutorial
for using changepoint analyses to identify wolf flight initiation
and resettling positions as a basis for extracting a number of
flight parameters; and (4) a quantitative assessment of the effects
on success rate and precision when extracting flight parameters
from wolf GPS data at reduced temporal resolution. Lowering
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the GPS positioning frequency for the approach trials can be
an alternative to increase collar battery life. The field protocol,
a field data collection form, and a tutorial with the R code
for extracting the time and coordinates for flight initiation and
resettling are provided as Supplementary Presentations 1–3.
This standardized protocol will facilitate studies of wolf responses
to direct interactions with humans, and it is applicable at local,
national, and international levels.

EQUIPMENT

The protocol requires wolves equipped with GPS collars with
positioning frequency programmable down to 1-min intervals,
and with two-way wireless radio or satellite communication
allowing remote re-programming of positioning schedule and
data transmission after a set number of acquired positions. The
field trials require a handheld GPS unit that can record a track log
with 1-s positioning intervals, and an anemometer for measuring
wind speed and direction (optional). The post-trial visibility
measurements require a brightly colored cylinder (60 cm tall
and 30 cm diameter) as described by Ordiz et al. (2009), or an
equivalent structure.

MATERIALS AND METHODS

Wolves, Captures and Study Areas
Wolf captures were carried out in Scandinavia (Norway and
Sweden), and Germany, and experimental human approaches
were carried out in Scandinavia, Germany and Poland. These
are areas where wolf populations have been recolonizing former
grounds in recent decades (e.g., Chapron et al., 2014).

All wolves were chemically immobilized using tiletamine-
zolazepam (Zoletil forte R©, Virbac, Carros, France) and equipped
with VERTEX GPS PLUS collars (Vectronics aerospace
GmbH, Berlin Germany). The collars had two-way wireless
communication (GSM or Iridium), enabling remote re-
programming of GPS positioning schedule down to 1-min
intervals and transmission of data batches after a set number of
acquired GPS positions.

In central Scandinavia, a total of 11 wolves in six different
territories were immobilized by darting from a helicopter during
the winters of 2017–2021. The captures were conducted by the
Scandinavian Wolf Research Project (SKANDULV), and the
technique is described in detail by Sand et al. (2006), and followed
the ethically approved procedures described by Arnemo and
Evans (2017). Captures and experimental human approach trials
were approved by the Norwegian Food Safety Authority (FOTS
ID 15370) and the Animal Welfare Ethics Committee of Uppsala,
Sweden (ref. 5.8.18–13246/2019). At the time of the approach
trials, all of the collared wolves were territory-marking adults.

In eastern Germany, three wolves were captured and collared
during the winters of 2019–2021 as part of the projects
“Interspecific interaction behavior of wolves and red deer” and
“Interaction behavior of wolves and mega herbivores (Konik
horses and Heck cattle) on a large year-round grazing area.”

The wolves were captured with foothold-traps (equipped with
trap transmitters from MinkPolice or VECTRONIC Aerospace
GmbH, Berlin Germany) and immobilized within 30 min after
capture using a blowpipe. One of the wolves (ID4) dispersed
across the border to western Poland, close to the river Oder,
where it was a non-territorial single wolf at the time of the trials.
The other two were still in Germany at the time of the trials, one
as a territory-marking adult (ID5) and one as a yearling (ID6)
which, based on the GPS data, was not fully included in the natal
pack anymore, but still tolerated close by.

The Norwegian/Swedish study area is mainly dominated by
coniferous forest, with a lower abundance of deciduous species.
The intensively managed forests consist of a mosaic of stands
with different age classes, with an extensive network of forest
roads (Sand et al., 2008). The human population density in
the area ranges from two to ten inhabitants per km2 (Statistisk
Sentralbyrå, 2020,1). Moose is the most important prey for wolves
and is found throughout the study area (Zimmermann, 2014;
Zimmermann et al., 2015; Sand et al., 2016).

The study area in eastern Germany is dominated by mixed
forests and agriculture areas, as well as moorland and open
grassland with scattered villages. The area provides numerous
hiking trails and forest roads, providing easy access to the public.
The average human population density is around 80 inhabitants
per square kilometer, but in the wolf territories less than 10
inhabitants per square kilometer. The main prey species for
wolves in summer are roe deer (Capreolus capreolus), red deer,
and wild boar (Sus scrofa) (Ansorge et al., 2006).

The Polish study area (with the GPS collared German
immigrant wolf) is an end moraine region dominated by beech
and mixed forests, as well as wetland habitats, agricultural land,
and floodplains. The human density and infrastructure in this
area is very low. Roe deer, fallow deer (Dama dama), and wild
boar are prey species for the wolves in the area.

Field Trials
The field protocol was first developed and tested in two
Scandinavian wolf territories in 2018. Subsequent fine-tuning and
testing of the protocol took place in 2019–2021 in Scandinavia,
Germany and Poland. Trials were not conducted in the period of
May to mid-August to avoid disturbance in the denning and early
pup rearing period, and we allowed on average 38 days (min = 14,
max = 98) between consecutive trials on the same individuals
within the same trial year (Aug-April).

GPS Scheduling
The GPS collars were programmed to a baseline positioning
frequency of one position every 4 h, optimized for longer-term
research projects. Collars were programmed to send positions
in batches of seven using GSM or Iridium communication, i.e.,
every 28 h at 100% GPS success and adequate conditions for
data transmission. The two-way communication also allowed
for remote re-programming of the positioning schedule. A new
schedule could be sent at any time and would be received next
time the collar would connect to transmit acquired positions.

1https://www.scb.se/
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Hence, when planning an approach trial, the positioning schedule
had to be sent in time for the collar to receive the programming.

As a trade-off between collar battery usage and allowing
sufficient time to carry out the trial and register the wolf response,
we decided on a 2-h approach period at 1-min positioning
frequency. This would give high-resolution raw data, which
could then be down-sampled to evaluate the effects of lower
positioning frequency. We scheduled a preparation period with
10-min positioning intervals prior to the approach period to
locate the wolf. In 2018 we used a preparation period of 2 h.
However, to increase the chances of receiving updated positions
in time to start the trial, we increased the preparation period
to 4 h from 2019. We scheduled a post-disturbance period with
10-min positioning intervals immediately following the approach
period to capture the flight of the wolf until it resettled. In 2018
we used a post-disturbance period of 1 h, but changed it to 3 h
from 2019 to increase the likelihood of capturing the entire flight
until resettling.

Based on published data on wolf circadian activity patterns
(Merrill and Mech, 2003; Theuerkauf, 2009; Eriksen et al., 2011)
and similar approach studies on brown bears (e.g., Moen et al.,
2012), we scheduled the approach period to start at noon local
time (13:00 during Daylight Savings Time DST) to maximize
the likelihood of the wolf being at a day bed. Hence, on the
day of an approach trial, the GPS collar was programmed for
10-min positions during 08:00–12:00, 1-min positions during
12:00–14:00, and 10-min positions from 14:00–17:00 (1 h later
for all three periods during DST). With this schedule, the
wolf collar was programmed to take a total of 163 positions
during one 9-h trial period (08:00–17:00). For considerations
of battery life trade-offs, this corresponds to 27 days of four-
hourly positions.

Field Methods
Following our standardized approach route (AR, Figure 1), the
observer would walk in a straight line from a starting distance
(SD) of at least one km from the wolf start position (WSP), pass
the passing position (PP) at a passing distance (PD) of 50 m from
the WSP, and continue walking for another 500 m to the observer
end position (OEP) before walking back in an arc away from the
WSP to the observer start position (OSP).

On approach days, we used incoming GPS positions during
the preparation period to determine the location of the wolf.
Centered on the last acquired wolf position (assumed WSP), we
plotted a circle with a 1 km radius, and selected a suitable OSP
on or outside this circle. Then, centered on the assumed WSP,
we plotted another circle with a 50 m radius, and plotted the
AR as a straight line starting at OSP, tangent to the 50 m circle,
and continuing for another 500 m. The tangent point between
the line (AR) and the 50 m circle defined the PP, and the end
point defined the OEP. We selected an AR that facilitated walking
in a straight line, preferably from an OSP that was accessible
from a forest road, and with no ridges between AR and WSP
that might potentially obstruct detection. Before starting the trial,
we made the final corrections to the AR based on the last wolf
position available, when possible, after receiving the first batch of
1-min positions. For some trials, wolf positions were monitored

and AR was determined in the field. In most cases however, this
was done more conveniently at the office and communicated
to the field team.

The trials were conducted by either one or two human
observers. Once the final AR was set, the observers would initiate
track log with a handheld GPS unit and start walking at a regular
hiking pace from OSP along AR in as straight a line as possible.
The handheld GPS unit was set to log one position per second to
facilitate matching with simultaneous wolf positions. In order for
the trials to represent relevant and realistic scenarios of human
hikers, observers did not try to be quiet, and pairs of observers
would talk with each other while walking. Observers would leave
the OSP in time to pass the PP at least 10 min before the end of
the approach period to ensure at least 10 min of 1-min positions
from the wolf after the observer passed the PP.

During the trial, environmental variables were recorded
in a field form (Supplementary Presentation 2), including
air temperature, wind strength and direction relative to
AR, precipitation, humidity, vegetation cover, noise level
from moving through the vegetation, and habitat type,
following instructions for data registration given in the form
(Supplementary Presentation 2).

As long as no wolf was seen, observers would follow the
“standard approach protocol” as described above and outlined
in Figure 2A, walking from OSP to OEP. However, in the case
of a direct encounter with a wolf, observers were instructed
to switch to the “direct encounter approach protocol” outlined
in Figure 2B. We defined a direct encounter as: (1) visual
observation of a wolf ahead of the observer when facing OEP,
(2) observer would have noticed the wolf in a non-trial situation,
(3) wolf being aware of observer, and (4) wolf not leaving
immediately. All four criteria would need to be met, but the
observer was not required to verify that the wolf was wearing a
collar, before moving from the standard protocol to the direct
encounter protocol. The direct encounter protocol consisted of
a sequence of actions of increasing intensity: (1) stopping and
waiting for 1 min, (2) counting to ten loudly, (3) waving arms and
shouting loudly. Whenever the wolf would leave, the sequence
would be terminated and the observers would resume the trial,
walking toward OEP. If the wolf would not leave after completing
the sequence, the observer would turn around and walk back
to OSP. Direct encounters would be registered in the field form
(Supplementary Presentation 2).

Post-trial Data Sampling
After the trial we identified the locations of flight initiation
and resettling using the methods described under Data analyses
and in Supplementary Presentation 3, and/or through visual
inspection of the wolf positions. After the focal wolf had
moved at least one km from the flight initiation and resettling
position, we measured the visibility at these two locations as a
measure of the concealment provided by vegetation. Following
the description by Ordiz et al. (2009), we used a brightly colored
cylinder (60 cm tall and 30 cm diameter), placed the cylinder at
the coordinate of flight initiation/resettling, and measured the
maximum distance in the four cardinal directions at which the
cylinder could be seen.
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FIGURE 1 | Spatial arrangement of a standardized experimental human approach trial on wild wolves. OSP, observer start position; WSP, wolf start position; SD,
starting distance; AR, approach route; PP, passing position; PD, passing distance; OEP, observer end position. Note that the graphic is not drawn to scale.
Illustration: Juliana Spahr.

FIGURE 2 | Sequence of a standardized experimental human approach trial on wild wolves. Observer will switch from standard protocol (A) to direct encounter
protocol (B) if all the following criteria for direct encounter are met: (1) visual observation of a wolf ahead of the observer when observer is facing OEP, (2) observer
would have noticed the wolf in a non-trial situation, (3) wolf is aware of observer, and (4) wolf does not leave immediately. OSP, observer start position; PP, passing
position; OEP, observer end position (defined in Figure 1).

A comprehensive field protocol for conducting the trials
and the field form for data registration are provided in
Supplementary Presentations 1, 2, respectively.

Data Analyses
Data Preparation
We used the R environment (R Core Team, 2019) within the
interface of R-Studio (RStudio Team, 2016) for data preparation

and analyses. Time and date formats were handled with the
lubridate package (Grolemund and Wickham, 2011). Time was
corrected to time zone GMT + 01:00, as approach trials during
daylight saving time were in GMT + 02:00. The data from
wolves and observers were extracted and trimmed to a period
from 12:00 to 17:00 of the approach day. We visually assessed
the data by plotting and animating individual approach trials
with the ggplot2 package (Wickham, 2016) and the MoveVis
package (Schwalb-Willmann, 2019). We calculated step lengths
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as the Euclidean distance between consecutive wolf positions.
The speed was calculated as meters per minute by dividing the
step length by the difference in time.

We used the sp package (Bivand et al., 2013) to transform
the coordinates from the observer data to a projected coordinate
system (WGS84/UTM zone 33N). We joined the observer data
with the wolf data based on the date and time using the dplyr
package (Wickham et al., 2019). If the observer data was lacking
positions, we used the data.table package (Dowle and Srinivasan,
2019) to select the observer position that was the closest in
time to the wolf position. We then calculated the Euclidean
distance between simultaneous wolf and observer positions. Final
coordinates for the WSP (to replace the assumed WSP used when
setting up the AR prior to the trial) was defined as the first wolf
position after the observer started walking from OSP.

Extracting Wolf Response Variables
We used changepoint analysis of wolf speed at 1-min resolution
to identify flight initiation. For this purpose, we adjusted the wolf
speed to a gamma distribution by changing values of 0 m/min
to 0.01 m/min based on the assumption that a speed of exactly
zero will be nearly impossible, due to GPS measurement error.
We then applied a pruned exact linear time (PELT) algorithm
with a gamma distribution on both mean and variance of the
wolf speed with MBIC (Modified Bayes Information System)
penalty on 95% CI using the function cpt.meanvar from the
ChangePoint package (Killick et al., 2016). We chose the MBIC
penalty, as the AIC and BIC penalties are prone to overestimating
changepoints (Lavielle, 2005). The flight initiation was defined
as the first changepoint after the observer started the approach
trial (Figure 3).

For comparison, we also extracted flight initiation using a
different statistical method, estimating an Upper Control Limit
(UCL), i.e., a defined threshold for the movement speed to
distinguish between stationary and non-stationary wolf behavior
(Montgomery, 2007; Moen et al., 2012; Ordiz et al., 2019).
As opposed to changepoint analyses, UCL calculations rely on
control data representing the baseline condition, which in this

case was GPS data from stationary wolves. As control, we used
1099 positions from days when wolf collars were programmed for
an approach trial, but no trial was carried out, and from wolf GPS
data from successful trials during which the wolves did not move.
We only used control data for which visual inspection of the
GPS positions indicated no movement, and the time difference
between positions was between 30 and 90 s. The movement speed
from this dataset was assumed to primarily represent GPS error.
This gave us a UCL of 23 m/min. We defined the flight initiation
as the last position before the movement speed exceeded the UCL
for at least two consecutive intervals.

For all trials for which flight initiation was identified, we used
10-min positioning intervals to identify the position where the
wolf resettled after the flight. We down-sampled the data to 10-
min intervals for the period 12:00 to 17:00 using the data.table
package (Dowle and Srinivasan, 2019), and applied changepoint
analysis as described for flight initiation. We defined resettling as
the first position after the first changepoint after flight initiation,
i.e., the start of a stationary period (Figure 3).

We extracted the following variables to describe the wolf
flight response (Table 1): We classified the wolf response
as either Flight when flight initiation was identified, or No
flight when no flight initiation was identified and the wolf
remained stationary. Based on the 1-min positioning intervals,
we calculated the Minimum wolf-observer distance as the
minimum distance between simultaneous wolf and observer
positions, Flight initiation distance (FID) as the wolf-observer
distance at flight initiation, and Passing-flight time difference as
the time difference between flight initiation and the observer
passing the passing position. For the first 10 min after flight
initiation and at 1-min resolution, we calculated Initial speed as
the average speed and Initial straightness as the sum of the step
lengths divided by the linear displacement. We calculated Flight
duration and Flight displacement as the time and the distance
from flight initiation to resettling, respectively. For the total flight
(from flight initiation to resettling) and at 10-min resolution, we
calculated Total distance travelled as the sum of the step lengths,
Overall speed as the average speed, and Overall straightness as

FIGURE 3 | Visualization of the detection of flight initiation and resettling positions of a wolf during experimental human approach trials. For detection, we used
changepoint analysis with change in mean and variance of wolf movement speed using the MBIC penalty. The first changepoint indicates the moment of flight
initiation based on 1-min GPS positioning intervals (solid line). Resettling location is defined as the first position after the first changepoint after flight initiation, based
on 10-min positioning intervals (dashed line).
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TABLE 1 | Description, temporal resolution and time period of the extracted variables used to describe the responses of wild wolves when approached by humans.

Variable name Description GPS frequency Time period

Flight / No flight Binary variable indicating whether or not a flight was identified using
changepoint analyses.

1 min -

Minimum wolf-observer distance Shortest distance between simultaneous wolf and observer positions 1 min -

Flight initiation distance (FID) Distance between wolf and observer at flight initiation 1 min -

Passing-flight time difference Time between flight initiation and observer passing the passing position (PP).
Negative if wolf fled before, and positive if wolf fled after observer passed PP.

1 min -

Initial speed Average speed 1 min First 10 min after flight initiation

Initial straightness Sum of step lengths divided by linear displacement 1 min

Flight duration Time difference 10 min From flight initiation to resettling

Total distance traveled Sum of the step lengths 10 min

Flight displacement Linear displacement 10 min

Overall speed Average speed 10 min

Overall straightness Straightness index across the flight calculated as the average straightness
between every three consecutive positions

10 min

Flight initiation and resettling were identified using GPS data at 1 and 10-min resolution, respectively.

the average straightness index across the flight based on the
straightness between every three consecutive positions (Table 1).

An instruction manual with R code for identifying flight
initiation and resettling using changepoint analysis with MBIC
penalty, and for calculating the flight response variables listed in
Table 1, is provided in Supplementary Presentation 3.

Down-Sampling of GPS Positioning Intervals
To quantify the effects of reduced GPS positioning frequency
on the calculation of wolf response variables for studies that
need to preserve collar battery, we down-sampled the original
data from 1-min to 2-, 3-, and 5-min resolution for calculating
flight initiation, and from 10- to 20-min resolution for calculating
resettling. Down-sampling was done by creating a new data
frame with the intended time stamps, and then adding GPS
positions from the original data set to the new data frame
by using roll = “nearest” from the data.table package (Dowle
and Srinivasan, 2019). We then removed double observations
resulting from the same position being the nearest to more
than one time stamp (in cases of gaps in the data), and
we used the original time stamp of the data. This created a
time series including gaps, as would be expected in a real-
life situation. With these down-sampled datasets, we identified
flight initiation and resettling and calculated the flight response
variables as described above. To compare the down-sampled
data to the original temporal 1- and 10-min resolutions of GPS
positions, we used generalized linear mixed models (GLMMs)
from the lme4 package (Bates et al., 2015) for each of the
flight response variables. For all models, GPS interval was
the single fixed-effects variable with the original 1- and 10-
min intervals as the reference (intercept), and trial ID as a
random effect. To meet the assumption of normally distributed
residuals, minimum wolf-observer distance was transformed
by
√

x, flight initiation distance by
√

log(x+ 1), and overall
straightness by log(1-x). We considered results from the down-
sampled data significantly different when their 95% confidence
intervals (CIs) did not overlap with the predicted value for

the original data (i.e., the intercept). This coincided with an
alpha level of 0.05.

RESULTS

Overview of Approach Trials
Between September 2018 and September 2021, experimental
approach trials were attempted in eleven wolf territories/home
ranges in Scandinavia, Germany and Poland, resulting in
25 successful trials in seven different territories/home ranges
(Table 2). On eleven occasions, wolf collars were programmed
for an approach trial, but the trial was unsuccessful because the
wolf did not settle at a day bed, but kept moving throughout the
approach period (n = 5), the wolf collars did not send positions
in time to start the trial (n = 4), the wolf moved to an area where
we did not have an ethical permit at the time (n = 1), we could
not reach the start position in time due to inaccessible roads
(n = 1). Notably, after increasing the preparation period with 10-
min positioning intervals from 2 to 4 h, we did not miss any trials
due to not receiving positions in time. In one last case in Germany
in 2019, the approach schedule was not picked up by the collar but
the approach was conducted anyway. This was the only case in
which the observers saw the wolves (seven individuals including
the collared wolf), but the wolves moved away from the observers
before the direct encounter protocol was initiated. The trial was
considered unsuccessful due to the lack of wolf GPS positions.
On a few additional occasions, an approach schedule was sent
but not picked up by the wolf collar, and therefore no approach
trial was attempted.

GPS Data
When two collared wolves were together during a single approach
trial, we used data from the interactions between the observer
and each individual wolf, although the behavior of the two
wolves would not be independent of each other in such cases.
However, the objective at this stage was to test the method
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TABLE 2 | Overview of successful and unsuccessful experimental human approach trials on wild wolves in Norway (N), Sweden (S), Poland (P), and Germany (G)
during 2018–2021.

Territory/home range (country) Year Wolf ID (sex) Communication Successful trials Unsuccessful trials

Varåa (N/S) 2018 M18-17 (F) GSM 5 1

M17-08 (M) Iridium

2019 M18-17 (F) GSM 3 0

M17-08 (M) GSM

Juvberget (N/S) 2018 M18-13 (F) GSM 3 3

M18-12 (M1) Iridium

2019 M18-13 (F) GSM 2 1

M19-02 (M2) Iridium

2020 M18-13 (F) GSM 3 0

M19-02 (M2) GSM

Bograngen (N/S) 2019 M19-01 (F) GSM 0 2

M19-04 (M) GSM

Magnor (N/S) 2019 M18-11 (M) GSM 3 1

Norrsjö (S) 2019 M18-14 (M) GSM 0 2

Ulvåa (N/S) 2020 M20-02 (F) GSM 0 1

Skärsjön (S) 2021 M21-02 (M) Iridium 2 0

Oranienbaumer Heide (G) 2019 WolfID4 (M) Iridium 0 1

Oder (P) 2019 WolfID4 (M) Iridium 1 0

2020 WolfID4 (M) Iridium 1 0

Dübener Heide (G) 2020 WolfID5 (M) Iridium 1 0

Glücksburger Heide (G) 2021 WolfID6 (F) Iridium 1 0

Total 25 12

TABLE 3 | Variation in interval duration (seconds), GPS success rate (max–min),
and number of flights detected using changepoint analysis with MBIC penalty, for
different positioning frequencies down-sampled from original 1-min resolution wolf
GPS data from experimental human approach trials.

Interval duration (seconds)

Interval Mean sd Median min max GPS success
rate

# Detected
flights

1-min 75.4 54.9 60 6 590 78% (52–99) 29

2-min 125.2 58.7 120 8 590 97% (76–99) 29

3-min 183.1 61.1 180 14 590 98% (83–100) 29

5-min 299.4 65.2 300 14 715 99% (90–100) 28

rather than to interpret the wolf behavior. This resulted in a
total of 35 individual wolf-human interactions (hereafter called
interactions) involving nine different wolves, from which we
could test the extraction of response variables.

At 1-min intervals, the GPS success rate of the wolf collars was
78% (range = 52–99, Table 3). The gaps encompassed on average
3 ± 1.4 missing positions, whereas the 10-min interval data did
not show any gaps.

For 14 interactions, the observer data lacked positions, e.g.,
if the GPS track log was not programmed correctly. For those
cases, we selected the nearest observer position in time relative
to the wolf position. Average time difference between wolf and
observer positions that were matched using this method was 6 s
(range = 0–78 s), and maximum time difference in gaps that
encompassed the flight initiation was 41 s.

Detecting Flight Initiation
Visual inspection of the GPS positions indicated that the wolf
fled in 29 out of 35 interactions (Supplementary Presentation 4).
Changepoint analysis with MBIC penalty detected a flight for 27
interactions and the UCL detected a flight for 29 interactions,
all of which matched the flights detected by visual inspection.
Neither method detected flights that were not identified by visual
inspection. There was no significant difference between flight
initiation distances based on changepoint analysis and UCL
(Wilcoxon signed-rank test: V = 41, p = 0.9, Figure 4). In two
interactions, the changepoint analysis failed to detect a flight
that was identified by both visual inspection and UCL analysis.
For these interactions, we reran the changepoints analysis using
the AIC penalty instead of the MBIC penalty, resulting in
changepoints corresponding with the flights detected by visual
inspection and UCL (Supplementary Presentation 4, Panel 5).

To assess whether AIC might be generally preferable over
MBIC for detecting flight initiation, we reran the changepoint
analysis for all interactions using the AIC penalty. This resulted
in 31 interactions for which the first changepoint after the start
of the trial did not correspond to flight initiation identified
using MBIC penalty, UCL or visual inspection. Among the 29
flight initiations detected with the MBIC penalty, 26 were also
identified as changepoints when using the AIC penalty. However,
AIC found on average 2.8 ± 2.3 additional changepoints per
interaction, which did not represent flight initiation detected
using the other methods. A full overview of the flight initiations
identified for all interactions with all methods can be found in
Supplementary Presentation 4.
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FIGURE 4 | Comparison of values for flight initiation distances (FID) of wolves
when approached by humans, obtained using the two alternative methods
changepoint analysis and upper control limit (UCL). Each dot represents one
wolf-human interaction. Dots on the gray line indicate interactions in which the
two methods gave identical FID values.

Detecting Resettling
The time and location of resettling were identified as
changepoints for 26 out of the 29 interactions for which we
identified a flight. In two interactions, the total flight, as observed
visually, lasted for less than 20 min. As the temporal resolution of
the GPS positions used to identify resettling was 10 min, a flight
of 20 min was too short to be detected with the changepoint
analysis. For another interaction, visual inspection as well
as changepoint analysis indicated no resettling within the
post-disturbance period of 3 h.

Down-Sampled Positioning Intervals
Down-sampling the original 1-min interval data to longer GPS
intervals (2-, 3- and 5-min intervals) resulted in datasets in which
gaps and missing data were replicated (Table 3). We consider this
to be representative for data originally sampled at these temporal
resolutions. Re-running the changepoint analyses at 2- and 3-min
resolution did not reduce the number of detected flights, however,
one flight was missed when running the analyses at 5-min
resolution (Table 3). The down-sampling did affect the values
of the flight variables (Table 4 and Figure 5). Minimum wolf-
observer distance and flight initiation distance increased with the
longer sampling intervals, and became significantly larger at≥ 3-
min intervals compared to the original 1-min intervals (Table 4
and Figures 5A,B). Passing-flight time difference and initial
straightness became significantly different at 5-min intervals
(Table 4 and Figures 5C,E), whereas the initial speed decreased
significantly with each successively longer interval, as none of the
95% CIs overlapped (Table 4 and Figure 5D).

Down-sampling the original 10-min GPS data to 20-min
intervals did not result in loss of detection of resettling. However,
at 20-min intervals, calculated flight duration increased, total
distance travelled decreased, and flight displacement decreased
(Table 5 and Figures 6A–C). Overall speed did not differ
significantly between different temporal resolutions (Table 5 and
Figure 6D), but overall paths became straighter (Table 5 and
Figure 6E).

DISCUSSION

We developed and successfully tested a standardized protocol
for experimental human approach trials on wild, GPS-collared
wolves. The wolves generally avoided the observers, as described
in detail by Versluijs et al. (2022). The purpose of the
experimental set-up was to create a realistic but standardized
representation of human off-trail hikers in wolf habitat, to assess
the wolf flight response at high temporal resolution. The protocol
can be expanded, e.g., to involve observers that are jogging,
skiing, or accompanied by a dog. Similarly, the purpose of
the direct encounter criteria and the actions outlined in the
direct encounter protocol, was to mimic the likely response
of a hiker when meeting a wolf outside of an experimental
setting. It provides information about potential wolf responses
while leaving the opportunity for the wolf to retreat rather than
provoking an aggressive response. In a non-trial situation, hikers
may not detect a wolf that is not obviously visible ahead of
them (criterion 2). Once seeing a wolf, we believe that most
hikers would stop rather than continue walking toward it. In the
presumably rare event that criterion 2 is met, but the wolf does
not appear to have detected the observer (criterion 3 not met),
we propose walking until detected, so that the wolf detects the
observer approaching rather than suddenly counting out loud.
The stepwise intensification of the actions in the direct encounter
protocol provides the wolf the opportunity to assess and react
upon increasing levels of human-induced stress, and its response
can be scored accordingly. Notably, we were not able to test our
direct encounter protocol as none of the trials fulfilled the direct
encounter criteria.

Each approach trial is a large investment in terms of time as
well as collar battery life. In the following, we discuss factors
that can affect the likelihood of successful trials and the quality
of the acquired data, weighed against collar battery usage. Our
recommendations are summarized in Table 2 of the field protocol
(Supplementary Presentation 1).

Consistent with previous studies of wolf circadian activity
patterns in Scandinavia (Eriksen et al., 2011) and elsewhere
(Merrill and Mech, 2003; Theuerkauf, 2009), most of the wolves
approached in this study were mainly stationary in the middle of
the day when the approach trials were initiated. Similar timing
has been used in studies approaching brown bears, which have
a similar circadian rhythm (e.g., Moen et al., 2012). In two wolf
territories however, we were unable to conduct any successful
trials due to wolves moving throughout the approach period.
Prior to the first approach trial on an individual wolf, it is
advisable to inspect the GPS data of the specific wolf. If the wolf
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TABLE 4 | Generalized linear mixed models (GLMMs) comparing initial wolf flight responses calculated from GPS data at varying sampling intervals during experimental
human approach trials on wild wolves (first 10 min after flight initiation).

Response GPS interval Estimate (95% CI) T df p

Min. wolf-observer distance 1 min (intercept) 9.44 (8.40–10.47) 17.79 36 <0.001

2 min 0.21 (−0.39–0.81) 0.68 83 0.498

3 min 0.98 (0.37–1.58) 3.16 83 0.002

5 min 1.95 (1.34–2.56) 6.42 83 <0.001

Flight initiation distance 1 min (intercept) 2.16 (2.11–2.22) 77.50 48 <0.001

2 min 0.04 (−0.01–0.08) 1.62 83 0.108

3 min 0.05 (0.00–0.09) 2.02 83 0.047

5 min 0.09 (0.05–0.14) 4.07 83 <0.001

Passing-flight time difference 1 min (intercept) −2.36 (−3.94–−0.78) −2.93 40 <0.001

2 min −0.98 (−2.05–0.09) −0.98 83 0.077

3 min −1.01 (−2.08–0.07) −1.01 83 0.070

5 min −2.63 (−3.72–−1.54) −2.63 83 <0.001

Initial speed 1 min (intercept) 46.77 (39.63–53.91) 12.84 36 <0.001

2 min −7.01 (−11.17–−2.86) −3.31 82 0.001

3 min −14.71 (−18.87 –−10.55) −6.94 82 <0.001

5 min −25.62 (−29.83–−21.83) −11.94 83 <0.001

Initial straightness 1 min (intercept) 0.79 (0.72–0.85) 23.22 72 <0.001

2 min 0.05 (−0.02–0.12) 1.30 81 0.197

3 min 0.07 (−0.00–0.14) 1.92 81 0.058

5 min 0.13 (0.06–0.21) 3.56 81 <0.001

Datasets with different sampling intervals were obtained by down-sampling the original 1-min data. In all models, GPS interval was the single fixed effect, and trial ID was
included as a random effect. Response variables were minimum wolf-observer distance, flight initiation distance, passing-flight time difference, initial speed, and initial
straightness (see Table 1 for variable descriptions). To meet the assumption of normally distributed residuals, minimum wolf-observer distance was transformed by

√
x,

and flight initiation distance by
√

log(x + 1).

shows consistently high activity during the day, the trial can be
scheduled for the time of day when the wolf tends to be the least
active. Any variation in the time of day of the trials will need to
be considered when interpreting the results.

Depending on the collar’s mode of communication, poor
coverage can result in a lack of updated positions during the
preparation period. The duration and positioning frequency of
the preparation period, and the data transmission frequency,
can be adjusted to suit each project or study area. Increasing
any of these will increase the number of times at which the
collar tries to send positions and hence the chances of receiving
updated positions in time to start the trial, albeit at battery
cost. After we increased the preparation period from 2 h in
2018 to 4 h in 2019–2021, we did not miss any trials due
to not receiving updated positions in time. Poor coverage
can also result in the collar needing multiple attempts before
picking up the approach schedule. This should be considered
when planning a trial, making sure to send the programming
long enough in advance. In areas with poor GSM coverage,
other communication options can be considered. In the case
of our study, the four trials that failed due to collars not
sending positions were all conducted in territories where one
wolf had Iridium and one had GSM communication. Hence,
neither of these two communication methods is a guarantee
against this problem.

The challenge of reaching the start position in time will
depend on accessibility, territory size, and wolf activity during
the preparation period, i.e., whether the start position needs to

be changed due to the wolves moving. In our Scandinavian study
area, the high road density ranging from 0.5 to 1.1 km/km2

allowed us to access the start position by car for most of the
trials, although access was sometimes restricted by gated or
snow-covered roads. Reaching the start position may be a bigger
challenge in more remote study areas.

We expected a starting distance of one kilometer to be far
enough that the wolves would not immediately respond to our
presence, as previous studies have reported average FIDs of
106 m (Karlsson et al., 2007) and 248 m (Wam et al., 2014),
and average alert distances of 293 m (Wam et al., 2014). In our
trials, flight initiation distance never exceeded 400 m, hence we
believe that a 1 km starting distance will be sufficient in most
cases. A shorter starting distance can be considered in areas of
high human impact, where it is not feasible to find a starting
position at 1 km without other sources of disturbance (e.g.,
roads) between the wolf and the observer. However, given the
range in FIDs and alert distances, the starting distance should
not be less than 500 m. We used a passing distance of 50 m
rather than walking straight toward the wolf to give the wolf an
opportunity to either stay or flee. A 50 m passing distance has
also been used during human approaches on Scandinavian brown
bears (Ordiz et al., 2013). Even when planning a passing distance
of 50 m, the real passing distance will vary due to GPS error,
wolves moving between the last acquired wolf position and the
passing time, and the difficulty of walking in a perfectly straight
line in rugged terrain. However, keeping the passing distance as
standardized as possible within and between studies is important
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FIGURE 5 | Comparison of five different wolf response variables (A–E) from experimental human approach trials, calculated with varying GPS positioning frequency.
Variables were calculated from data from the first 10 min after flight initiation.

for comparing the tendency for the wolves to stay or flee, as it
is reasonable to assume that wolves are less likely to stay when
passing distances are shorter.

The somewhat arbitrary choice of analyzing the first 10 min
of the flight at 1-min resolution (“initial flight”) does not reflect
an observed change in flight parameters after 10 min of fleeing
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TABLE 5 | Generalized linear mixed models (GLMMs) comparing overall wolf flight responses calculated from GPS data at varying sampling intervals during experimental
human approach trials on wild wolves (from flight initiation to resettling).

Response GPS interval Estimate (95% CI) t df p

Duration 10 min (intercept) 70.85 (60.22–81.47) 13.07 25 <0.001

20 min 12.69 (9.91–15.48) 8.94 25 <0.001

Total distance traveled 10 min (intercept) 1 987.95 (1 405.80–2 570.09) 6.69 25 <0.001

20 min −370.48 (−491.93–−249.02) −5.98 25 <0.001

Displacement 10 min (intercept) 1640.55 (1145.52–2135.58) −6.50 25 <0.001

20 min −223.02 (−328.11–−117.92) −4.16 25 <0.001

Overall speed 10 min (intercept) 28.18 (23.05–33.31) 10.77 26 <0.001

20 min 0.99 (−0.77–2.76) 1.11 25 0.280

Overall straightness 10 min (intercept) −2.74 (−3.26–−2.22) −10.35 44 <0.001

20 min −0.79 (−1.38–−0.19) −2.59 25 0.016

The dataset with 20-min sampling intervals was obtained by down-sampling the original 10-min data. In all models, GPS interval was the single fixed effect, and trial ID
was included as a random effect. Response variables were flight duration, displacement, total distance traveled, overall speed, and overall straightness (see Table 1 for
variable descriptions). To meet the assumption of normally distributed residuals, overall straightness was transformed by log(1-x).

(Supplementary Figure 1). However, considering the battery cost
of the high positioning frequency, we allocated 2 h of 1-min
positioning to each approach. This was assumed to be enough to
confirm the wolves being stationary, walk the approach route and
have a minimum of ten 1-min positions for analysis. The duration
of the post-disturbance positioning (10-min intervals) is set to 3 h
in this protocol, but most importantly, it should be long enough
to include the entire flight period as defined in the instruction
manual for data analyses (Supplementary Presentation 3).

In the vast majority of trials with a detected flight, it seemed
convincing from visual inspection that the wolf movement was
in fact a response to the approaching human. Only one case was
unclear, as visual inspection of the GPS positions revealed two
movements, the first of which was detected as the flight initiation
by the changepoint analysis (Supplementary Presentation 4,
Panel 3D). Importantly, in any given trial and regardless of the
definition criteria, one can never exclude the possibility that what
we interpret as a flight response is just coincidental movement.
Nevertheless, without ever being able to unequivocally identify
a flight response, we believe that the frequency of incorrectly
inferred flights will be low enough to justify general inference
about wolf flight response using our protocol.

The collars were programmed to transmit the maximum
available batch size of seven positions. During data transmission
the GPS is turned off, and in areas of low network coverage,
transmission might exceed 1 min resulting in data gaps on high-
frequency schedules. This will result in an earlier detected flight
initiation if the flight starts during a gap, since the flight initiation
will be the last position before the gap. Excluding approach
trials with missing data around the time of the suspected flight
initiation is a way to avoid a bias in FID (Moen et al., 2012).
However, the potential bias should be weighed against the
reduction of the sample size if such gaps are frequent. Imputation
as an alternative method to account for gaps is inappropriate
in this case, as it is usually based on an assumption of constant
speed. Furthermore, different imputation techniques can differ in
results (Moritz et al., 2015).

To increase collar battery life, it may be desirable to
conduct the trials using GPS data at lower temporal resolution.

Furthermore, reducing the positioning frequency may allow
enough time for data transmission between fixes, thus reducing
the number of gaps. In this study, 23% of the positions on a 1-min
schedule were missing versus 4% for 2-min schedule. Calculating
flight initiation from GPS data at 2- and 3-min resolution did
not reduce the number of detected flights compared to the 1-
min positioning data. With the exception of initial speed, we
did not detect significant differences in the response variables
calculated at 2-min resolution. However, at 3-min intervals,
the calculated minimum wolf-observer distance, flight initiation
distance, as well as initial speed, differed significantly from those
calculated from the original 1-min positioning data. At 5-min
resolution, all initial flight variables differed significantly from
those calculated from the original 1-min data. Notably, with a
larger sample size, significant differences may also be found at 2-
min intervals, as the same tendency was observed for all variables
also at this resolution. Similarly, down-sampling from 10- to 20-
min intervals did not result in loss of detection of resettling, but
it did result in increased flight duration and overall straightness,
and reduced flight displacement and total distance travelled.
Reducing the GPS positioning frequency can be considered in
future wolf approach trials to increase collar battery life. However,
flight parameters cannot be directly compared across datasets
collected at different temporal resolution, and consequently,
comparative studies will need to down-sample all data sets to
match the one with the lowest resolution. Additionally, with
a reduced positioning frequency, it may not be feasible to
wait for the first batch of positions from the approach period
before making the final corrections to the approach route and
starting the trial, increasing the risk of unsuccessful trials. All
things considered, when possible, we recommend keeping the 1-
and 10-min positioning frequency for the approach period and
post-disturbance period, respectively. Nevertheless, our results
show that the protocol can generate useful data also at lower
temporal resolution.

Changepoint analyses require data point segments of a certain
length to detect a change in mean and variance. Hence it is
important to have enough data before and after the change
(Killick et al., 2012). If the flight happens too early or too late
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FIGURE 6 | Comparison of five different wolf response variables (A–E) from experimental human approach trials, calculated from GPS data at 10- and 20-min
resolution. Variables were calculated for the duration of the flight, i.e., from flight initiation to resettling. Each dot represents one wolf-human interaction. Dots on the
gray lines indicate interactions in which the temporal resolutions gave identical values.
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within the 2-h timeslot of 1-min positions, there is a chance
that none or inaccurate changepoints are found. As a rule, we
intended to reach the passing position (PP) minimum 10 min
before the end of the approach period to ensure fine-resolution
data for the first 10 min of the flight. However, since gaps in the
data exist with an average length of 3 ± 1.4 positions per gap,
we rather recommend reaching the passing position (PP) at least
15 min before the end of the approach period. Using 15 min as a
buffer will likely create a minimum of ten 1-min positions after
flight initiation, which is unlikely to create problems with the
changepoint analyses.

Changepoint analysis uses a penalty structure to test the
likelihood of a change happening. Different penalty methods are
available, and in certain cases it is known which penalty gives the
most accurate results in changepoint location (Killick et al., 2012;
Truong et al., 2020). The AIC penalty is prone to overestimation
as it increases the probability of detecting changepoints (Lavielle,
2005). However, in approach trials with a short flight duration,
changepoint analyses with MBIC penalty may not be able to
detect changepoints. When visual inspection shows a flight
that is not detected using MBIC penalty, AIC penalty may be
used, as changepoint analyses are done independently for every
individual interaction. However, flight initiations identified with
this method should always be checked visually.

In most cases, changepoint analysis detected the resettling
with 10-min positioning intervals. Exceptions were if the
resettling did not take place within the post-disturbance period
or when the flight was too short. Both exceptions can be detected
by visual inspection of the data. When the flight is short, detecting
the resettling with the 1-min positions might be considered.

The obtained UCL of 23 m/min is comparable to the UCL
found in brown bears approached by humans (15.1 m/min,
Ordiz et al., 2019). With this UCL, flight initiation could be
identified for all interactions where a flight was confirmed by
visual inspection. However, filtering the control data on intervals
between 30 and 90 s was necessary to calculate the UCL. As the
UCL was used as a defined threshold between stationary and
non-stationary behavior, a high UCL resulted in the inability
to identify flight initiation. Therefore, omitting the deviating
time intervals resulted in a better estimate for the UCL, as we
were interested in the baseline speed that is detected due to
GPS measurement error even when wolves are not moving. As
described by Montgomery (2007), a process is out-of-control
when exceeding the UCL, which in this case means that the
wolf exceeds the speed at which it can be considered stationary.
In the brown bear approach studies, the UCL was set and
checked visually before defining the FID (Moen et al., 2012;
Ordiz et al., 2019). Occasionally the UCL was exceeded with only
one position, and visual inspection showed no spatial movement
when this occurred. Therefore, we added the condition that the
UCL is exceeded for more than one position.

Overall, both changepoint analysis and UCL performed
similarly well for detecting flight initiation. Hence, as previous
studies have shown, both can be used successfully to detect
flight initiation (Moen et al., 2012, 2018; Ordiz et al., 2019;
Viljanen, 2019). However, both methods have limitations, and
neither performed flawlessly in our study. It might be necessary

to calculate the UCL separately for different areas as GPS
measurement error can vary between collar type, location and
environmental factors. Additionally, UCL calculations rely on
control data. Using control data from when the wolves were not
moving, based on visual inspection, can result in interpretation
errors. In this study, UCL detected all flights which were also
confirmed by visual inspection. However, Moen et al. (2012,
2018) reported cases in which visual inspection indicated a flight,
but speed did not exceed the UCL. Changepoint analysis does
not require control data, and it requires less data preparation,
as it can handle various data distributions. However, limitations
such as the bias toward the start and the end of the time series,
and the probability that a short flight might not result in a
changepoint, should be considered. Furthermore, changepoint
analyses can be done in various ways, with a broad palette of
possible requirements. This makes it customizable to many types
of data (Killick et al., 2012, 2016; Truong et al., 2020). However,
there is a risk of adjusting changepoint analyses to a desired result.
(Le Corre et al., 2014; Edelhoff et al., 2016; Gurarie et al., 2016;
Barry et al., 2020). We used visual inspection of the GPS data to
confirm the flight initiations detected using automated methods,
which we recommend doing given that future studies of this kind
will have a limited sample size.

We suggest using changepoint analysis in combination with
visual inspection for studying the flight response of wolves during
experimental human approaches, as it increases reproducibility
and comparability for this type of studies, does not need
control data, and can be used in a variety of situations. This is
consistent with the objective of the protocol, which is to provide
a standardized method which increases reproducibility and is
applicable across different study areas.

Although we found that speed alone is a simple and suitable
variable for flight detection, other, more spatially explicit tools
(such as First Passage Time) have been explored for identifying
changes in animal movement patterns (McKenzie et al., 2009; Le
Corre et al., 2014; Edelhoff et al., 2016; Gurarie et al., 2016; Barry
et al., 2020), and could also be considered.

The standardized protocol developed in this study
(Supplementary Presentations 1–3) will facilitate studies
of wolf behavioral responses to direct interactions with humans,
applicable at a local, national, and international level. From
a scientific perspective, data compiled in a standardized
way from multiple study areas can be used to quantify the
variation in wolf responses to humans within and between
populations, and in relation to predictors such as social or
reproductive status of the wolves, landscape factors, human
population density, and proxies of anthropogenic impact.
Once standardized data with a sufficient range in the above-
mentioned predictors have been collected, the variation in wolf
responses can be used to quantify the degree to which results
can be generalized for comparable areas and circumstances.
This is of particular importance, as a likely limitation for the
extensive application of this protocol is the cost associated
with equipping wolves with programmable GPS collars. Hence,
from a management perspective, results might be used to
establish a baseline distribution of wolf response patterns given
a number of known predictors. This information can contribute
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to the knowledge base for management authorities also in
areas where GPS studies are not feasible, e.g., for predicting
the range of likely wolf behaviors, assessing the likelihood
of wolf-human encounters, and complementing existing tools
for evaluating reports of wolves that are perceived as bold
(Karlsson et al., 2006; LCIE, 2019; Reinhardt et al., 2020). From
a dissemination perspective, showing how wolves in general, as
well as in specific cases, respond to human encounters, should
help demystify the behavior of wild wolves toward humans
in their shared habitat. In fact, to date, neither brown bears
nor wolves have shown any aggressive reaction to standardized
approach trials in Scandinavia (Karlsson et al., 2007; Wam et al.,
2012, 2014; Ordiz et al., 2019; Versluijs et al., 2022), which is
by itself an important message for managers and the general
public. Fine-scale GPS data from experimental approach trials
gives ample opportunities for displaying the results graphically,
e.g., in videos or animations. However, finding effective ways
of disseminating such information to the general public is
a challenge, as the scientific literature reports mixed results
from efforts to use dissemination to reduce fear of carnivores
(Johansson et al., 2016a). Some studies propose animal or habitat
exposure to increase predictability of animal behavior (Johansson
et al., 2016a), and in Scandinavia, bringing people along for
guided brown bear approach trials resulted in reduced self-
reported feelings of fear among the participants (Johansson et al.,
2016b). However, Johansson et al. (2016a) points out that any
intervention aimed at reducing fear toward large carnivores
should be accompanied by thorough evaluations of the effects of
the intervention, preferably as part of an adaptive management
scheme. From a conservation perspective, human approach trials
generate important information on the behavioral reactions of
large carnivores inhabiting human-dominated landscapes, such
as the time it takes to resume their regular circadian activity
patterns after being disturbed. Altering the time budgets from
more profitable activities (foraging, resting) to increased vigilance
after disturbance may have fitness costs (Ordiz et al., 2013).
Therefore, quantifying how human activities can affect carnivore
behavior, and the potential implications for energy budgets (e.g.,
Bryce et al., 2022), can elucidate the role of wilderness areas for
large carnivore conservation (Gilroy et al., 2015).
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