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study, we analysed the movement tracks of nine radio-collared wolves during their
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and time of the day, the movement tracks of the collared wolves were split into seg-

pup-rearing season. The wolves lived in the boreal zone in Finland. Our interest was
in analysing the foraging trips of wolves from the den site, which serves as the central place of the pack in summer. Based on the information on spatial relocations
ments using hidden Markov models (HMM). Those segments were considered to be
produced by different movement behaviour modes that were not observed. We first
split the movement tracks of the wolves into separate foraging trips using a two-state
HMM and further extracted the different movement modes with a four-state HMM.
The modes were interpreted as rest, moderate activity, homing to the den site and
fast movement for other purposes, such as leaving the den. Our analysis showed
that, for most of the individuals, the movement during homing was fastest and most
persistent. This research highlights the foraging behaviour of wolves during the puprearing season, which has gained less attention than the nomadic behaviour outside
of this season. Our study showed how cyclic foraging trips can be divided into behavioural phases using HMMs, and how these behaviours appear in different times
of the day. These results have potential uses, for instance, when studying the habitat
requirements and usage or assessing the risk of human–wildlife conflicts.
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1 | I NTRO D U C TI O N

bees carrying nectar to a hive (Higginson & Houston, 2015), birds
bringing food to nestlings (Bell, 1990) and southern elephant seals

Central place foragers are animals that carry resources back to a par-

making annual foraging migrations (Michelot et al., 2017). The basic

ticular location, the central place (Bell, 1990). Often, the motivation

model for a foraging trip consists of three phases: an outbound trip,

for central place foraging is to provide food for the offspring at the

a period of searching and a return trip (Bell, 1990). To understand

nest or den (Olsson & Bolin, 2014). Examples of such animals are

the habitat requirements of central place foragers, it is important
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to quantify the allocation of time to the different phases and how

(Demma & Mech, 2009; Jedrzejewski et al., 2001; Kusak et al., 2005).

certain features, such as habitat use, vary between the phases or be-

Currently, satellite telemetry systems enable more extensive track-

tween individuals of different ages or sexes (Michelot et al., 2017).

ing of animals year-round, and the resulting high-resolution data

The grey wolf (Canis lupus) population in Finland is endangered

allow more detailed analyses of wolf movement behaviour.

(Liukko et al., 2016) and has been monitored during recent decades

In the animal movement literature, hidden Markov models

through volunteer-provided observations, telemetry data and, re-

(HMMs) have become a popular tool for understanding movement

cently, by collection of DNA samples (Kojola et al., 2018). The Finnish

behaviour (Zucchini et al., 2016). HMMs are natural candidates for

wolf population has been concentrated in the eastern management

modelling movement data measured at regular time intervals and

zone but has spread to the western coast in recent decades (Kojola

with a negligible measurement error (see e.g. Langrock et al., 2012).

et al., 2014). Especially in the areas recently occupied by wolves, at-

Often, HMMs are used for identifying periods during which the ani-

titudes towards this carnivore are often negative due to concerns

mal is in different movement modes, such as resting or moving. The

about human safety (Kojola et al., 2018). Proper understanding of

modes are distinguished based on the observed movement features,

wolf movement behaviour is thereby useful, for example for predict-

that is step length, bearing and turning angle, which are extracted

ing and preventing human–wildlife conflict. Furthermore, population

from the movement data. In the HMM framework, the observed

estimation (see Heikkinen et al., 2019) would also gain from the in-

movement process is thought to be driven by the underlying hid-

formation about patterns of individual-level movement behaviours.

den state process. Those hidden states are then interpreted as be-

A wolf pack is typically a family group consisting of a breeding

havioural modes driving the movement.

pair and their offspring (Mech, 1999). In boreal forests, wolf pups are

Franke et al. (2006) applied hidden Markov models to wolf

born in late spring (April–May; Alfredèen, 2006). The pups are born

movements and classified the movement into three modes: bed-

blind and stay inside the natal den during the first month and hence

ding, localised activity and relocating. The study was based on

are reliant on the mother to produce milk and keep them warm

nomadic winter movements, which allowed the confirmation of

(Mech & Boitani, 2003; Packard et al., 1992). The breeding male par-

kill sites by aerial relocation but proved the usefulness of HMMs

ticipates by foraging for food for the nursing female and later also

in predicting locations of the largest carcasses solely from the

for the pups (Mech et al., 1999). In the pup-rearing season, the social

movement data. Gurarie et al. (2011) studied the movements of

centre of the pack is the offspring at the den, which require regular

wolves during the pup-rearing season by dividing the movement

feeding and care (Mech & Boitani, 2003). Hence, breeding wolves

tracks into different movement phases: hunting, homing and re-

have to return back to the den as frequently as possible after hunting

turn to prey. The focus was to understand the habitat usage of

(Mech & Boitani, 2003). The behaviour of the wolf feeding the pups

wolves in a boreal forest environment, but their detailed analysis

at the den site can be considered seasonal central place foraging.

was restricted to only two individuals. Gurarie et al. (2011) did not

Wolf pups stay at the den site for approximately eight weeks

use HMMs in partitioning of foraging trips to different movement

(Alfredèen, 2006; Mech & Boitani, 2003). However, the breeding

phases, but it was done manually based on information on field

female can move the pups from the natal den to another den or ren-

observed den and kill sites.

dezvous site during the season. This move can occur several times

The objective of our study was to analyse the foraging behaviour

during the pup-rearing season, but this behaviour is known to vary

of grey wolves during the pup-rearing season. Whereas the study

between individuals (Mech & Boitani, 2003). When the pups grow

by Franke et al. (2006) showed that HMMs can be used to classify

and start to be more active, at the age of 2–4 months, they spend

wolf movements in winter, we aimed to categorise the summer

more time above the ground than inside the den, and the pack typ-

movements representing central place foraging behaviour. Previous

ically occupies a rendezvous site. A rendezvous site is an area in-

studies concerning the modelling of behavioural states in central

cluding a network of trails and activity areas in addition to a place

place foraging were not specifically designed to capture its cyclic

for resting that is located above the ground (Joslin, 1967; Mech &

nature (Michelot et al., 2017). Here, we used HMMs to study differ-

Boitani, 2003). Although it is a larger area, the rendezvous site still

ent movement behaviours of wolves during foraging trips when they

serves as a central place of the pack where resting, eating and play-

have pups in the den waiting for food, and how these behaviours

ing occur. After the pup-rearing season and towards the winter, pups

occur with respect to the time of day. In particular, our aim was to

have developed enough to follow adults on hunting trips. Outside the

determine whether we could identify homing phases from the move-

pup-rearing season, the movement behaviour of the pack is gener-

ment tracks when the location of the den site was known, and to

ally nomadic and follows no longer central place foraging behaviour

study what kind of movement was during homing.

but is more driven by territory patrolling (Jedrzejewski et al., 2001).
Previous studies on the foraging behaviour of wolves in boreal
environments have concentrated on the winter due to the better vis-

2 | M E TH O DS

ibility and ease of tracking in snow, whereas the pup-rearing season
has received less attention (Gurarie et al., 2011). The studies con-

The study is based on movements of nine territorial adult wolves (2

fined to the summer months have mainly focused on the kill rates

females, 7 males) that are parenting pups. Seven wolves hosted ter-

(Metz et al., 2011; Sand et al., 2008) or territory and homesite usage

ritories in east-central Finland, two wolves in southwestern Finland

|

YLITALO et al.

147

F I G U R E 1 Minimum convex polygons
(MCPs) of the GPS locations in ETRSTM35FIN coordinate system (EPSG:3067)
for nine wolves tracked for one summer
in Finland in 2006–2013, see Table 1 for
details [Colour figure can be viewed at
wileyonlinelibrary.com]

TA B L E 1

Stagegaard, 2000), wild forest reindeer (Rangifer tarandus fennicus)

Tracking data of the nine collared wolves

being the secondary prey (Kojola et al., 2004). White-tailed deer

Wolf

Sex

Tracking period

MCP (in
km2)

Auli

f

26.7.–8.8.2011

736

627

1

Aulis

m

1.6.–13.7.2011

739

1,774

3

Hessu

m

3.6.–31.7.2011

478

2,742

7

Julla

f

8.6.–25.7.2013

437

2,054

2

Lentua

m

31.5.–31.7.2011

496

2,850

6

200 individuals, including the transboundary packs living on both

Miki

m

1.6.–31.7.2009

571

2,684

3

sides of the Finnish-Russian border (Riistahavainnot.fi).

Niki

m

1.6.–29.8.2008

810

4,239

6

Vellu

m

1.6.–31.7.2010

1,289

2,817

1

Viki

f

22.5.–21.7.2006

665

2,619

3

Nobs

Ndens

Note: Nobs is the number of the GPS locations of the individual, and
MCP refers to the size of the minimum convex polygon formed by these
locations. Ndens indicates the number of den sites recorded in the field
observations.

(Ococoileus virginianus) is abundant in southwestern Finland and is
the most common species in wolf-killed ungulates (Kojola et al, unpublished data).
The wolves were tracked intensively for approximately two summer months. Around the time of tracking, the size of the whole wolf
population in Finland after the denning season was approximately

2.1 | Wolf capture and tracking
The wolves were collared with global positioning system (GPS)—
global system for mobile communications (GSM)—transmitters.
These GPS Plus 2 collars weighted ca. 800 g and were manufactured
by Vectronic Aerospace, Germany. Transmitters were programmed

(Figure 1). The topography is relatively smooth with elevation rang-

to submit the wolves’ position at 0.5-hr intervals during the pup-

ing from 100 to 300 m a.s.l., largely dominated by managed boreal

rearing season. We used only positions with connections to at least

forest. The main tree species are the Scots pine Pinus sylvestris, the

three satellites. The wolves were captured from 2006 to 2013 by

Norway spruce Picea abies and birches (Betula spp). The terrain is also

looping them from a snowmobile or darting from the helicopter.

characterised by the presence of lakes and peat bogs. Human settle-

Capture and immobilisation procedures are described elsewhere

ments and high-traffic roads are scarce, but isolated houses and low-

(Kojola et al., 2006; Wabakken et al., 2007).

traffic roads are widespread in study territories. The southwestern

Once the individual wolf was collared, marked with ear tags and

territory, particularly in its peripheries, is more human-dominated

measured for several morphological variables, it was placed into a

than territories in east-central Finland and that territory also has

wooden box covered by metal grating, and the antagonist drug was

more agricultural land and high-traffic roads. In east-central Finland,

injected so that the wolf could recover before being released. No

the primary ungulate prey is moose (Alces alces) (Gade-Jörgensen &

harm or injury was inflicted on the wolves.
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2.2 | Ethical note

process. Typically, the state process S is assumed to be an N-state

This research adheres to the ASAB/ABS Guidelines for the use of

Markov chain determined by the N × N transition probability matrix
(
Γ = (𝛾 ij ), where 𝛾 ij = P St = j|| St−1 = i), i, j = 1, ⋯, N, 2 ≤ t ≤ T, and the ini-

animals in research.

tial state probabilities δ i = P(S1 = i), i = 1, …, N.

The capture protocol of wolves in 2008–2013 followed

In the models considered here, the observed time series data are

up the preconditions written in the permits approved by the

bivariate, and each observation Zt = (lt , 𝜓 t ) consists of a step length

Animal

State

lt and turning angle 𝜓 t. The step length refers to the distance be-

Administrative Agency (licence numbers ESLH-2008-01012/Ym-

tween the consecutively observed locations, and the turning angle

23, ESLH-2008-10222/Ym-23, ESAVI-0000184/041003/2011 and

is the change in bearing between the consecutive relocations (xt , yt )

Experimental

Board—ELLA,

Southern

Finland

ESAVI/3893/04.10.03/2011), to which the use of the approved per-

. The series of step lengths and turning angles, Z1 , ⋯, ZT , determine

mit is reported annually. The capturing of wolves in 2006–2007 met

the entire movement path completely when conditioned on the lo-

the guidelines issued by the Animal Care and Use Committee at the

cation and heading of an animal at the initial observation (Zucchini

University of Oulu (OYEKT-6–99), and permits were provided by the

et al., 2016).

provincial government of Oulu (OLH-01951/Ym-23). All protocols

As is conventional in the case of multivariate HMMs, an addi-

adhered to directives 86/609/EEC (2006–2012) and 2010/63/EU

tional assumption of contemporaneous independence (see e.g.

(2013–2017).

Zucchini et al., 2016) was included. Here, the assumption indicates
that conditional on the current state, we assume that the step length

2.3 | Movement and field observations

and turning angle random variables are independent.
Both correlated and biased random walk models were considered as building blocks for the hidden Markov model. Correlated

The high-intensity tracking periods started in late May/early June,

random walk (CRW) contains correlation in direction, which means

when the pups were approximately three weeks old, and lasted ap-

that it can be used, for example for modelling persistent movement

proximately two months (Table 1). Auli and Aulis belonged to the

with small turning angles, whereas biased random walk (BRW) typ-

same family group; otherwise, each wolf represented a pack of their

ically contains a tendency towards (or away from) a particular loca-

own. The tracking periods of Auli and Aulis did not overlap since

tion, such as the central place (Michelot et al., 2017). We used the

only Aulis was first tracked with high intensity. His collar stopped

gamma distribution as a model for step lengths and the von Mises

working in mid-July, and then, Auli's collar was recoded to track her

distribution for turning angles. Here, the correlated random walk

location every half hour. We used only the high-intensity data for

model was obtained by fixing the mean parameter of the turning

both wolves.

angle distribution to 0 (indicating a positive correlation in direction),

In addition, comprehensive field tracking was performed by

and the biased random walk model was obtained by fixing the mean

teams comprised of an expert and a dog who visited most of the

bearing in the direction of a given central place, for example towards

locations of the tracked wolves. Visits at kill sites were performed

the den site. Thus, different states could be characterised by differ-

at least 5 days after the last location of the wolf at the kill, and a

ent models (CRW vs. BRW) and by different values of the remaining

minimum radius of 25 m around each relocation was surveyed with a

parameters of the step length and turning angle distributions. The

dog trained for tracking signs of wolf presence (Gurarie et al., 2011).

mean of the step length distribution, variance of the step length and

The resulting field observation dataset includes information on the

concentration of the turning angle distribution were allowed to vary

locations of the den sites and large prey items. The den site refers

between states.

both to the natal den and other possible dens or rendezvous sites to

The inclusion of covariates in the state process results in a

which the pups have been moved. All other study territories in east-

non-homogeneous Markov chain with time-varying transition prob-

ern-central Finland, except for that hosted by Miki, were partially

. We included covariates in the transition probabilities via
abilities 𝛾 (t)
ij

located within the distribution range of the forest reindeer (Rangifer

multinomial logit link, see Zucchini et al. (2016) for details.

tarandus), which is the secondary prey of wolves.

Parameters of the state process and the non-fixed parameters of
the state-dependent distributions of the observed movement charac-

2.4 | Hidden Markov models

teristics Zt were estimated by maximum likelihood using the forward
algorithm and numerical optimisation (McClintock & Michelot, 2018;
Zucchini et al., 2016). The unobserved behavioural state sequence

A hidden Markov model is a time series model consisting of two com-

was re-constructed by the Viterbi algorithm (Viterbi, 1967), which

ponents: an observable time series and an underlying, non-observ-

gives the most likely sequence of states to have generated the ob-

able state sequence (Langrock et al., 2012). The model assumes that

served movement sequence under the fitted model.

the observed variables, Z1, …, Z T, are driven by an underlying hid-

The HMMs were fitted in R (v. 3.6.0) (The R Core Team, 2018) with

den state process, which is denoted by S1, …, ST. In animal movement

package momentuHMM (v. 1.5.0) (McClintock & Michelot, 2018),

modelling, the observed variables relate to the movement track,

and package crawl (v. 2.2.1) (Johnson & London, 2018; Johnson

whereas the state sequence is thought to represent the behavioural

et al., 2008) was used in imputation of missing values.

|
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2.5 | Pre-processing the data

149

around nine kilometres apart and had a lake in between. Hence, the
exclusion of longer trips was reasonable since our interest was in

A series of pre-processing steps was needed before we were able to

typical central place foraging behaviour of the wolves during the

fit the final four-state hidden Markov model. First, the current den

pup-rearing season, not in foraging behaviour outside the season.

site coordinates (xc,t , yc,t ) were attached to each relocation. This was
based on the assumption that each den site was “active” over the
period extending from the first time point t after the last location at

2.6 | Four-state model

the previous den until the last location at the current den. Field observations, containing identification of locations “at den,” were used

We constructed a four-state hidden Markov model, where one

for this purpose.

of the states should catch the homing behaviour of wolves. This

Second, we had to address the missing GPS locations. We de-

homing was expected to be a relatively persistent and fast move-

cided to split the movement sequence of an individual wolf if there

ment towards the den according to the previous study by Gurarie

was a time gap of three hours or longer, that is there were at least

et al. (2011) and central place foraging idea (Bell, 1990). The other

five consecutive observations missing. Splitting the movement data

three states were expected to catch less directed movement with

into these bursts that consisted of consecutive relocations was only

different velocities, such as resting or other passive movement,

a technical procedure, since the same parameters and distributions

moderate movement (e.g. close to prey) and fast movement repre-

were assumed for each burst when fitting the model. However,

senting movement from the den site.

these bursts were assumed to be independent of each other be-

The movement in the homing phase was modelled by a BRW

cause the dependency structure in the HMM model was Markovian.

since it should describe the return trip back to the central place, that

The bursts with less than three observations were removed since we

is to the current den site. The movement in other three states was

needed three consecutive observations to calculate a turning angle.

modelled by CRWs, since no other known centres of attraction were

Third, for the time gaps shorter than three hours (i.e. 1–4 successive missing observations) we imputed the locations using a continuous-time correlated random walk model (Johnson et al., 2008).

available.
The model was fitted for each wolf separately to address individual differences. For the state process, we allowed all transitions

Fourth, we partitioned the movement sequence into separate

between the four states except transition from homing to fast mov-

foraging trips with the help of the known den locations and a two-

ing phase. We prohibited this transition, since we thought that the

state HMM with CRW models for both states. The two states were

two states are contradictory; homing is towards the den, whereas

designed to model the resting and moving modes; the former was

fast movement is happening when leaving the den and searching

slow and undirected movement, while the latter was faster and more

for prey. We also wanted homing to end to the den site, where the

persistent movement. In order to be able to extract the foraging trips

movement should be rather passive, that is either resting or moder-

starting and ending to a den site, we had to separate those resting

ately active behaviour.

observations that located in the den site from those that located

Time of day was used as a covariate for transition probabilities,

elsewhere. Those steps, which were classified as resting and started

since we wanted to study how the wolves change their movement

within a 2000-metre radius from the current den site or were clas-

behaviour during a day. In momentuHMM, one can include cyclical

sified as moving and started within 1,000 m from the den, were fur-

patterns to transition probability models by cosinor function that

ther labelled as resting at the den. The latter criterion was needed to

creates two covariates: cos(2𝜋 × hour∕period) and sin(2𝜋 × hour∕period)

distinguish shorter trips from longer trips in which the wolf clearly

, where hour represents time of day and period is then 24.

passed by the den site but did not stay there (which were hence not

In momentuHMM, hidden Markov models are fitted by numerical

classified as resting). A foraging trip was defined as starting from the

maximisation of the likelihood function. The numerical optimiser re-

first moving state after resting at the den and lasting until the next

quires a set of initial parameter values from which to start iteration.

resting period at the den.

The likelihood function of an HMM often has several local maxima

Fifth, we calculated a descriptive statistic trip time, which was

(Zucchini et al., 2016), and for poorly chosen starting values the op-

the time since departure from the den. The first movement observa-

timiser can get stuck in a local maximum. Therefore, it is essential

tion of each foraging trip obtained a trip time value of 0. The clock

to try several sets of initial values in order to avoid these conver-

continued running through the whole trip at 0.5-hr intervals until the

gence issues. For the two-state model, we chose the initial values

next period of resting at the den. For the movements classified as

by utilising the data: the observed mean and standard deviation of

resting at the den, the trip time variable was set to 0.

step lengths, and the observed mean and inverse of the variance of

Finally, we excluded trips longer than four days, which occurred

turning angles were used as initial values for moving state. For the

either at the beginning or at the end of the summer. This applied to

resting state, we set the initial value of the mean step length to be

two individuals, Niki and Vellu; Vellu's long trips were visits to a com-

10% smaller than for the moving state but kept the same initial val-

mercial viewing and photographing area, where large carnivores visit

ues for the other parameters. After fitting the two-state model once,

the carcasses provided to attract them. Whereas for Niki the long

we refitted the model with different plausible initial values to make

trips were caused by several travels between two den sites that were

sure we end up at the same result.
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TA B L E 2

they represented different step length and turning angle distributions. We tried several sets of initial values for each individual to
make sure that we ended up at the model with the highest likelihood. For most of the individuals, iterations starting from different
initial values converged nicely to the same solution. However, the
movement data of one of the nine individuals, Viki, were exceptional,
resulting in several local maxima in the likelihood function. The results of the model with the highest likelihood found for Viki classi-

Wolf
Auli

Descriptive statistics for the data after pre-processing
Tracking period used
in the analysis
26.7.–8.8.2011

Median trip
time (hr)

Ntrips

2.75

16

630

N (obs,
imp)

Aulis

1.6.–13.7.2011

5.50

50

1,963

Hessu

3.6.–31.7.2011

2.50

84

2,761

Julla
Lentua

8.6.–25.7.2013

3.50

80

2,095

31.5.–31.7.2011

3.25

100

2,903

fied most of the fast movement observations into moving state, even

Miki

1.6.–31.7.2009

6.50

62

2,704

though they were clearly targeted towards the den site. For Viki, the

Niki

1.6.–1.8.2008

6.75

62

2,952

results we report do not catch similar homing behaviour than for

Vellu

10.6.–19.6.2010

6.50

11

462

the other individuals, and thus, we give less attention to Viki in the

Viki

22.5.–21.7.2006

8.00

63

2,789

Results section.

Note: Ntrips is the number of extracted trips, and N (obs, imp) is the number
of observations after imputation used in the analysis.

2.7 | Model validation

3 | R E S U LT S

The field observation data included information on the locations of

Pre-processing of the data removed 28 days of Niki's tracking period

beddings and the largest prey attached to the respective relocations.

and 42 days from Vellu's tracking period due to long trips from the

We considered these observations as field-verified; hence, one way

den site. We imputed small amount of relocations (0.5%–2.0%) for

to validate the model was to check how well it managed to catch

most of the wolves, but 9.7% for Aulis and 6.1% for Viki (see Tables 1

these true rests. We thus defined as “true rests” those movements

and 2). In total, 528 trips were extracted from the movement data,

that started from and ended to a location that was tagged with prey

33% of which were truly short trips (<2 hr), 55% of which lasted

or rest observation in the field observations. Then, we calculated

2–24 hr, and 12% of which were longer than 24 hr. The median trip

how many of these movements were classified to the rest state.

time for all wolves was 2.5–8 hr, indicating that at least half of the

According to the central place foraging theory, homing should

trips lasted less than one night (Table 2).

start soon after a large prey item has been caught. Thus, the time

The state-dependent models associated with the four hidden

differences between the last prey observation in each trip and the

states were clearly distinct between the states and consistent be-

first observation of the homing phase are expected to be small, if

tween the individuals apart from Viki. Hence, we excluded Viki from

the homing state is correctly identified. A Monte Carlo test was

the following analyses. The four states were labelled rest, moderate

constructed to test, whether these time differences were, indeed,

activity, fast movement and homing. There was a clear difference in

smaller than would be expected by chance. As test statistic, we

speed between rest, moderate activity and fast movement states. The

chose the proportion of those trips, where the time difference was

mean step length of the rest state was only around 9–12 m (Figure 2

between −1 and 1 hr, among all trips that included at least one prey

and Appendix S1), and the turning angle distribution was practically

observation and observation classified as homing. Negative time

uniform (Table 3). Moderate activity state had also uniformly distrib-

differences result from catching prey during homing. If there were

uted turning angles, but mean step length varied from 164 to 345 m.

several sequences within the trip classified as homing (due to inter-

Fast movement state had rather long step lengths on average (1,343–

ruption of homing by a rest, for example), we used that sequence

1,962 m) and the turning angle distribution indicated persistent move-

for which the first observation was closest in time to the last prey

ment with the concentration parameter varying between 1.66 and

observation of the trip.

3.53. The homing movement was clearly more persistent than that in

The null distribution of the test statistic of the Monte Carlo test
was simulated through random permutations of the times from the

the fast movement state and the mean speed in the homing state was
faster or similar than in the fast movement state.

beginning of each trip to the last observation at prey scaled by the

The allocation of time for the different movement states based

trip duration. The times of the first homing observations were kept

on the most likely sequence of states was relatively similar for all

fixed. This way we were able to retain the marginal distributions of

the individuals: most observations (43%–58%) were categorised as

both times throughout the simulation while respecting the null hy-

rest, 19%–30% as moderate activity, 15%–25% as fast movement

pothesis of no correlation between them. In particular, we were thus

and only 5%–8% as homing (Figure 3).

able to take into account the fact that prey observations are more

The homing phase generally ended near the den (Figure 4 and

concentrated towards the end of the trips. Random assignment of

Appendix S2) but was sometimes also “interrupted” by a switch to

prey times was replicated 1,000 times resulting in 1,000 realised val-

rest or moderate activity mode (Figure 5 and Appendix S3). Foraging

ues of the test statistic under the assumption that leaving the prey

trips started with the fast movement phase and often included rest

and homing do not depend on each other.

(or consuming prey) further away from the den site. Often, moderate
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F I G U R E 2 Estimated state-dependent distributions for the step lengths by each wolf. Note that the density functions are not scaled by
the number of observations [Colour figure can be viewed at wileyonlinelibrary.com]
activity movement behaviour was happening at the den site or at

(Figure 6), stationary state probabilities indicate similar tendency

prey site. Movement away from the den site was often classified as

(Figure 7 and Appendix S4). Transitions between different move-

fast movement, but when the wolf started travelling back to the den

ment modes were modelled as a function of time of day in order to

it was categorised as homing, and close to the den site as rest or

find out how wolves change their behaviour during a day. In general,

moderate activity.

it is more likely to move from fast movement to moderate activity or

Of the 465 trips extracted, 279 (60%) included a homing phase

rest state during the daytime, whereas in the evening or early morn-

according to the fitted model and Viterbi algorithm. If we excluded

ing there is a higher probability to move from passive states to more

trips shorter than two hours, then 78.1% of the remaining trips in-

active movement (Appendix S5).

cluded homing.

In the field observation data, there were 6,551 movements at-

The state-time budgets showed that the daytime (8:00–16:00)

tached with rest or prey tags both in the start and end locations of

movements were often classified as rest or moderate activity,

the movement. For the whole dataset, 85.9% of these movements

whereas fast movement and homing occurred mostly at night

were correctly categorised into the rest mode by the model.
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For the Monte Carlo test, we pooled the movement data of all
wolves and included only those trips that had at least one prey ob-

50%, indicating that the model succeeded in finding the beginnings
of the homing phases better than expected by chance.

servation and one observation classified as homing, which resulted
in 112 trips in total. The proportion of trips in which the time difference from the last prey observation to the beginning of the homing

4 | D I S CU S S I O N

trip was less than or equal to one hour was compared to the distribution obtained by random permutation of the prey times. Whereas

The movement of wolves follows a seasonal pattern: homesite-

the observed proportion of trips with less than or equal to an hour of

based movements occur in summer, and nomadic movements

time difference was 65.2%, the simulated values varied from 29% to

around the territory take place in winter (Demma & Mech, 2009;
Mech & Boitani, 2003). We modelled the summer movements of

TA B L E 3 Estimated concentration parameters (95% CI) of the
turning angle distributions by each behavioural state
State

Rest

Moderat
activity

Auli

0

0

2.07 (1.55, 2.58)

23.05 (12.15,
33.95)

Aulis

0

0.35 (0.20,
0.49)

3.53 (2.90, 4.16)

27.55 (20.14,
34.96)

Fast movement

Homing

nine wolves displaying a central place foraging strategy during puprearing. With the help of the known den locations and a two-state
HMM, we were able to extract realistic foraging trips, which often
started in the evening or at night and lasted less than a day. A typical trip started from the den site and usually included some resting
time or moderate activity at the prey further away from the den and
ended with the return to the den site to feed the pups.
Using a four-state hidden Markov model, we were able to partition most of the foraging trips into the rest, moderate activity, fast

Hessu

0

0

1.80 (1.49, 2.11)

13.02 (9.28,
16.75)

Julla

0

0.10 (−0.02,
0.23)

1.94 (1.65, 2.24)

17.73 (9.50,
25.97)

Lentua

0

0

1.66 (1.43, 1.90)

21.43 (15.70,
27.15)

Miki

0

0.21 (0.09,
0.33)

1.93 (1.68, 2.18)

10.63 (6.41,
14.85)

between them were consistent across eight of the nine wolves.

Niki

0

0.20 (0.08,
0.33)

2.79 (2.43, 3.16)

13.17 (9.10,
17.24)

state, and these estimates matched well with the field observation

Vellu

0

0.17 (−0.09,
0.43)

2.69 (1.87, 3.51)

10.08 (4.38,
15.77)

aligned with previous winter movement studies of wolves, in which

Viki

0

0

1.68 (1.52, 1.85)

0

(Mech & Boitani, 2003).

Note: Small values indicate a flat distribution of turning angles, and large
values indicate high persistence.

FIGURE 3

movement and homing phases. Rest and moderate activity movement types were often happening at the den site or at the large
prey, whereas fast movement and homing were characterised as
more directed and faster movement. The state-dependent distributions associated with these four phases and the time allocation
According to our model, most of the time was spent in the rest
data. The allocation of time between the four behavioural modes
28%–50% of time had been reported to be used for travelling
Central place foraging indicates cyclic behaviour in which an animal returns to the same place frequently. Hidden Markov models

Proportion of time spent in each behavioural state [Colour figure can be viewed at wileyonlinelibrary.com]
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F I G U R E 4 Movements of Aulis during the longer trips (2–24 hr) from the den site. Colours indicate the estimated behavioural states,
squares show the locations of the verified den sites and crosses are observations associated with prey information. The coordinates are
scaled such that (0,0) represents the centroid of MCP (see Figure 1) and the axes indicate distances in metres [Colour figure can be viewed at
wileyonlinelibrary.com]

F I G U R E 5 Distance of each relocation of Aulis from the current den site. The position along the x-axis indicates the number of days since
the beginning of the intensive tracking period. Colours indicate the estimated behavioural states, and crosses are observations associated
with prey information [Colour figure can be viewed at wileyonlinelibrary.com]
have generally focused on understanding how animals switch be-

southern elephant seals with HMM considering only one trip per

tween different behavioural states rather than dealing with regu-

individual, whereas our data consisted of several trips per wolf. We

larity or repetition of these changes (Heerah et al., 2017). Michelot

implemented an HMM for movement data with a repeated trip struc-

et al. (2017) managed to model central place foraging trips of

ture by modelling transitions to homing phase with time of day as a
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F I G U R E 6 State-time budgets showing the frequency of being in one of the four behavioural states for each hour of the day as indicated
by different colours: orange = rest, green = moderate activity, yellow = fast movement, blue = homing. Note that the movements measured
at 30-min intervals are pooled into one-hour bins [Colour figure can be viewed at wileyonlinelibrary.com]
covariate and by assuming that the movement in the homing mode

breeding females, which were tracked with four-hour resolution.

was biased towards the current den site. The homing behaviour

They identified changes in cougars’ behaviour using a movement

was characterised by rapid and relatively persistent movement to-

index that was calculated from four movement variables. The move-

wards the den, which aligned with the central place foraging the-

ment during denning season was different such that it did not in-

ory that suggests that the return trip is shorter than the outbound

clude fast directed movement, but this was probably due to the low

trip to maximise the rate of net energy delivery to the central place

resolution used in tracking. Hence, the study by Ironside et al. (2017)

(Bell, 1990).

did not enable more detailed analysis of foraging behaviour and the

Many species adopt the central place foraging strategy while

study was more focused on seasonal variations. Seasonal changes

breeding, but there is a lack of studies considering movement

are also in focus in the study of May et al. (2010), which considers for-

behaviour of carnivores during this type of foraging. Ironside

aging-related movement behaviour of seven female wolverines with

et al. (2017) analysed movements of six cougars, of which two were

pups. They use discrete choice models to investigate which foraging
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F I G U R E 7 Stationary state
probabilities for Aulis as function of
time of day. The vertical lines represent
pointwise 95% confidence intervals
[Colour figure can be viewed at
wileyonlinelibrary.com]

strategies were used based on movement data and concluded that

types, population density and prey animals. We did not consider

the wolverines deployed restricted central place foraging strategy

these discrepancies here except than fitting the HMM for each in-

in spring but adopted their strategy to be less restricted and less

dividual separately, but it can be presumed that environmental fac-

selective in elevation when their offspring became more mobile.

tors influenced the foraging behaviour of the wolves. For example,

Similar change in foraging patterns can be expected in wolves too,

wolves have been reported to utilise terrains that are easy to tra-

since the areas wolves used in our study period were clearly smaller

verse, such as roads, trails, frozen waterways or the tracks of other

than typical wolf home range in Finland (average MCP = 1,750 km2,

animals (Mech & Boitani, 2003). Gurarie et al. (2011) analysed the

Kaartinen et al., 2015).

habitat use of two individual wolves in Finland during the pup-rear-

As the other studies including such detailed analysis of move-

ing season, and they seemed to differ: one of the wolves favoured

ment (e.g. Ironside et al., 2017; May et al., 2010), our study is based

rivers while homing, whereas the other preferred forest roads and

on rather low number of individuals and the results are therefore

open woodlands. Wolves’ preferences probably take account many

somewhat limited in generality. On the other hand, the 0.5-hr sam-

factors, such as energetic costs of moving and risk of poaching that is

pling interval of our data is denser than typically used, and hence, it

relatively high in Finland (Suutarinen & Kojola, 2017 ). Further anal-

allows more fine-scale analysis of movement behaviour.

yses are needed to deepen understanding about the use different

Here, we used a four-state HMM with a time of day as a co-

habitats and man-made elements during moving. There might also

variate for explaining transitions between the different movement

be a sex effect in the foraging behaviour: when the pups are born,

modes. We also tried 3-state HMMs, which did not include state

they are highly dependent on the lactating mother, which is thus

that could be interpreted as moderately active behaviour, but those

present at the den on almost a daily basis (Demma & Mech, 2009). In

models seemed to be unstable. Franke et al. (2006) fitted a three-

our analysis, there were only three female wolves, and one of them

state HMM for wolf movements and interpreted the states as bed-

had a tracking period of less than two weeks. For one female, Viki,

ded, localised activity and relocation behaviours, but their study did

our model did not catch a similar homing behaviour we found for

not consider pup-rearing season and hence no homing behaviour.

other individuals, and hence, her results were not included in the

Adding a time of day as a covariate seemed to catch well the diurnal

analyses concerning movement behaviour during foraging trips.

pattern in wolf's foraging behaviour: typically, wolves activated in

However, in the previous study of Gurarie et al. (2011) Viki's move-

the evening and changed to resting for the daytime. The moderately

ments were also analysed, although with manually extracted be-

active movement behaviour occurred often at prey or den site, and

havioural phases, and they reported a homing behaviour that was in

we think it might be related to foraging, or wolf moving a bedding

line with the behaviour we found for the others. Therefore, for Viki

place while being annoyed by insects or pups. Hence, this four-state

a different model construction might work better in describing the

model seemed also biologically more meaningful in our case.

homing behaviour we were expecting to see.

Our data consisted of wolves living in relatively different envi-

In our study, the locations of den sites and prey were obtained

ronments in southern and eastern Finland in terms of the habitat

from the field observations. This information was used in extracting
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the foraging trips, but more importantly in model validation, where
we checked whether the homing phase started after catching a
large prey item. The visualisations of the movements coloured with
Viterbi coded states also confirmed that homing behaviour typically
ended at the den site. As noted Farhadinia et al. (2020), this kind of
verification of the behavioural states revealed by a hidden Markov
model using field observations is relatively rare, but here we were
able to do it. Therefore, our analysis provided new information on
wolves foraging behaviour in summertime, which is relevant when,
for example assessing the risk of human–wildlife conflict.
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