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Abstract

Most living beings move throughout their lives to meet all their needs and maximize
their survival and the survival of their species. These movements take place on highly
contrasting spatio-temporal scales, from the foraging of butterflies to the spectacular
migration of Arctic terns (Sterna paradisaea). One of the major challenges of this the-
sis is to better understand the relationships between physiology and movement, which
are often governed by the environment in which individuals evolve. We have attemp-
ted to assess the main components of movement dynamics in the brown bear (Ursus
arctos) population of Finland and Russian Karelia. These individuals are subject to
external environmental factors, a combination of biotic and abiotic factors, as well as
their physiological state, or internal state. We used the movement ecology paradigm
of Nathan et al. (2008) to analyze the components that influence movement patterns
within the home range, or during dispersal for subadults, for example. The factors
behind movement can be multiple, such as the concentration of food for feeding-re-
lated movements, the search for a partner for reproductive movements, or escape from
a predator (in this case, human). This thesis uses telemetry data to analyze the move-
ments of brown bears in their home ranges.

The brown bear is an interesting case study for two reasons. Firstly, although it
has all the physical characteristics of a large carnivore (sharp canines, claws and a
carnivorous digestive tract), it is an opportunistic omnivore. Their travel patterns and
the study of their movements therefore merit attention. Secondly, brown bears can be
extremely flexible in their primary diurnal activity patterns. They can be diurnal as
well as crepuscular or nocturnal, depending on the conditions of their environment. In
other words, habitat resources, human pressure and population density.

In this thesis, we focused on three themes that may impact on movement patterns.
Firstly, we studied the behavior of this facultative carnivore through the prism of
moonlight (variation in light intensity), (chapter 2). Indeed, when the moon is full,
many strict carnivores such as cheetahs and ocelots see their hunting success increase.
Their activity rates therefore increase with light intensity. Brown bears have a fruit-
rich diet and, consequently, the prey-predator relationships that drive carnivore de-
pendence on moonlight appear to be weaker than in obligate carnivores.

Secondly, we studied feeding-related movements, and in particular movements in
the vicinity of artificial feeding sites (chapter 3). This practice is frequently used for
species conservation, to regulate human-wildlife conflicts or for tourism (ecotourism
or hunting).

Finally, we investigated age-related differences in movement behavior and, more
specifically, potential inter- and intra-individual variations between adult and sub-
adult bears (chapter 4). The contribution of age to movement patterns seems irrele-
vant, as most observed movement patterns are mainly explained by season and body
weight. We hypothesize that two mechanisms may lead subadults and adults to move
in similar ways. Firstly, both need to hibernate and therefore need to store energy du-
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ring hyperphagia. Secondly, although triggered by different factors, they both make
erratic/long movements after hibernation, for dispersal (subadults) or mating (adults),
which could help shape similar movement patterns. Different motivations could the-
refore be expressed by the same behavioral patterns, and equifinality (i.e. similarity of
behavior) could be reinforced.

More generally, this study demonstrates the relevance of an ecophysiological ap-
proach to the study of movement.

Chapter 5 closes the thesis with a general discussion of the factors influencing
brown bear movements.
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Résumé

Une grande majorité des étres vivants se déplacent au cours de leur vie pour rencon-
trer tous leurs besoins afin de maximiser leur survie et la pérennité de 1’espéce. Ces
déplacements se font a des échelles spatio-temporelles trés contrastées, du butinage
des papillons a la migration spectaculaire des sternes arctiques (Sterna paradisaea).
L’un des grands défis de cette thése est de mieux comprendre les relations entre phy-
siologie et déplacements qui sont souvent gouvernés par I’environnement dans lequel
évoluent les individus. Nous avons essayé d’évaluer les principales composantes de
la dynamique de mouvement de la population d’ours bruns (Ursus arctos) de Fin-
lande et de Carélie russe. Ces individus sont soumis a des facteurs environnementaux
extérieurs, une combinaison de facteurs biotiques et abiotiques, ainsi qu’a leur état
physiologique, ou état interne. Nous nous sommes basés sur le paradigme de 1’écolo-
gie du mouvement de Nathan et al. (2008) pour analyser les composantes qui influent
sur les schémas de déplacements au sein du domaine vital ou lors de leur dispersion
pour les subadultes par exemple. Les facteurs a I’origine du mouvement peuvent étre
multiples, comme la concentration en nourriture en ce qui concerne les mouvements
liés a I’alimentation, la recherche d’un partenaire pour les mouvements liés a la repro-
duction ou encore pour échapper a un prédateur (ici I’homme). Cette thése s’appuie
sur des données de télémétrie pour analyser les mouvements des ours bruns dans leur
domaine vital.

L’ours brun est un cas d’étude intéressant pour deux raisons. Bien qu’il présente
toutes les caractéristiques physiques d’un grand carnivore (des canines pointues, des
griffes et un tube digestif de carnivore), c’est un omnivore opportuniste. Son schéma
de déplacements et I’étude de ses mouvements méritent donc de s’y attarder. L’ ours
brun peut se montrer extrémement flexible dans son patron d’activité diurne primaire.
L’activité diurne est treés variable. En fonction du milieu/ de I’habitat, I’ours peut pas-
ser d’une activité diurne importante a une activité plutot crépusculaire ou nocturne.
La référence pour dire si un animal est diurne ou nocture, ¢’est la quantité d’activité
diurne qui sert de témoin. C’est-a-dire les ressources présentes dans 1’habitat, la pres-
sion humaine ou encore la densité de la population.

Dans cette thése, nous nous sommes focalisés sur trois thématiques qui peuvent
impacter les schémas de déplacement. Premiérement, nous avons étudié¢ le compor-
tement de ce carnivore facultatif a travers le prisme du clair de lune (variation de
I’intensité lumineuse), (chapitre 2). En effet, a la pleine lune, de nombreux carni-
vores stricts comme le guépard ou ’ocelot voient leurs succes de chasse augmenter.
Les taux d’activité de ces derniers augmentent donc avec I’intensité lumineuse. Les
ours bruns ont un régime alimentaire riche en fruits et, par conséquent, les relations
proie-prédateur qui sont a [’origine de la dépendance des carnivores au clair de lune
semblent étre plus faibles chez I’ours que chez les carnivores obligatoires. En d’autres
termes, 1’ours est peu sensible aux cycles lunaires.

Dans un deuxiéme temps, nous avons étudié les mouvements liés a I’alimentation
et surtout les déplacements aux abords de sites de nourrissage artificiel (chapitre 3).
Cette pratique est fréquemment utilisée pour la conservation des espéces, la régulation
des conflits Homme-faune ou encore pour le tourisme (écotourisme ou chasse).
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Enfin, nous avons testé les différences de comportement de déplacement li¢es a
I’age et, plus spécifiquement, les variations inter- et intra-individuelles potentielles
entre les ours adultes et les ours subadultes (chapitre 4). La contribution de 1’age aux
schémas de déplacement ne semble pas pertinente, la plupart des schémas de déplace-
ment observés étant principalement expliqués par la saison et le poids corporel. Nous
émettons 1’hypothése que deux mécanismes peuvent conduire les subadultes et les
adultes a se déplacer de maniere similaire. Tout d’abord, les deux doivent hiberner et,
par conséquent, doivent stocker de 1’énergie pendant I’hyperphagie. Deuxiémement,
bien que déclenchés par des facteurs différents, ils effectuent tous deux des mouve-
ments erratiques/longs apres 1’hibernation, pour la dispersion (subadultes) ou I’accou-
plement (adultes), ce qui pourrait contribuer a fagonner des schémas de déplacement
similaires. Des motivations différentes pourraient donc étre exprimées par les mémes
schémas comportementaux, et I’équifinalité (c.-a-d. la similitude des comportements)
pourrait s’en trouver renforcée.

Plus généralement, cette étude démontre la pertinence d’une approche d’écophysio-
logie pour I’étude des mouvements.

Le chapitre 5 clot la thése par une discussion générale portant sur les facteurs in-
fluengant les déplacements de 1’ours brun.
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Chapter 1. General introduction

1 An over view of the situation

1.1 Context of the situation

The pressure exerted by humans on natural systems is diverse and one of the main
causes of the decline in biological diversity (Barnosky et al. 2011). Human societies
have been modifying the Earth’s biosphere for at least 12,000 years (Ellis et al. 2021).
Successive extinctions of late Quaternary megafauna and the expansion of humans in
many parts of the world seem to suggest a much earlier influence (Koch and Barnosky
2006; Prates and Perez 2021). The history of the Earth and that of the human species
have now converged. This collision of two histories marks a break in the relationship
between humans and the Earth. For the first time, its inhabitants have become the main
drivers of the changes that affect it. A new geological epoch in which humans have
become the central actor, the Anthropocene, has begun (Steffen et al. 2007; McKenzie
et al. 2009). Indeed, the scientists who theorise about this concept consider that the
footprint that the human species has left on the planet would be such that it would
result in a significant geological influence on the environment, the biosphere and the
Earth system as a whole. Human activities - intensive agriculture, deforestation, en-
ergy, industries, transport, etc. - have caused a breakdown in the natural balance (Chu
and Karr 2017) and a large-scale extinction of biodiversity, especially of plant and
animal species on land and in the oceans. These abrupt changes are associated with
major factors of decline: deforestation, overfishing, pollution, climate change, and
the introduction of invasive species. This epoch characterises the increasing extent
and intensity of human activities, which have already profoundly altered the functio-
ning of the Earth system and are responsible for most contemporary environmental
changes. Both the distribution of animals and their abundance have been largely in-
fluenced by humans over the centuries (Ehrlén and Morris 2015; Cepic et al. 2022).
Indeed, human activities have a substantial impact on the environment, from climate
change and habitat destruction to leisure activities in natural habitats that have the
potential to have a high impact on wildlife (Dubois and Fraser 2013). Species are now
facing what is commonly called the human footprint (Wong and Candolin 2015). The
concept of the human footprint refers to obvious changes in natural ecosystems, such
as landscape fragmentation and climate change, that have an immediate impact on
animal species. Over the past 500 years, species are disappearing at an alarming rate.
The International Union for Conservation of Nature (IUCN) reports the extinction of
about 900 species (www.iucnredlist.org) and more than 500 vertebrate species are on
the immediate brink of extinction, i.e., less than 1,000 individuals recorded in the wild
(Ceballos et al. 2020, figure 1.1). The rate of species extinction could be 100 times
higher than in previous mass extinctions - and even then, only those species we know
about are included. Our planet’s oceans and forests hide an unknown number of spe-
cies, most of which will be gone before we even hear about them. The picture is likely
to be much more critical as the [IUCN estimate only covers 5.6% of the global diver-
sity of animals and plants (estimated at ~2.14 million species) (Cowie et al. 2022).
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In response to human pressure, animals often show a change in behaviour. Human
activities can shape animal movement strategies and can have serious and unexpec-
ted consequences for wildlife. While some behavioural responses can be beneficial,
others can disrupt benchmarks and thus lead to a decrease in survival, reproductive
success and fitness (Rodewald et al. 2011).

1.2 Consequences of the Human Footprint on the wildlife

Enjoyments of nature and leisure activities, such as wildlife watching and hunting,
are recognised as the most important ecosystem service (McGinlay et al. 2018). Lei-
sure activities including ecotourism and hunting of charismatic species are rapidly
growing as a commercial activity and are currently considered one of the world’s
largest industries (Blangy and Mehta 2006; Knight 2009). However, there is not yet
a good understanding of the magnitude of the impact of leisure activity on targeted
species (Balmford et al. 2015). For example, in Europe, the number of annual visits to
protected areas has been estimated at 3.8 billion (figure 1.1).
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Figure 1.1 Estimated total number of protected area visits for each country. Totals (which
are transformed into log10) were obtained by applying the appropriate regional GLM to all
terrestrial protected areas in a country (excluding those under 10 ha, marine areas and IUCN
category I protected areas). Asterisks indicate countries for which observations on visit rates
are available. Figure extracted from (Balmford et al. 2015),

Source: https://doi.org/10.1371/journal.pbio.1002074.g001

In an increasingly urbanised world, where opportunities to be in contact with nature
are diminishing, the need to reconnect with nature is increasing. As a result, roads
and hiking trails have multiplied in wildlife territory in many countries adding fur-
ther pressure (Kays et al. 2017). In addition, there is a growing demand from people
to interact with wild animals. In particular, unusual, charismatic and/or endangered
animals are targeted (Shackley 1996). The observation of wildlife for recreational
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purposes, as well as hunting them for sport, has recently increased in many European
countries (Yost and Wright 2001; Sweanor et al. 2008). As a direct consequence of
the growing trend towards seeking direct interactions with wildlife, the establishment
of artificial feeding points is commonly used in several European countries (Finland
among them). This is used as a strategy to promote both tourism and hunting. More
fundamentally, there are still only a small number of comprehensive sources that
consider the impacts of feeding wildlife (Orams 2002; Kojola and Heikkinen 2012;
Dubois and Fraser 2013). However, the available literature shows that wildlife fee-
ding may produce significant problems, e.g. alteration of natural behaviour patterns,
dependency on artificial food and human habituation, an increase of aggressive beha-
viours towards humans, as well as health problems and increase in conspecific injury
rates. As a result, a scientific evaluation of the effects of artificial feeding on wildlife
is crucial for species protection and management (Dubois and Fraser 2013; Penteriani
etal. 2017).

1.3 A brief highlight on the movement ecology paradigm

Movement of an organism is defined as a change in the spatial location of the indi-
vidual over time, which is driven by processes that act on multiple spatial and tem-
poral scales (Nathan et al. 2008; Hansson and Akesson 2014). It is a fundamental
characteristic of life because it allows to find food, a partner to mate or to escape pre-
dators. Movement mechanisms are diverse according to the species from few meters
to several thousand kilometres (Figure 1.3), e.g. the seasonal migration of the Sooty
shearwater Ardenna grisea (Cooper et al. 1991) or the Arctic terns Sterna paradise
(Egevang et al. 2010). Movement mechanisms can be study among others thanks to
GPS data collection. Data collection allow us to find where the animal was and its ac-
tivities. One of the main ecological themes related to GPS data is the spatio-temporal
dynamics of home ranges (Kie et al. 2010). A home range is related to the concept of
an animal’s area where its vital resources are provided (e.g., food, cover or bedding
sites). So it is the probability of encountering an animal in a given location given the
available data (Kie et al. 2010). An associated concept is the utilization distribution
(probability of finding an animal in a defined area within the home range), (Powell
2000; Demsar et al. 2015). Construct the smallest convex polygon around the data is
the simplest way of calculating the home range. But this method overestimates the
range (Burgman and Fox 2003). Home range estimation methods are various and
depend on the data collection (LoCoH, Brownian Bridge, Line based kernel; Powell
2000; Boyle et al. 2008). Therefore, animal mobility is very heterogeneous and allow
to access the heterogeneity of the environment they can perceive at various scales
(from local to landscape context, Figure 1.2).
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Figure 1.2 Relationship between the movement capacity of various species and their access to
the resource from the local to the landscape scale, adapted from Smith et al. (2014)

Over the years, thanks to the development of telemetry technologies (from VHF
to GPS technology), we have the possibility to explore spatio-temporal patterns. We
can look for various patterns such as patterns within individuals or groups over time
or between individuals or groups. Most of the time, we are searching for routines
in movement data like reproduction patterns or migration behaviour. Finally, animal
movement correspond to behavioural responses. GPS technology allows classification
of behaviour such as search of prey, escaping predators, and foraging (Nathan et al.
2012; Shamoun-Baranes et al. 2012; de Weerd et al. 2015). Different types of beha-
viour are generally extracted from trajectories. The speed parameter extracted from
trajectories is crucial to classify behaviour types (Teimouri et al. 2018). Movement
is often linked to environmental context. Movement drivers are often motivated by
fundamental life-history requirements or intrinsic needs (Scott-Phillips et al., 2011;
Shaw, 2016), such as energy (foraging) acquisition, reproduction, predator avoidance
and maintenance within physiological optima (Shaw, 2016). However, these needs
on their own are not sufficient to explain intraspecific variability and the existence of
multiple movement strategies within a species. Indeed, different movement strategies
are used to satisfy the same need. Consequently, animal movement also appears to be
context-dependent (Bradley et al., 2019; Humphries et al., 2010). The animal’s navi-
gation and mobility capabilities determine how an individual will move in response to
external factors and internal states (Figure 1.4) (Nathan et al. 2008). It is well-known
that a large number of intrinsic factors may affect animal movements. Animals conti-
nuously make decisions on how, when and where to move to find suitable areas to
meet their vital requirements (Estes et al. 1982; Nathan et al. 2008; Van Moorter et
al. 2013). However, animal movements can also be affected by other factors, set of
biotic and abiotic environmental factors, such as the availability of food and shelter,
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landscape structure, weather conditions, and anthropogenic activities (Martin et al.
2008, 2013; Nathan et al. 2008). Therefore, movement data can be complemented
by environmental parameters. This mechanistic vision of animal movement lays the
foundation for the movement ecology paradigm, which makes it possible to analyze
the spatial behavior of all moving animals (Nathan et al. 2008).
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Figure 1.3 Components of the movement ecology framework. Drivers of movement
(A): an animal is pushed to move because of its physiological state and by its close
environment. Regulation of movement (B): the trajectory followed by an individual
is influenced by a complex interaction between the physiological state and proximate
external cues, as well as by the motion and the navigation capacity.

Adapted from Nathan et al. (2008)
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1.4 A focus on the case of bears

Wildlife movements are usually dependent on different parameters such as pho-
toperiod (Nielsen 1984), temperature (Seryodkin et al. 2013; Pigeon et al. 2016;
Delgado et al. 2018), food availability (Heurich et al. 2014), inter- and intraspeci-
fic interactions (Monterroso et al. 2013), as well as predation risk. Wildlife, and in
particular mammals, usually concentrate their movements at dusk, dawn, and du-
ring the night to avoid humans. Large carnivores, such as brown bears Ursus arc-
tos, often show great flexibility in their diurnal movements throughout their range
depending on human population density. Furthermore, the movement pattern may
vary within the population and by reproductive class, suggesting a temporal sharing
of niches between the different reproductive classes. In a human-dominated lands-
cape, the probability of encounters with wildlife increases considerably (Gaynor et
al., 2018; Zarzo-Arias et al., 2018). Therefore, for obvious reasons, many animals
shift their movements to times when human activity is low (Brook et al., 2012;
Gaynor et al., 2018; Ordiz et al., 2014). For carnivores, there is a significant shift
in diurnal activity towards the dark and crepuscular hours of the day as a response
to the local increase of human density (Gaynor et al., 2018; Wu et al., 2018), which
can be considered a consequence of anthropogenic stress (Seryodkin et al., 2013).

In Europe, the landscape is dominated by humans and brown bears have to deal
with anthropogenic habitat encroachment (Chapron et al., 2014; Swenson et al., 1999;
Zedrosser et al., 2001). The yearly movements of brown bears are driven by their life
cycle, namely mating, hyperphagia and winter hibernation (Swenson et al., 2000). In
addition, intraspecific interactions shape bear behaviour, leading to variation between
different reproductive classes (Kaczensky et al., 2006; Lewis & Rachlow, 2011). Du-
ring the mating season, which usually takes place in late spring or early summer, the
movements of bears may vary according to social class and age. Adults are main-
ly motivated by reproductive behaviour, i.e., finding a mate to reproduce (Dahle &
Swenson, 2003; Steyaert et al., 2012). Adult females with cubs try to avoid adult
males to reduce the risk of infanticide (Steyaert et al., 2013, 2014; Swenson et al.,
2003). Subadults tend to modify their behaviour to avoid potential conflicts with adult
males roaming for mates during natal dispersal (Zedrosser et al., 2007). During the
hyperphagic season (late summer and autumn), the movements of all breeding classes
are mainly motivated by foraging to increase body fat in preparation for winter hiber-
nation. However, how brown bears at different life stages move (daily distance, tor-
tuosity of the path...) during those two seasons remains little documented. Although
natural food supplies are often widely dispersed (Hertel, Steyaert, et al., 2016), artifi-
cial feeding sites can provide high-caloric, aggregated food sources, which have the
potential to alter the movement patterns of bears (Kavci¢ et al., 2013; Selva et al.,
2017; Ziegltrum & Nolte, 1997). However, the impact of artificial feeding on brown
bear movements remains largely unknown. In addition to seasonality (reproduction,
hyperphagia and hibernation) and circadian rhythms (danger avoidance, hunting suc-
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cess), bear movements and rhythms of activity might also be influenced by lunar cy-
cles. Although seasonal and circadian rhythms have been fairly well described, little is
known about the effects of the lunar cycle on the behaviour and physiology of bears.
Therefore, sustainable bear conservation and management must take into account the
natural movement patterns of bears as well as behavioural responses to human distur-
bance (Hertel et al., 2017; Tuomainen & Candolin, 2011; Zarzo-Arias et al., 2018.

The brown bear is one of the most targeted species by ecotourism and hunting in
Europe and North America (DeBruyn et al. 2004; Penteriani et al. 2017). European
brown bears are distributed currently into 10 populations that vary widely in size.
Given the large variability in population size (from less than 100 individuals in the
French Pyrenees to over 1 000 individuals in Slovakia or Romania for instance), (Fi-
gure 1.1), it is not surprising that management regimes vary widely. While the small
remanent populations in western Europe are under strict protection, brown bears are
a game species in large populations in Eastern or Northern Europe. Over the past se-
veral years, Europe has a booming tourism industry that encourages bear watching,
as well as hunting to manage the population or for trophies (Linnell et al. 2002). The
increasing human encroachment on the bear habitat has contributed significantly to
the escalation of conflicts between humans and bears. Human presence shapes the
behaviour of bears and therefore their movement strategies. The habituation process is
very complex and can vary from one population to another (Maji¢ Skrbinsek and Kro-
fel 2014). The use of artificial feeding sites is a common practice in tourism at the Fin-
nish-Russian border (Kojola and Heikkinen 2012; Penteriani et al. 2017), where about
4,000 visitors come to watch bears every year. Bear feeding sites are also used here for
hunting practices. Specific potential negative side-effects of brown bear feeding for
hunting purposes include: (a) disruption of denning behaviour and movement strate-
gies; (b) changes in reproductive behaviour and reproductive success; (¢) increased
population density above the local carrying capacity; (d) natural sex ratio alteration of
populations; (e) possible exposure to bio-accumulative contaminants in supplemental
food; (f) increased intra- and inter-specific aggressive encounters; (g) changes to the
network of scavengers; and (h) reduced ecosystem services, such as seed dispersal
(Kav¢ic et al. 2015). Alternatively, and particularly in brown bears, supplementary
feeding may allow males to have access to a larger number of females, as they may
overlap into similar area. The population fertility rate could thus remain high and
hunting could be sustainable at a higher quota level (Knott et al. 2014). However,
in general, the impact of hunting on wildlife has been most pronounced in relation
to aspects such as species management, specific removal of sex and age classes of
individuals, the percentage of the population allocated to commercial trophy hunting,
hunting effects on wild populations and resource selection, both targeted species and
predators of game species, biological sustainability of the quotas, the economic sus-
tainability of the hunting organisations and behavioural effects of hunting (Bischof et
al. 2008; Ordiz et al. 2012; Gosselin et al. 2014; Knott et al. 2014). As a result, little
is known about the side effects of hunting activities on brown bear behaviours and
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rhythms of activity. In particular, there is a lack of scientific knowledge on the effects
of bait hunting on bear behaviour (Jerina et al. 2012). Moreover, hunting may force
bears to be more vigilant and can influence habitat distribution and use even more than
natural predators affect the behaviour of prey (McCarthy and Fletcher 2015).

2 Development and objectives of the thesis

Studying the mechanisms that shape the brown bear movement strategies at the in-
dividual level forms the general framework of this thesis. The work will be mainly ai-
med to understand patterns of movements, rhythms of activity and the reasons behind
them in the Karelian population of brown bears via telemetry. The three main topics
that I explored during my thesis are:

1. Influence of external (e.g., moon phases, bear seasons —mating and hyperphagia)
and internal (e.g., age, sex, body condition) factors on animal movements;

2. Potential effects of artificial feeding (for both hunting and bear viewing purposes)
on behaviour;

3. Age constraints (e.g., juvenile dispersal vs. mating) on movement ecology, i.e.
movement patters of subadult vs. adult individuals;

I expect that the results of this thesis will improve our understanding of large carni-
vore movement strategies, which is crucial for species conservation and management,
as well as to reduce human-wildlife conflicts and develop scientifically informed po-
licies.

2.1 The study area

The study area covered most of the southern and central Finland and also involved
a part of Russian Karelia, and ranged from 61.69°N to 66.56°N. About 86% of the
land area is covered by productive boreal forests. The study area is also characterized
by the presence of lakes and peat bogs. The topography is relatively smooth and lies
at an altitude of 100 to 576 m above sea level (from our data). Finland and Russian
Karelia have a predominantly subarctic climate with a mean annual temperature of
4-5°C to 0-1°C from the south to the north of the study area and the mean annual
rainfall is 650 mm (Irannezhad 2015). In central and northern Lapland, winter lasts for
about seven months, and snow remains on the ground for more than six months every
year (Irannezhad 2015). The number of days with snow cover progressively decreases
towards the south and southwest. On the southwestern coast, the ground is covered
with snow for an average of 3 to 4 months a year. In addition of the snow cover, at
these latitudes, the duration of the night varies significantly between seasons from 4
hours to 17 hours.

Human settlements and high-traffic roads are scarce, but isolated houses and
low-traffic roads are widespread in the study area. Nature-based tourism is an exa-
mple of non-timber forest services that is playing an increasing part as a livelihood in
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forest-rich rural areas (Lemky 2006). Considering only 40 national parks and natio-
nal hiking areas, in 2020, the total length of paths was approximately 102,000 kilo-
metres and the total length of trails that could also be used by al-terrain vehicles was
around 157,000 kilometres (Lankia et al. 2020). Hiking trails create additional human
pressure on wildlife and landscapes.

The demand for wildlife viewing tourism or sport hunting has also risen sharply,

which has directly resulted in an increase in the number of artificial feeding sites
(Figure 1.4).

14

wn

D

212

g

°

= 10

S

o

v 8

>

*

5

& ©6

[

=]

B

5 4

E

= 2

z. R T — %

( J S S A / L 4 \

XN O —ANTNO-XXNO—ANNTNO-X0NOO—ANNTNO-ONO — AN N
S0 0RO NN O OO O OO0 mird et
[ele Yo Yo Yo fo fo fo Yo Yool fo Yo Jofolo o Jofofo o) (alalalelelelalelelelolololelele]
e e e e | P P e ] e e e ] — — ———— — — — O O AN A A

Figure 1.4 Evolution of the number of active artificial feeding sites (blue line is private fee-
ding sites, green line is feeding sites for tourism purposes and black dots are feeding sites used
for research) between 1978 and 2015s

unpublished data from I.Kojola (Luke — Natural Resources Institute Finland).
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2.2 A brief history of brown bear in Finland

The brown bear, the country’s totem animal, the wolverine (Gulo gulo), a small -but
dreadful- carnivore, the lynx (/ynx [ynx) and the wolf are the large predators that po-
pulate the Finnish territory. These predators came close to extinction in the 19th and
early 20th centuries as they were killed for damages they caused to reindeer herds and
crops, but also, in the case of the bear, for trophies and their meat (Ermala 2003). As
a result, at that time, large carnivores disappeared from many areas of their original
range. The brown bear was exterminated from the southern, western, and central parts
of the country. Starting in the 1970s, the brown bear population slowly stabilized
and started to increase in the southeast thanks to improved protection and continuous
dispersal from the core areas in Russian Karelia (Kojola et al. 2006, Figure 1.2). The
brown bear is protected by the European Union’s Habitats Directive. The Finnish bear
population is managed as a game species for which an annual quota is set. Females
with cubs are protected and cannot be hunted. In recent years, Finland has allowed an
increase in hunting, stating that the population is large enough to be regulated. The
hunting rate for brown bears is over 10% (I. Kojola, unpublished data), while on the
Russian side of the border, the hunting rate has been estimated at around 5-7% (K. Tir-
ronen, unpublished data). Carnivores can adapt their habitat selection and movements
in response to hunting pressure, which can have an impact on the size of their home
ranges (Basille et al. 2013; Stillfried et al. 2015; Lodberg-Holm et al. 2019). Here,
apart from North America, where home ranges appear to be similar in size, Central
Finnish brown bears have one of the largest home ranges of any population in the
world (Kojola et al. 2021) (Table 1.1). Apart from Russia, which has the largest brown
bear population in the world, Finland has the largest population together with Roma-
nia and Sweden. Females’ home range size differs between eastern and central Fin-
land, with smaller home ranges in eastern Finland. The bear density in eastern Finland
is three times higher than in central Finland (Kojola et al. 2021). That could explain
the difference in home range size between the two regions. In the eastern part, females
have higher risk of encountering infanticidal males, and a greater danger of being
hunted in the region (Kojola et al. 2021). Apart from Russia, which has the largest
brown bear population in the world, Finland has the largest population together with
Romania and Sweden. The estimate of the Finnish bear population in 2012 was 1600-
1800. The winter population is much smaller (about 1,000 to 1,200 bears). Indeed,
many males that travel in summer to the easternmost part of Finland spend the winter
on the Russian side (Kaczensky et al. 2012). In 2007, the Ministry of Agriculture
and Forestry published the management plan for Finland’s bears (http://www.mmm.
fi/en/index/frontpage/Fishing, game reindeer/hunting game management/mana-
gem entplans/managementplanforthebearpopulation.html) to reduce human-wild-
life conflicts. The primary conflict is still depredation on reindeer herds, they might
also damage bechives, cattle silage or kill livestock (Kaczensky et al. 2012). The

12
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Ministry of Agriculture recently updated the Management Plan (July 2022, https://
mmm.fi/en/-/main-objectives-of-management-plan-for-bear-population-are-to-pre-
serve-favourable-conservation-status-of-bear-population-and-ensure-that-bears-will-
not-lose-fear-of-humans) and has included food baits to create harmonised practices.
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Figure 1.5 Bear distribution over Europe (a) and the expansion of the Karelian brown bear po-

pulation between 2002, 2015 and 2019 (b, ¢ and d). Adapted from the European Commission

(Kaczensky et al. 2021) and from Riistahavainnot
(http://riistahavainnot.fi/suurpedot/suurpetotutkimus/havaintokartat, Luke, Finland).

13



Factors affecting brown bears (Ursus arctos) movement behaviour

Table 1.1 Comparison of home range sizers (km?) between brown bear population extracted
from (Kojola et al. 2021)

Population n Home Range (km2) Reference
North America 35 2577 [80]
North America (Alaska) 20 356 [82]
North America (Yellwstone) 21 ]84 [83]
Japan (Hokkaido) 3 43 [84]
Croatia S 58 [85]
Slovenia 5 53 [86]
Spain 1 28 [87]
Scandinavia 37 437 [21]
Scandinavia (South) 34 217 [34]
Scandinavia (North) 18 280 [34]
Finland (Eastern) 25 127 This study
Finland (Central) 56 862 This study

The increased presence of brown bears in regions where human activities dominate
challenges current knowledge about the ecology of the species and its ability to adapt
to a highly dynamic ecosystem. Consequently, the ecology of brown bear movements
and the consequences of human pressure on their behaviour have yet to be studied in
order to improve their management.

2.3 Data collection

From 2002 to 2013, 71 brown bears were captured, usually in spring, after left their
winter dens. Of the 71 collared brown bears, 27 were subadults. Brown bears were
classified as subadults when they were four years old or younger. Brown bears were
tagged from the time they left their dens until October, shortly before they entered
hibernation. Sedative doses were adjusted according to the capture period, to take ac-
count of physiological changes and body fat levels. They were darted from blinds on
temporary baits. Immobilization drugs and dosages followed the protocol of Jalanka
and Roeken (1990). The doses injected to immobilize the bears contained medetomi-
dine (50 pg/kg) and ketamine (2.0 mg/kg) (Jalanka and Roeken 1990). Bears were
sexed, weighed and aged (Craighead et al. 1970). Individuals were fitted with 1.5
kg GPS (Global Positioning System) collars (Televilt, Lindesberg, Sweden; Vectro-
nic Airspace, Berlin, Germany). The collars were fitted with a pre-programmed drop
mechanism, with an average battery life of one year. Some locations were excluded
from the database due to poor satellite reception.
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2.4 Structure of the thesis

The thesis deals with the spatial behaviour of brown bears across scales, for both
individual and population-scale movement. The movement ecology framework is a
major theoretical part of this work.

After this introduction (Chapter 1), the thesis will be structured as follows in four
chapters.:

Chapter 2 will focus on the influence of the moon on the movements of brown
bears. The brightness of moonlight can indeed be used as a reference for predators
such as the Iberian lynx, hyenas or even cheetahs. At full moon, due to high visibi-
lity, predators may increase their activity rate. In general, hunting is more lethal. But
what happens with facultative carnivores that are not strictly dependent on their prey?

Brown bears have the typical morphological characteristics of carnivores (teeth,
claws and defined digestive tract). However, it is omnivorous and very fond of berries.
Mo- reover, the brown bear can be extremely flexible in its primary diel activity, from
twilight to night activity in order to avoid encounters with humans (hikers, hunters...).
Therefore, the objective of this chapter is to describe the main characteristics and cir-
cumstances of the influence of moonlight on the brown bear and provide information
that could contribute to improve our knowledge on how moonlight can modify the
behaviour of such a group of species.

Chapter 3 will provide a better understanding of «why» and «how» brown bears
move. Indeed, movements are governed by intrinsic factors such as age, sex, size and
reproductive status, as well as by the environment in which the individual is living.
In this chapter, in particular, we aim to give a general description of the brown bear’s
movements in a human-modified landscape. One would expect to find a relationship
between the use of feeding sites and changes in brown bear behaviour.

Finally, by delineating the various spatial strategies performed by brown bears at
the home range scale (Chapter 4), we examine the motion capacity (how to move?)
of the species. We decided to focus on an intrinsic factor: age, which is one of the
main causes of movement in species with natal dispersal. The requirements and ex-
perience of animals change over a lifetime, and movement patterns should reflect
these age-specific variations. For this reason, we investigate whether and how the
movement patterns of dispersing bears differ from those of adults, which should have
a more stable and known territory. In addition, we explore whether there are interindi-
vidual differences in movement patterns. The thesis will end with a general discussion
on our main findings on brown bears movement strategies and a conclusion proposing
research perspectives.
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Chapter 2. Brown bears do not mind that the moon exists

Preamble

In this chapter, we attempt to explore the first parameters influencing brown bear
movements. Indeed, species move to meet their primary needs, whether in terms of
reproduction or resting and feeding habitats. Although the brown bear is classified as
a large carnivore, it is actually a facultative carnivore. In this respect, it represents a
special case study. Sometimes they may have predatory patterns, sometimes they are
opportunistic omnivores with a diet rich in fruit and, as a result, prey-predator rela-
tionships may be weaker compared to obligate carnivores. Through the prism of the
amount of night light (lunar phases), we have studied the first patterns of brown bear
movement. This first chapter attempts to define the internal and external factors (age,
sex, time of year...) that influence movement.
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Paper 1: published -
Does moonlight affect movement patterns of a non-obligate carnivore?
Brown bears do not mind that the moon exists.

Cindy Lamamy, Maria Del Mar Delgado, Ilpo Kojola, Samueli Heikkinen and Vincenzo
Penteriani

This paper has been published in Journal of Zoology in November 2021.
DOI : 10.1111/jz0.12938

Abstract

Moonlight plays a significant role in prey-predator relationships. At full moon, pre-
dators’ hunting success and activity rates generally increase. Even though the analy-
sis of facultative carnivore movement patterns can improve our knowledge of how
moonlight can change the behaviour of such a group of species with diverse ecologi-
cal needs, few studies have been conducted with facultative carnivores and none with
telemetric data. Here, we studied whether moonlight influences brown bear, Ursus
arctos, movement behaviours. By analysing data collected from 2002 to 2014 for
71 collared individuals inhabiting Finland and Russian Karelia, we found that some
internal and external factors are influencing brown bear movement patterns. In parti-
cular, this facultative carnivore moves slowly and over short distances during human
bear-hunting and hyperphagia periods. However, moonlight does not affect brown
bear movements. Although brown bears are large carnivores, they are opportunistic
omnivores with a high fruit diet and, therefore, the prey-predator relationships that are
behind the dependence of carnivores on moonlight seem to be weaker than in obligate
carnivores.

Keywords: animal movements; large carnivore; lunar brightness; moon phase; Ursus arctos
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1 Introduction

The moon orbits the earth and, in this way, the positions of the sun, moon and earth
reflect different illuminations of the moon called lunar phases. The lunar cycle (from
new moon to new moon) has an average duration of 29.5 days. It can lead to several
environmental modifications, such as changes in the nocturnal atmosphere, e.g., on
full moon nights, the amount of light is 250 times greater than on moonless nights
(Foster and Roenneberg 2008). These changes are used as benchmarks by some ani-
mals to synchronize the reproduction period (e.g., breeding, spawning) (Kronfeld-
Schor et al. 2013), adjust the activity rate of finding food (Grant et al. 2012), and
for communication (Penteriani et al. 2011). It is therefore not surprising that there is
growing evidence that moon phases influence the behaviour of many animal species,
including humans (Sjodin et al. 2015).

Night light plays a notable role in nocturnal vision and prey-predator relationships
(Dacke et al. 2003; Penteriani et al. 2013; San-Jose et al. 2019). When the moon is
close to full, cheetahs, Acinonyx jubatus, and wild dogs, Lycaon pictus, are more ac-
tive in order to maximise hunting success as their chase patterns require high visible
conditions (Cozzi et al. 2012; Rasmussen and MacDonald 2012). Therefore, their
prey are more likely to remain in refuges, limiting their activity and becoming more
vigilant (Lima and Dill 1990; Daly et al. 1992; Brown and Kotler 2004; Griffin et al.
2005), feeding back on the activity rhythms of their predators. The activity patterns of
Iberian lynx, Lynx pardinus, mirror the activity of their main prey, the rabbit, Oryctola-
gus cuniculus. In particular, rabbits move furthest from their dens and are more active
around the new moon, and consequently, lynxes reduce their travelling distances and
concentrate their movements in the core areas of their home ranges, which generally
match those areas with a high density of rabbits (Penteriani et al. 2013). In addition, as
behavioural decisions made at one step can have an impact on the behavioural choices
at the next step, it has been demonstrated that some carnivores that increase their hun-
ting success on clear nights generally decrease their activity the following day (Cozzi
et al. 2012; Rasmussen and MacDonald 2012). Therefore, bright, moonlit nights may
create a fitness trade-off by increasing carnivores’ hunting success probability (Clarke
1983; Kotler et al. 1988, 2002), but reducing their energy reserve through increased
activity to search for hidden prey (but see (Sabato et al. 2006). These behavioural
changes can be costly because they take time and energy away from others activities
linked to fitness, such as parenting or mating (Lima and Dill 1990).

The animal’s navigation and mobility capabilities determine how an individual will
move in response to external factors and internal states (Nathan et al. 2008). Animals
continuously make decisions on how, when and where to move to find suitable areas to
meet their vital requirements (Estes et al. 1982; Nathan et al. 2008; Van Moorter et al.
2013). However, animal movements can also be affected by other factors, such as the
availability of food and shelter, landscape structure, weather conditions, and anthro-
pogenic activities (Martin et al. 2008, 2013; Nathan et al. 2008). In this context, the
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analysis of the movement patterns of carnivores can improve our current knowledge
on how moonlight may alter the behaviours of a group of well-differentiated species
with diverse ecological needs such as carnivores (Wilson and Mittermeier 2009). The
ecological and evolutionary consequences that the moon may have at the individual,
population and community levels are numerous; however, there is still a lack of infor-
mation available on the effect of the different moon phases and the associated moon-
light on carnivore movement patterns (but see, e.g., (Grassman et al. 2005; Di Bitetti
et al. 2006; Mukherjee et al. 2009; Cozzi et al. 2012; Penteriani et al. 2014).

Of the group of large carnivores, the potential effects of moonlight on movement
patterns of brown bears, Ursus arctos, have not yet been studied. The brown bear is
an intriguing large carnivore for two reasons. First, even though brown bears have
the typical morphological features of carnivores (defined canine teeth, claws and a
carnivore digestive tract), they are facultative, or non-obligate, carnivores. That is,
they do not exclusively depend on the movements and rhythms of activities of given
prey. Second, brown bears can be extremely flexible in their primary diel activity
pattern, from diurnal to crepuscular to nocturnal (Rode and Robbins 2000; Gende and
Quinn 2004; T. Robbins et al. 2007), and their diel activity can be affected by human
encroachment, hunting, bear population density and latitude (Theuerkauf et al. 2003;
Ordiz et al. 2012, 2013; Hertel et al. 2017). Thus, even if moonlight has some effect
on brown bear movement patterns, omnivory and flexibility in rhythms of activity
may weaken moon-dependence, as earlier suggested by Richardson (2017) in a came-
ra trap study.

To our knowledge, previous studies on the effect of moonlight on carnivores have
only been carried out on obligate species. Therefore, the distinctive brown bear die-
tary preferences may provide a different perspective on the potential influence of the
moon on the movement strategies of facultative carnivores. To determine whether
the lunar phases influence brown bear movements, we studied the daily movement
behaviours of 71 brown bears (42 males and 29 females) in Finland and Russian
Karelia from 2002 to 2014 (Figure 2.1). On the basis of the main characteristics of
brown bears, i.¢., being a facultative carnivore with mainly diurnal activity, we hypo-
thesise that movement patterns will not show a clear and strong dependence of bears
on moonlight, even though they might have some preference for darker nights as a
response to human avoidance and occasional predation events.
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2 Materials and methods

2.1 Study area

The movements of our radio-collared brown bears covered most of southern and
central Finland (220,000 km?2) and also involved a part of Russian Karelia (160,000
km?2), and ranged from 61.69°N to 66.56°N. At these latitudes, the length of the night
varies significantly between seasons. The topography is relatively smooth with ele-
vation ranging from 100 to 576 m a.s.l. Both regions are largely dominated by highly
managed productive boreal forest (Ahti, Himet-Ahti & Jalas, 1968; Hagen et al.,
2015). About 86% of the land area is covered by forests, where the main tree species
are the Scots pine Pinus sylvestris, the Norway spruce Picea abies and various birches
(Betula spp). The terrain is also characterized by the presence of lakes and peat bogs.
Human settlements and high-traffic roads are scarce, but isolated houses and low-traf-
fic roads are widespread in the study area.
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Figure 2.1 Distribution of GPS locations of 42 brown bear males (n = 15 subadults, black
movement paths) and 29 females (n = 12 subadults, grey movement paths) spread across sou-
th-eastern Finland and Russian Karelia (2002—2014).
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2.2 Data collection

From 2002 to 2013, 71 brown bears (i.e., 115 captures as some individuals were
captured several times; 2002: 9 individuals among which a subadult male, 7 adults
male and an adult female; 2003: 6 individuals among which 3 subadults male and
3 adults male ; 2004: 13 individuals among which 4 subadults male, 8 adults male
and an adult female; 2005: 7 individuals among which 5 adults male= 5 and 2 adults
female; 2006: 6 individuals among which 5 adults male, and an adult female; 2007: 7
individuals among which 2 subadults male, 4 adults male, and an adult female; 2008:
7 individuals among which 5 adults male, a subadult female and an adult female ;
2009: 9 individuals among which a subadult male, 2 adults male, a subadult female
and 5 adults female; 2010: 17 individuals among which 2 subadults male, an adult
male, 4 subadults female and 10 adults female; 2011: 16 individuals among which
2 subadults male, an adult male, 5 subadults female, and 8 adults female; 2012: 15
individuals among which 4 subadults male, 4 subadults female and 7 adults female;
2013: 3 individuals among which an adult male, a subadult female and an adult fe-
male) were captured generally in spring after they left their winter dens. Brown bears
were tagged until October shortly before entering dens, for which higher doses of
sedative were necessary due to changes in physiology and body fat levels because of
seasonality. They were darted from blinds at temporary baits. Immobilisation drugs
and dosages followed the protocol by Jalanka & Roeken, (1990). The injected doses
used to immobilize bears contained medetomidine (50 pg/kg) and ketamine (2.0 mg/
kg) (Jalanka & Roeken, 1990). To dart bears in late summer or autumn, the spring
dose was increased 25-50%, and longer needles were used because of body fat (Ar-
nemo et al., 2007). Bears were sexed, weighed, and aged (on the basis of cementum
annuli counts of a first premolar removed at time of capture) (Craighead, Craighead
& McCutchen, 1970). Permission to capture and manipulate bears was issued by the
County Veterinarian of Oulu and by the Regional State Administrative Agency of Lah-
ti (Finland). Individuals were fitted with a collar that carried 1.5 Kg global positioning
system (GPS) transmitters (Televilt, Lindesberg, Sweden; Vectronic Airspace, Berlin,
Germany). The weight of the collars was less than 1.0-2.0 % of the bodyweight of
adult females (mean (Kg) £ SD = 124.6 &+ 27.5) and 0.5-1.0 % of adult males (mean
(Kg) £ SD =212 + 61.4). Out of the 71 collared brown bears, 27 were subadults. As
they might still grow, collars were adjusted so that they could expand and allow for
increased body size. Brown bears were categorized as subadults when they were four
years old and younger. Bears older than four years were categorized as adults. Collars
had a pre-programmed drop off mechanism with an average battery life of one year.
Whenever the drop off did not work by the scheduled time owing to technical flaws,
the bear was re-captured and the collar was removed. All collars were removed before
the end of the project in 2014.

The GPS collars were calibrated to continuously track brown bears, always collec-
ting one location every four hours (n = 173301 total number of locations excluding
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winter hibernation; mean number of locations per individual = SD = 2440.9 £2396.6).
Radiotracking sessions (n = 4158 days) started at 2:00 and ended at 22:00. Therefore,
data comprised locations collected during the day and the night (hereafter, daily scale).
Signals from the satellite transmitters were recorded by the ARGOS satellite system
(www.cls.fr). The data provided sufficient days (number of collared individuals per
day + SD = 5.97 + 4.01, range = 1 to 20) among the different moon phases, which
should allow the detection of even a slight lunar effect on brown bear movement
patterns if such an effect exists (Supp. Mat. 1). We recorded the positional dilution of
precision (PDOP) value for all 3-D fixes and the horizontal dilution of precision for
2-D fixes. Following the method developed by D’Eon et al., (2002), we excluded all
2-D fixes. Although this data screening method reduces the data set, it allows a high
percentage of detection of large location errors (Bjerneraas et al., 2010)

2.3 Movement patterns

Daily brown bear trajectories were obtained by using the adehabitat package version
0.4.15 for R software (Calenge, 2006).

We estimated the following movement parameters at a daily scale (i.e., we consi-
dered both day and night locations): (1) total distance, which is the cumulative sum
of the distance between successive relocations on the same daily trajectory; (2) net
distance, i.e., distance travelled between the initial position and the final position on a
daily scale; (3) average daily speed, which is the mean of the step distance (distance
between two relocations) divided by the time interval between consecutive locations;
and (4) mean turning angle, where angles between 0 to 90 degrees correspond to di-
rectional persistence and angles above 90 degrees indicate that the individual returns
towards the previous location. Even though the resolution of the data might seem
coarse to estimate the real tortuosity and total daily distance, the fact that all indivi-
duals were followed at the same resolution makes the comparison between parameter
estimation feasible and reliable. Finally, we estimated (5) the size of the home range at
a daily scale per individual (n = 11424 daily home ranges) using the minimum convex
polygon (MCP) method (Mohr, 1947; Dahle & Swenson, 2003a). MCP was chosen
over the kernel estimator because it is applicable with fewer than 30 locations (Sea-
man et al., 1999). To set the limits of the home range, we used isopleth values of 95%
density. We removed every day with less than five locations to get a better estimate of
daily movements.

2.4 Moon phases

(6) Daily moon phases for the study area were obtained from the Naval Oceanogra-
phy Portal (https://aa.usno.navy.mil/data/docs/MoonFraction.php) and expressed in
terms of the fraction of the moon disk illuminated and whether the moon was waxing
or waning. The different phases of the moon were calculated as in Penteriani et al.,
2011. The fraction of the moon disk illuminated was transformed into radians to give
each day an angular equivalent (0), based on the periodic regression method (De-
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Bruyn & Meeuwig, 2001). As a result, the moon cycle is represented by a continuous
transition from 0 to 2« radians, i.e., 0 and 2z radians correspond to the full moon and n
radians is the new moon. In order to represent the entire lunar cycle, the fraction of the
moon disk illuminated expressed in radians was introduced as an explanatory variable
in the statistical model in the form of cos(0), sin(0), cos(20) and sin(20) (DeBruyn
& Meeuwig, 2001). A semi-lunar cycle (two peaks in a lunar month) can be studied
using the terms cos(260) and sin(20). Peaks are not necessarily of equal amplitude,
so all terms are useful for analysing the lunar effect. A significant cos(0) regression
coefficient reflects a peak emerging at the full moon or new moon, e.g., a positive
regression coefficient corresponds to a greater distance travelled at the time of the
full moon and a shorter distance at the time of the new moon. A significant sin(6)
regression included in the model reflects a peak emerging at first or last quarter, e.g.,
a positive regression coefficient corresponds to a greater distance travelled at the time
of the last quarter and a shorter distance at the time of the first quarter. A significant
cos(20) regression coefficient reflects two peaks one appearing between the first and
last quarter and one between the full and new moon, e.g., a positive regression coeffi-
cient corresponds to a greater distance travelled at the time of the new and full moon
and a smaller distance at the time of the first and last quarter. A significant sin(20)
regression coefficient reflects two peaks appearing between the new moon and the
first quarter and between the full moon and the last quarter, or between the last quarter
and the new moon and between the last quarter and the full moon, e.g., a positive re-
gression coefficient corresponds to a greater distance travelled between full moon and
the last quarter or between the new moon and the first quarter. The combination of si-
gnificant coefficients for both 6 and 26 makes it possible to precisely determine when
peaks occur and at what level. Prior research has shown variations in moonlight as a
function of cloud cover and suggested that illumination could be increased with high
and thin clouds around villages (i.e. light pollution) (Kyba, Ruhtz, Fischer, & Holker,
2011) or decreased with thick clouds in areas without light pollution. In addition, the
level of cloud varies within and between nights. We cannot therefore take the average
cloud cover per day without introducing a bias into the analyses. Finally, our study
area is very vast in space and time (i.e. thirteen years over more than 350,000 km?) and
we hypothesize that the probability to have a cloudy night is equally distributed over
the study period and, therefore, across all lunar phases. The absence of cloud cover
variable could only weaken the relationships between the lunar phases and bear move-
ments if there was any moon influence on them rather than creating systematic biases.
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2.5 Internal and external factors

In order to take into account other factors that may affect movement patterns, we
also considered: (1) age class (i.e., subadults vs. adults); (2) sex; (3) period (i.e., ma-
ting vs. hyperphagia season); (4) bear hunting period; and (5) vegetation types. The
mating season lasts for about three months from den exit to the 31st of July (Dahle &
Swenson, 2003b; Spady, Lindburg & Durrant, 2007), and the period of hyperphagia
begins the 1st of August and ends at the end of October when bears enter the den
(Ordiz et al., 2017). According to the Finnish Wildlife Agency, the hunting season
starts on the 20th of August and closes on the 31st of October. Hunting pressure is
not linear over the entire opening season, but due to a lack of data, we were not
able to address the variation in hunting pressure. The landscape GIS layer extracted
from Earth Data - ORNL DAAC (https://webmap.ornl.gov/ogcdown/dataset.jsp?dg
1id=10004_31), resolution 500 meters, was reclassified into five vegetation types: (1)
forest (i.e., hardwood and mixed forests); (2) softwood forest (i.e., conifer forests); (3)
grasslands; (4) wetland areas; and (5) human settlements. The Intersect tool was used
to extract information from each bear’s daily home range and then it was transformed
into a percentage of land use. Finally, we obtained the duration of darkness for the
study area from the Naval Oceanography Portal (https://aa.usno.navy.mil/data/docs/
MoonFraction.php).

2.6 Statistical analyses

Statistical analyses only covered vegetation parameters that were well represented
in the area, i.e., those with less than 20% of zeros in all the daily home ranges under
consideration. The variable ‘softwood forest’ and ‘forest” were highly correlated
(r = 0.88), and we consequently excluded the variable ‘forest’, which is less characte-
ristic of Finnish landscapes (Ahti et al., 1968).

For each movement parameter estimated at a daily scale (see Data Collection for
more details), we first built models including all explanatory variables except the
moon phase variable, i.e., age class, sex, period, hunting and vegetation types. While
the residuals of the total and net distances were normally distributed, the ones for
speed did not follow a normal distribution. Therefore, we built linear mixed models
for total and net distances, and generalised linear mixed models for speed and turning
angle (with Gamma distribution as a link function and Poisson distribution, respec-
tively). Finally, as the duration of the night (which might influence the effect of the
moon) varies significantly in our study area, we included night length as an offset. We
created a set of competing models that included all potential combinations of predic-
tors, and selected the most parsimonious model according to Akaike’s information
criterion (AICc) (Burnham & Anderson, 2002). Parameter coefficients and the rela-
tive importance value (RIV) for the respective explanatory variables were calculated
using model averaging on the 95% confidence set (Burnham & Anderson, 2002). We
considered this to be our null model. On the top of the effects of the factors included
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in the null model, the effect of the moon on each of the considered response variables
was estimated at the daily scale. The moon (see section Moon phases) was introduced
in the form of cos(0), sin(0), cos(20) and sin(20) as continuous explanatory variables.
We compared our null model with the one containing the moon phase using maximum
likelihood (Myung, 2003). We assumed that the moon had an effect on movement
parameters when the p-value between the two models was less than 0.03 (Zuur et al.,
2009). As each brown bear was followed for several days (hereafter, sessions) and
years, we considered the individual, the session (a session corresponds to one dayj, i.e.,
the first location until the last location of the day) and the year as nested random ef-
fects. We used the statistical software R v. 3.5.1 (R Foundation for Statistical Compu-
ting, 2018) with the Ime4 package (Bates et al., 2015), and MuMIn package (Barton,
2013) for model generation and model averaging.
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3 Results

We found that internal and external factors influenced brown bear movements,
which otherwise were not influenced by lunar brightness (Table 1 and Supp. Mat. 2
and 3). That is, models containing the moon phases never performed better than our
null models (Tables 2.1 and 2.2, Figure 2.2).

Our null models always included the variable hunting, with brown bears moving
slowly, over short distances with more tortuous trajectories during the period in which
they could be hunted. In addition, during the hyperphagia period, brown bears moved
less (i.e., slower average speed and shorter net distance) and displayed more tortuous
trajectories than during the mating period (Table 2.1). Furthermore, brown bears ge-
nerally moved long distances and showed extensive home ranges when moving in
habitats dominated by conifers (Table 2.1). Finally, adult brown bears moved faster
and demonstrated more tortuous trajectories within larger home range areas than did
subadult individuals, especially during the mating period (Table 2.1). No differences
were found between male and female movement patterns (Table 2.1), independent of
age class.
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Table 2.1 Values of AICc, AAICc and Weighted AICc of the best (AAICc < 2) linear mixed or
generalized linear models (see text for more details), summary of the null model considered
for each movement parameter and the analysis of variance (ANOVA with R2c (i.e. conditional
R squared)) showing that the moon did not affect brown bear movement patterns.

Competing models AlCe AAICe  Weighted AICc
Total distance ~ Conifer+period 39897 0.00 0.50
p? SE? p? RIV®
Intercept 6.54 0.14 <0.001
Period -1.75 0.08 <0.001 1.00
Conifer 0.08 0.06 0.16 0.67
ANOVA d.f. AIC Pr (>Chisq) R2c¢
Conifer+period 7 39 886 0.88
Conifer+period
+ Moon phase 11 39 245 0.02 0.88
Net distance Conifer+period 47 850 0.00 0.64
B SE* p* RIV®
Intercept 4.26 0.13 <0.001
Period -1.98 0.07 <0.001 1.00
Conifer 0.13 0.04 <0.001 1.00
ANOVA d.f. AIC Pr (>Chisq) R2c
Conifer+period 7 47 839 0.90
Conifer+period
+ Moon phase 11 47913 0.02 0.90
Home range Period-+conifer 29 557 0.00 0.65
p? SE* p* RIV®
Intercept 1.52 0.10 <0.001
Period -1.58 0.03 <0.001 1.00
Conifer 0.04 0.02 0.07 0.59
ANOVA d.f. AIC Pr (>Chisq) R2c¢
Period-+conifer 7 29 592 0.89
Period-+conifer
+ Moon phase 11 29 624 0.41 0.89
Speed Period-+conifer 39897 0.00 0.50
p? SE* p* RIV®
Intercept -2.19 0.70 0.002
Period 0.04 0.01 <0.001 1.00
Conifer 0.09 0.03 0.002 1.00
ANOVA d.f. AIC Pr (>Chisq) Deviance
Period-+conifer 7 -225 590 -225 606
Period-+conifer
+ Moon phase 11 -225 325 1.00 -225 349
Tuning angle  Conifer+age 19 169 0.00 0.27
pe SE* p* RIV®
Intercept -0.22 0.08 0.006
Period -1.69 0.03 <0.001 1.00
Age 0.05 0.07 0.44 0.58
ANOVA d.f. AIC Pr (>Chisq) R2c
Period-+age 5 19 206 0.39
+ Moon phase 9 19239 0.52 0.39
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Table 2.2 Values (mean + SD, range) of movement parameters across moon phases
(% Full moon; 3 Last Quarter; New Moon; t{; First Quarter;).

Total distance (km) Net distance (km) Home range (km?) Speed (km/h)

7.7+ 6.6, 0-66.2 4.0+4.6,0-37.8 2.7+7.0,0-136 0.4+0.7,0-16.0
7.5+7.0,0-50.2 37+48,0-47.1 28+8.1,0-1314 04+0.8,0-15.8
7.9+7.1,0-54.5 4.1+4.7,0-346 29+74,0-109.7 04+0.9,0-16.0

8.0+7.1,0-66.0 4.0+4.7,0-40.9 3.1+£8.8,0-168 04+0.9,0-15.3
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Estimate of the moon phase
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Figure 2.2 Moon phase estimated effect (smoothed grey lines) on daily home range, daily
speed, turning angle, daily distance and net distance as estimated by linear mixed models for
total and net distances, and generalized linear mixed models for speed and turning angle (with
Gamma distribution as a link function and Poisson distribution, respectively) (Table 1). The
moon cycle is represented by a continuous transition from 0 to 2z radians; that is, 0 and 2n
radians correspond to the full moon and = radians are the new moon. In order to represent the
entire lunar cycle, the fraction of the moon disc illuminated expressed in radians was intro-
duced as an explanatory variable in the statistical model in the form of cos(0), sin(6), cos(26)
and sin(20), which corresponds to 1 to 6 in the x-labels. (Brown bear picture: V. Penteriani).

32



Chapter 2. Brown bears do not mind that the moon exists

4 Discussion

The hunting variable seems to be the parameter influencing all motion parameters.
Brown bears move slowly, over short distances and follow more tortuous paths when
the hunting season is open. When human pressure is high, factors, such as fear, drive
animals to adjust their behaviour to reduce risk. That is, they can allocate most of their
time to vigilance at the expense of other vital needs, such as searching for food, to
avoid threatening encounters with humans (Loveridge et al., 2007; Ordiz et al., 2011,
2012, 2013; Gosselin et al., 2014).

Changes in movement patterns between the different periods may be related to
different biological needs across the breeding season. During the hyperphagic period,
brown bears generally moved less and demonstrated torturous trajectories, probably
restricting their activity around abundant local food resources (McLoughlin, Ferguson
& Messier, 2000; Selva et al., 2017). In contrast, during the mating period, brown
bears moved greater distances, most likely with the aim of increasing the probability
of finding a potential partner (Steyaert et al., 2012; Graham & Stenhouse, 2014). These
results are in line with previous studies showing that, during the mating season, oes-
trus females might increase their movements to maximize reproductive success and
the survival of future cubs (Hrdy, 1979; Ebensperger, 1998; Soltis et al., 2000). Also,
brown bears typically travelled long distances and showed extensive home ranges
when moving in habitats dominated by conifers. Habitat quality and characteristics
may engender diverse costs and benefits, and consequently noticeable differences in
movement behaviours (Delgado et al., 2010). In our study area, conifer forest may re-
present a vegetation type where the costs of movements are low, e.g., increased visibi-
lity resulting in less need for vigilance, food source types and availability and/or fewer
landscape obstacles. Lastly, adult brown bears moved faster and demonstrated more
tortuous trajectories within larger home ranges than subadult individuals, especially
during the mating season (Table 2.1). Subadult individuals frequently travel across
unfamiliar areas. Uncertainty regarding the location of conspecifics, predators and
resources may pose significant problems (Delgado et al., 2009). Because the home
ranges of subadult individuals are generally not defended, straight trajectories may
allow subadults to disperse among different foraging areas more easily than adults.
Limitations, such as intricate social organization and territoriality among neighbours,
could force subadults to limit the size of their home range to avoid the high cost of
intrusions into neighbouring territories. Although our data does not indicate any diffe-
rences in movement patterns between males and females, this might be an area of
focus for future studies. While we did not consider the reproductive status of females,
previous evidence shows that females with cubs of the year may move less and in a
more constricted area than other individuals (Ordiz et al., 2017).

Contrary to many other carnivores that have been shown to follow the rhythm of
moonlight patterns, brown bear movement patterns were not influenced by the moon
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phases (see also Richardson, 2017). Models containing the moon phases never perfor-
med better than our null models. Notably, even though brown bears have the typical
morphological features of carnivores, they are opportunistic omnivores with a diver-
sified diet (Bojarska & Selva, 2012). Although brown bears may show carnivore ha-
bits and feed on small mammals as well as large ungulates (Bojarska & Selva, 2012;
Niedziatkowska et al., 2019), the brown bear diet is composed of more than 50% ve-
getal materials (e.g., grass, leaves and roots) and also rich fleshy fruits (e.g., bilberry
Vaccinium myrtillus) (Rode & Robbins, 2000; Persson et al., 2001; Rode, Robbins
& Shipley, 2001; Cronin, 2005; Stenset et al., 2016). As a result, the prey-predator
relationships that are behind the dependence of carnivores on lunar light (Brown &
Kotler, 2004b; Berger-Tal et al., 2010; Penteriani et al., 2013; Bhatt et al., 2018) are
weaker in brown bears than in other obligate carnivores. In addition, two other factors
may have further played a role in reducing the potential effect of the moon on brown
bears in our study area. First, bear feeding patterns on natural food might be disrupted
by the continuous supply of anthropogenic foods at artificial feeding points establi-
shed for hunting and bear viewing purposes (Penteriani, Delgado & Melletti, 2010;
Penteriani et al., 2017; Kojola & Heikkinen, 2012). In fact, this practice can further
modify the bears’ non-dependence on prey (Steyaert et al., 2014) and, therefore, the
potential influence of moonlight. Second, we should also take into account that this
Finnish-Russian bear population is managed through hunting. In line with previous
studies (Ordiz et al., 2011), we found that bears under hunting pressure alter their
normal activity rhythms and movements.

The lunar cycle is a major factor in activity changes, and many nocturnal and diur-
nal animals can alter their activity in response to moonlight variations. Animals can
adapt their schedules throughout the moon cycle to improve their fitness. The rela-
tionship between predators and prey also depends on these adaptations. Although prey
are more difficult to find around the full moon as they remain in refuge areas, brighter
nights allow carnivores to increase their hunting success through better vision. Thus,
it is essential to study the effect of the moon on carnivores as increased hunting suc-
cess may influence their behavior in the following days. In the case of the brown bear,
however, the lunar cycle does not influence their movement patterns. The results of
this study suggest that predator-prey interactions and carnivore behaviour still merit
further investigation that takes into account (a) the intrinsic characteristics of carni-
vores (e.g., facultative vs. obligate carnivores), (b) the physical environment in which
they move (e.g., vegetation types and nocturnal light), as well as (c) the potential
interference of human activities (e.g., hunting and artificial feeding sites). In fact, the
effects of some of the external pressures acting on predators, such as moonlight, might
be hidden and/or greatly reduced by stronger forces like the needs of carnivores du-
ring specific periods of the year (e.g., mating), individual age, human avoidance and/
or interference with feeding activity. A more global approach to the study of carnivore
behaviours, which takes into account both obligate and facultative carnivores, might
change the way we think about their interactions with the environment and humans,
and bring to light more complex behavioural patterns than previously thought.
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Supplementary Material 1
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Total number of individuals radio-tagged by year

3 ?
Years Adult Subadult Adult Subadult
2002 7 9 1 0
2003 3 3 0 0
2004 8 4 1 0
2005 5 0 2 0
2006 5 0 1 0
2007 4 2 1 0
2008 5 0 1 1
2009 2 1 5 1
2010 1 2 10 4
2011 1 2 8 5
2012 0 4 7 4
2013 1 0 1 1
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Supplementary Material 2

Values of AICc, AAICc and Weighted AICc of all the models built for the five movement pa-
rameters where internal and external factors were analysed.

Selected models* AlCe AAICc Weighte d AAICc
Period/conifer 39897.0 0 0.50
Dail
ary Period 39899.1 2.1 0.18
distance
Period/conifer/sex 39900.0 3.0 0.11
Period/conifer 47850.0 0 0.64
Net Period/conifer/sex 47852.6 2.6 0.18
distance Age/period/conifer 47853.3 3.2 0.13
Age/period/conifer/sex 47855.8 5.8 0.04
Daily Period/conifer 39897.0 0 0.5
speed | Aoe/period/conifer 39899.1 2.1 0.18
Period/conifer 29557.2 0 0.65
Daily
home Period 29560.3 3.2 0.13
range
Age/period/conifer 29561.2 4.0 0.09
Age/period 19169.3 0 0.27
Daily period 19169.4 0.23 0.24
turning
angle Age/period/conifer 19171.0 1.29 0.11
Age/period/conifer 19171.2 1.82 0.1
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Supplementary Material 3

Values of the variance and standard deviation of all the models built for the five movement
parameters where internal and external factors were analysed.

Randon factors 62 G
Session:(ID:year) 7.66 2.66
Daily ID:year 1.42 1.19
distance year 0.00 0.00
Residual 1.39 1.17
Session:(ID:year) 7.90 2.80
Net ID:year 1.02 1.01
distance year 0.00 0.00
Residual 1.05 1.04
Session:(ID:year) 0.90 0.95
Daily ID:year 154 1.24
speed year 0.02 0.14
Residual 0.00 0.00
Session:(ID:year) 1.43 1.20
Daily ID:year 0.39 0.62
home
range year 0.06 0.23
Residual 0.30 0.55
Session:(ID:year) 0.00 0.00
Daily
turning ID:year 0.08 0.28
angle
year 0.03 0.18
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Preamble

In chapter 2, I showed that brown bears did not change their movement patterns
across the different moon phases. Meanwhile, human activities seem to influence the
bear’s habits, especially when hunting is open. GPS collars and associated data re-
present a rich and reliable source of detailed documentation of species behaviour.
However, it is very difficult to assess hunting pressure over such a wide area, so in
this chapter, we decided to focus on feeding sites dedicated to hunting, research or
tourism. We specifically investigated how artificial food supplementation can impact
brown bears’ movement and rhythms of activity.
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Abstract

Artificial food supplementation of wildlife is an increasing practice for species
conservation, as well as for hunting and viewing tourism. Yet, our understanding of
the implications of wildlife supplementary feeding is still very limited. Concerns have
been raised over the potential negative impact of artificial feeding, but the effects of
this practice on animal movements and rhythms of activity are just beginning to be
investigated. Here, with the aim of studying whether the artificial feeding of brown
bears may affect their behaviour, we analysed (1) the probability and intensity of fee-
ding site use at different temporal scales, (2) how the use of artificial feeding sites is
related to the bear’s age and sex, main periods of the bear’s annual cycle (i.e. mating
and hyperphagia) and characteristics of the feeding sites, and (3) how the use of arti-
ficial feeding may be affecting bear movement patterns. We analysed the movements
of 71 radio-collared brown bears in southern-central Finland and western Russian
Karelia. Artificial feeding sites had several effects on brown bears in boreal habitats.
The probability of a feeding site being used was positively correlated to the stability
of this food resource over time, whereas sexes and bear classes (subadults, adults and
females with cubs) did not show significant differences in the use of feeding sites,
which were visited predominantly at night and slightly more during hyperphagia. The
probability of using an artificial feeding site affected the daily net distance only (bears
using feeding sites: 3.5 £ 4.5 km, range: 0—29 km; bears not using feeding sites: 4.4 +
4.9 km, range: 0—47 km). Those brown bears using artificial feeding more intensively
moved shorter distances at a lower speed within smaller home ranges compared to
bears that used this food sources less. Highly predictable and continuously available
anthropogenic food may therefore have substantial impacts on brown bear movement
patterns, ecology and health. The recorded changes in movement patterns support the
evidence that artificial feeding may have important implications for bear ecology and
conservation.

Keywords: Artificial feeding, Feeding sites, Food subsidies, Food supplementation, Move-
ment patterns, Supplementary food, Ursus arctos
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1 Introduction

Food supplementation of wildlife, i.e. the intentional provision of natural and/or
non-natural foods to animals, is an increasing practice in species management and
conservation, which is broadly applied and affects a wide range of species (Dubois
and Fraser, 2013; Ewen et al., 2014; Murray et al., 2016; Selva et al., 2014, Steyaert et
al., 2014; Tryjanowski et al., 2017; van Beeck Calkoen et al., 2020; Walpole, 2001).
For example, supplementary feeding has been considered necessary because: (a) the
distribution and availability of natural food might limit threatened populations (Ewen
et al., 2014; Thierry et al., 2020); (b) there is a hypothesised benefit to providing safe
food sources, free of veterinary drugs or poisons (Oro et al., 2013); (c) it might aid
recovery of hunted populations (Delibes-Mateos et al., 2009) or (d) it may prevent
damages in forestry and agriculture (Arnold et al., 2018; Borowski et al., 2019; Selva
et al., 2014). But artificial feeding is also widely used to support human leisure acti-
vities, by both the hunting and ecotourism industries (Orams, 2002; Penteriani et al.,
2017; Prinz et al., 2020; Steyaert et al., 2014), e.g.: (a) to maintain a high quality of
trophy animals and a high density of animals for hunting, as well as to attract them
to shooting spots (Selva et al., 2014); and (b) to increase the likelihood of wildlife
observations as a touristic attraction (Orams, 2002; Penteriani et al., 2017; Prinz et al.,
2020; Selva et al., 2014).

However, despite the ubiquity and magnitude of artificial feeding practices, our
understanding of the ecological, behavioural, physiological and conservation impli-
cations of wildlife supplementary feeding is still very limited (Dubois and Fraser,
2013; Penteriani et al., 2017; Selva et al., 2014), and the range of potential motiva-
tions justifying the use or non-use of supplementary feeding is creating divergent
opinions among managers (Ewen et al., 2014; Mysterud et al., 2019; Tryjanowski et
al., 2017; van Beeck Calkoen et al., 2020; Walpole, 2001). The expected benefits of
providing supplementary food is often not carefully evaluated and previous studies
have demonstrated that artificial feeding may negatively affect both the population it
is intended to help (Dunkley and Cattet, 2003; Ewen et al., 2014; Felton et al., 2017;
Milner et al., 2014) and animal communities surrounding feeding spots. Indeed, food
subsidies may redistribute and aggregate local predators, increasing the top-down ef-
fect of predation on alternative prey (Candler et al., 2019; Oja et al., 2015; Selva et al.,
2014), and/or affect many non-target species, which could have several ecological and
management-relevant effects, together with potentially undesired consequences such
as disruption of animal cycles, e.g. hibernation (Bojarska et al., 2019; Candler et al.,
2019; Flezar et al., 2019; Krofel et al., 2017; Krofel and Jerina, 2016; Manning and
Baltzer, 2011). Additionally, supplemental feeding may (Candler et al., 2019; Dunk-
ley and Cattet, 2003; Felton et al., 2017; Milner et al., 2014; Murray et al., 2016): (a)
increase the risk of pathogen transmission by increasing contact rates between hosts
and promoting pathogen accumulation at and around feeding sites; (b) be a source
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of immunosuppressive contaminants; and (c¢) increase wildlife stress, rates of injury
and/or malnutrition. Actually, human-provided food has the potential to alter the ove-
rall dietary quality and hormonal patterns linked to seasonal nutritional requirements
(Sergiel et al., 2020). Artificial feeding in forest ecosystems also has the potential to
favour the expansion of non-native plant species (Jaroszewicz et al., 2017). Together
with health effects, there is also a wide variety of negative impacts on wildlife that can
occur as a result of artificial feeding for touristic purposes, e.g. alteration of natural
behaviour patterns, dependency on anthropogenic food resources and habituation to
humans, and an increase in animal aggression towards humans (Dubois and Fraser,
2013; Dunkley and Cattet, 2003; Orams, 2002; Penteriani et al., 2017; Steyaert et al.,
2014; Walpole, 2001).

Among the species targeted by artificial feeding, bears are among the most common
in the world, especially brown bears Ursus arctos (Penteriani et al., 2017; Penteriani
and Melletti, 2020). Bears are generally fed to move individuals away from unde-
sired locations (e.g. diversionary feeding; Garshelis et al., 2017; Ziegltrum, 2004),
bait them for hunting and/or attract them close to bear viewing sites (e.g. Kirby et al.,
2017; Massé et al., 2014). Brown bears are omnivorous opportunists that feed on a
variety of food sources, including anthropogenic foods (Bojarska and Selva, 2012),
and artificial feeding is commonly used to bait them for hunting (Bischof et al., 2008;
Kav¢ic et al., 2015; Steyaert et al., 2014) and diversionary feeding purposes (Elfstrom
et al., 2014; Garshelis et al., 2017; Kav¢ic et al., 2015), as well as for bear viewing
(Penteriani et al., 2018, Penteriani et al., 2017). Since the beginning of the last decade,
concerns have been raised over the potential impact of brown bear artificial feeding
in Europe (Kojola and Heikkinen, 2012; Morales-Gonzalez et al., 2020; Penteriani et
al., 2018, Penteriani et al., 2017, Penteriani et al., 2010; Steyaert et al., 2014; Stofik
et al., 2016). However, despite the ubiquity and magnitude of this practice (artificial
feeding is practiced in at least 57% of European bear viewing sites; Penteriani et al.,
2017), the effects of artificial feeding on bear movements and rhythms of activity are
just beginning to be investigated (Bojarska et al., 2019; Selva et al., 2017; Todorov
et al., 2020), as is also occurring in other artificially fed species (Ossi et al., 2017).
Because how, why and where animals move may have important consequences at
the individual and population levels (Nathan et al., 2008), alterations in movements
due to anthropogenic sources of food may be associated with changes in food habits,
reproduction, intra- and interspecific interactions and space use (Cozzi et al., 2016;
Newsome et al., 2015; Penteriani et al., 2018; Selva et al., 2017).

Here, we aim to study whether brown bear artificial feeding for leisure purposes,
mainly bear viewing, are affecting individual behaviours. Food at Karelian feeding
sites for brown bears is delivered every evening, in the front of the blinds that are
in use by people in the following night (author’s personal data). Before mad cow
syndrome dead cows were commonly used as bait, but nowadays the most important
baits are dog food pellets and remnants from the salmon fillet factories, which require
daily refills. Nowadays, the replenishing of feeding site cannot occur before evening,
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otherwise seagulls and ravens would consume pellets and salmon before bears start
to be active.

First, we studied temporal patterns of artificial feeding use, i.e. the probability and
intensity of feeding site use at different temporal scales (yearly, seasonal and daily
temporal scales), and whether the use of artificial feedings is influenced by the internal
features of individuals (i.e. age and sex), the main periods of the bear’s annual cycle
(i.e. mating and hyperphagia) and the characteristics of the feeding sites (i.e. number
of available artificial feedings and time they remained opened). Second, we studied
whether the use of artificial feeding may affect brown bear movement patterns. Be-
cause human activities can impact environmental predictability and, therefore, animal
movement (Riotte-Lambert and Matthiopoulos, 2020), prolonged and stable sources
of food, such as feeding sites, have the potential to determine the emergence of move-
ment patterns other than those related to the use of natural resources only. One of the
most significant properties of anthropogenic food maintained consistently over time
is its fairly high predictability, more reliable for feeding individuals than intermittent
natural food resources (Tryjanowski et al., 2017).

2 Materials and methods
2.1 Study area

The movements of our radio-collared brown bears covered most of southern and
central Finland (220,000 km?) and also encompassed a part of Russian Karelia
(160,000 km2; Figure 3.1), and ranged from 61.69°N to 66.56°N. The topography
is relatively smooth with elevation ranging from 100 to 576 m a.s.l. Both regions are
largely dominated by highly managed boreal forest (Ahti et al., 1968; Hagen et al.,
2015). About 86% of the land area is covered by forests, where the main tree species
are Scots pine Pinus sylvestris, Norway spruce Picea abies and various birches (Be-
tula spp.). The terrain is also characterized by the presence of lakes and peat bogs.
Human settlements and high-traffic roads are scarce, but isolated houses and low-traf-
fic roads are widespread in the study area. Tourism around wildlife, especially brown
bear and other large carnivores, has developed in the 2010-2020 decade in eastern
Finland (Kojola and Heikkinen, 2012; Penteriani et al., 2017, Penteriani et al., 2010),
where (a) bear-watching tourism is expected to increase, mainly by means of present
enterprises expanding their activities (Eskelinen, 2009; Penteriani et al., 2017), and
(b) ca. 4000 visitors arrived annually to observe bears at the Finnish-Russian border
at the beginning of the last decade (Kojola and Heikkinen, 2012). However, intensity
and patterns of artificial feeding were similar during the whole study period (author’s
unpublished data) and, thus, we are confident that artificial feeding did not influence
results and how the data from before 2010 relate to the situation after the development
of tourism.
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Figure 3.1. Distribution of GPS locations (2002—2015) of 42 brown bear males (green), 24

females (orange) and artificial feeding sites (red diamonds) across south-eastern Finland and

Russian Karelia. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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2.2 Data collection, bear capture and artificial feeding sites.

From 2002 to 2013, 71 brown bears (i.e. 115 total captures as some individuals
were captured several times; 2002: n=9; 2003: n = 6; 2004: n=13; 2005: n = 7; 2006:
n=6;2007:n=7; 2008: n =7; 2009: n =9; 2010: n=17; 2011: n = 16; 2012: n =
15; 2013: n = 3) were captured from spring until they entered the winter den. Due to
changes in bear physiology and body fat levels, sedative doses were adjusted accor-
ding to the season of capture, and bears were darted from blinds built at temporary
baits. Immobilisation drugs and dosages followed the protocol by Jalanka and Roeken
(1990). The tranquilizer contained a mix of medetomidine (50 pg/kg) and ketamine (2
mg/kg), with their proportion adjusted according to the size of the bear (Jalanka and
Roeken, 1990). Usually in late summer—early autumn, the spring dosage is increased
by 25-50%, and longer needles are used due to increased body fat (Arnemo et al.,
2007). Bears were sexed, weighed and a first premolar removed for age determination
via cementum annuli counts (Craighead et al., 1970). Permission to capture and han-
dle bears was issued by the County Veterinarian of Oulu, and by the Regional State
Administrative Agency of Lahti (Finland). Individuals were fitted with a collar that
carried a single 1.5 kg global positioning system (GPS) transmitter (Televilt, Lindes-
berg, Sweden; Vectronic Airspace, Berlin, Germany). The weight of the collars was
less than 1.0-2.0% of the bodyweight of adult females (mean + SD = 124.6 + 27.5
kg) and 0.5-1.0% of adult males (mean = SD = 212 + 61.4 kg). For subadults, the
collars were adjusted to allow individuals to grow and increase in body size, and we
used cotton belt so that collars would drop-off before a subadult bear would grow
too much to start having problems. Brown bears were categorized as subadult when
they were <4 years old. Collars had a pre-programmed drop off mechanism with an
average battery life of one year. The drop-off worked well for 40% of collars. When
the mechanism did not work due to technical defects, the bear was recaptured and the
collar was removed. All collars were removed before the end of the project in 2014.
The GPS collars were calibrated to continuously track brown bears, collecting one
location every 2 h (n = 74,723 locations, denning period excluded; mean number of
locations per individual + SD = 1966.6 + 1833.3; mean number of tracking days per
individual £ SD = 696 + 670 days, range = 68—3562 days). Signals from the satellite
transmitters were recorded by the ARGOS satellite system (www.cls.fr). We recorded
the positional dilution of precision (PDOP) value for all 3-D fixes and the horizontal
dilution of precision for 2-D fixes. Following the method developed by D’Eon et al.
(2002), we excluded all 2-D fixes. Although this data screening method reduces the
data set (i.e. n = 68,943 locations), it allows removing large location errors (Bjerne-
raas et al., 2010). Thirty known artificial feeding sites of our study area were included
in the analyses. On average, 11.1 = 1.8 feeding sites (range = 7-13) were active per
year (until bears started hibernating), and they were rather equally supplied in the ma-
ting and hyperphagia periods. Average distance between active artificial feeding sites
was 187.6 + 116.4 km, ranging from less than 1 km to 415.2 km.
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2.3 Variable extraction.

We considered the following nine parameters: (1) age (i.e. subadults, single adults
and females with cubs); (2) sex; (3) season (i.e. mating vs. hyperphagia seasons); (4)
year; (5) number of active artificial feeding sites per year; (6) number of years that
the feeding site nearest to the bear’s location was active; (7) influence of a feeding
site, i.e., a binomial variable showing if the bear visited or not a feeding site (one
location within 500 m of a feeding site) at least once per day; (8) the percentage of
bear locations within 500 m of a feeding site in a day, which is the sum of the loca-
tions inside a 500 m buffer zone around feeding sites divided by the total number of
locations recorded on a daily scale, and (9) the time of day (i.e. dawn from 1 h before
to 1 h after sunrise; daylight from 1 h after sunrise to 1 h before sunset; dusk from 1
h before to 1 h after sunset; and night from 1 h after sunset to 1 h before sunrise). The
sex and age descriptions specified above allow the internal state of the individual to be
assessed. The mating season lasts for about three months from den exit to the 31st of
July (Dahle and Swenson, 2003a; Spady et al., 2007), and the period of hyperphagia
begins the 1st of August and terminates at the end of October when bears enter the
den (Ordiz et al., 2017). Lastly, we obtained daily brown bear trajectories by using
the adehabitat package (version 0.4.15) for R software (Calenge, 2006). We estimated
the following two movement parameters at a daily scale: (1) net distance, i.e. distance
travelled between initial position and final position each day; and (2) average daily
speed, which is the mean of the step distance (distance between two relocations) divi-
ded by the time interval between consecutive locations. To deal with missing fixes we
took 4-hour interval and assumed that bears moved in a straight line (but we allowed
only 1 missing value per day). Finally, we also estimated the size of the home range at
a daily scale per individual (n = 4244 daily home ranges, after removing individuals
with less than 15 days of data) using the minimum convex polygon (MCP) method
(Dahle and Swenson, 2003b; Mohr, 1947). MCP was chosen over the kernel estimator
because it is applicable with less than 30 locations (Seaman et al., 1999). To set the
limits of the home range, we used isopleths values of 95% density.

2.4 Statistical analyses.

Probability of use of artificial feeding sites

We built two sets of Generalized Linear Mixed Models (GLMMSs), both including
the probability that a bear visited a feeding site at least once in a day as a binomial res-
ponse variable (i.e. 1 = when the percentage of locations within 500 m of the feeding
site is higher or equal to 1, or 0 = when the percentage of locations within 500 m of
the feeding site is equal to 0). In the first set of models, we included year, season, age,
sex and characteristics of the feeding site as explanatory variables. In the second set of
models, we included time of day together with age and sex as explanatory variables.
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Intensity of use of artificial feeding sites

To explore the intensity of use of artificial feeding sites for those bears that visited a
feeding site at least once in a day, we built a set of models which included the number
of locations within 500 m of the feeding site as the response variable, i.e. [(number of
bear locations within 500 m around a feeding site / total number of locations per day)
*100]. Specifically, we used GLMMs with Poisson distribution, and included year,
season, internal features of individuals and characteristics of the artificial feedings as
explanatory variables. Because the total number of locations recorded varied across
days and bears, we included the total number of locations per bear per day as an offset
in the models following Ferrari and Comelli (2016) and Wagenius et al. (2012).

Does the use of artificial feeding sites influence movement patterns?

To assess whether movement patterns are influenced by the use of artificial feeding
sites, we first built a set of GLMMs with Gamma distribution for each movement
parameter (i.e. daily net distance, daily mean speed and daily home range size). Each
set of models included one of the above-mentioned variables as a response variable,
and the probability of using artificial feeding sites as an explanatory variable. Second,
by considering only those bears that visited a feeding site at least once a day, we built
a second set of GLMMs with Gamma distribution for each movement parameter, and
the intensity of use of artificial feeding sites as an explanatory variable. Whereas the
aim of the first set of models is to assess whether movements are affected by the pro-
bability of using a feeding site (i.c. if a bear uses or not feeding sites), the second one
aims to assess if and how movements are affected by the intensity with which bears
use feeding sites (excluding those bears that never use feeding sites).

In all sets of models, to take into account the differences in behaviour between
brown bears, we included the individual as a random factor. For analysis of the pro-
bability and intensity of use of artificial feeding sites, we constructed a set of com-
peting models that included all possible combinations of predictor variables, from
the simplest null model (intercept model only) to a complete model that included all
landscape parameters. The best competing model or set of models was chosen based
on Akaike’s information criterion (AICc). Models with a AAICc below 2 were consi-
dered as equally competitive. Values of AAICc and weighted AICc, indicating the pro-
bability that the model selected was the best among the competing candidates (Table
3.1), were calculated as well. Parameter coefficients and the relative importance value
(RIV) of each explanatory variable were generated by employing model averaging on
the 95% confidence set (Burnham and Anderson, 2002). Models were runin R v. 3.5.1
statistical software (R Foundation for Statistical Computing, 2018) using the lme4
package (Bates et al., 2015). Model generation and model averaging were performed
using the MuMIn package (Barton, 2018).
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3 Results

Out of a total of 1210 days of male tracking, males visited a feeding site at least once
218 days (18.0%), whereas females visited feeding sites 443 days (13.7%, n = 3223
days of tracking). The frequency of days spent at feeding stations was almost the same
for subadults (16.3% of days, n = 1505 days of tracking) and adults (15.3% of days, n
= 1826 days of tracking), and slightly less for females with cubs (12.3% of days, n =
1102 days of tracking; Fig. 2). Finally, for all bears, feeding sites were visited a total
of 325 days during the mating period (13.8%, n=2362 days of tracking) compared to
336 days during hyperphagia (16.2%, n = 2071 days of tracking).

3.1 Probability and intensity of use of artificial feeding sites.

We found that the probability of a brown bear visiting a feeding site was influenced
by some external factors, but not by any of the internal factors that we took into ac-
count in our analyses. The most parsimonious model included the year and season,
as well as the time that the feeding site nearest to the bear’s location was active. Spe-
cifically, the probability that brown bears visited feeding sites increased (Table 3.1):
(1) over the years (Table 3.1; panel A), with the probability of a brown bear visiting
a feeding site being higher when the latter was opened for several years in a row; and
(2) during the hyperphagia period. The probability of a brown bear visiting a feeding
site increased from 0.14 to 0.18 depending on the time the feeding site was active
(from 1 to 25 years); that is, the longer the duration of feeding site activity over the
years, the higher the probability of receiving a visit from a bear. We also found that the
probability of a brown bear visiting a feeding site was influenced by the time of day,
being higher at night (Table 3.1; panel B) for all bear classes (Figure 3.2). However,
no spatial overlap occurred between the radio-collared females with cubs and adult
males, which used different feeding sites (Figure 3.3). In addition, we also found that
the intensity of use of feeding sites was higher when the feeding site was open several
years in a row (Table 3.1; panel C).
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Table 3.1. Model-averaged coefficients, AICc, AAICc, weighted AICc and RIV values for the

probability (at yearly, seasonal and daily scales) and intensity (at yearly and seasonal scales)

of use of artificial feeding sites against age and sex, and characteristics of the feeding sites (i.e.

number of active feeding sites: Nfeed_site; and time (i.c. years) the feeding sites were active:

Time open), depending on the model. Competitive models are ordered from the highest to the

lowest AICc value (best model). Panels A—C are graphical examples of some variables influen-
cing the probability and intensity of use of feeding sites.
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Figure 3.2. All bear classes, i.e. adults, subadults and females with cubs, visited the feeding
sites with the same crepuscular and nocturnal patterns, with visits during the day being rare
(brown bear picture: V. Penteriani).
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Adult males vs.

Adult males vs.

Adult males vs.subadult males

, s %;
i A ,

@6

Figure 3.3. Spatial overlaps of the different classes of radio-collared bears (n = 71 individuals)

at feeding sites. Radio-collared females with cubs and adult males do not overlap. Light blue

triangles represent feeding sites. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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3.2 The use of artificial feeding sites influences movement
patterns.

The use of artificial feedings influenced some movement patterns. On one hand, the
probability of using an artificial feeding site affected the daily net distance only (bears
using feeding sites: 3.5 £ 4.5 km, range: 0-29 km; bears not using feeding sites: 4.4 +
4.9 km, range: 0—47 km). Specifically, bears moved shorter daily net distances when
the probability of visiting artificial feeding sites was high (f = —0.22, CI = —0.332;
—0.113). On the other hand, the intensity of use of feeding sites influenced net distance
(B =-0.01, CI = —0.024; —0.016; Figure 3.4A), average daily speed (f = —0.01, CI
=-0.013; —0.010; Figure 3.4B) and daily home range size (f = —0.02, CI = —0.029;
—0.020; Figure 3.4C). That is, bears moved shorter distances, at a lower speed, and
within smaller home ranges when the intensity of use of feeding sites increased.
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Figure 3.4. Effects of the intensity of use of artificial feeding sites on daily net distance, speed

and home range sizes.
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4 Discussion

Brown bears in boreal habitats are sensitive to the presence of artificial feeding sites
within their home ranges. On one hand, both the probability of a particular feeding site
being used and the intensity of its use were positively correlated to the stability of this
food resource over time. This is probably due to individual spatial memory and lear-
ning, which are advantageous in environments with a relatively high level of resource
predictability (Fagan et al., 2013; Mery, 2013; Riotte-Lambert and Matthiopoulos,
2020), as artificial feeding sites are. On the other hand, the use of feeding sites was not
clearly related to sex, age class or reproductive status (subadults, adults and females
with cubs). Feeding sites were visited predominately at night (twilight included) and
slightly more during hyperphagia.

Brown bears using garbage dumps in northeast Turkey were also observed to in-
crease visitation rates during hyperphagia (Cozzi et al., 2016). Given the importance
of storing fat during hyperphagia, foraging is the main activity of brown bears during
this season (Gonzalez-Bernardo et al., 2020; Swenson et al., 2020). This may contri-
bute to explaining the more intense use of feeding sites during the brown bears’ hy-
perphagia period, when the nutritional impact of feeding sites should be higher than
in other periods. During hyperphagia, bears must consume large amounts of food and
they may need to make large displacements in order to find sufficient high-energy
foods to build up large fat reserves before hibernation (Swenson et al., 2020). By
staying close to the feeding sites, fed bears in our study area should not need to travel
long distances or move quickly in order to find food, probably indicating that they are
meeting a relevant part of their energetic demands at the feeding sites during hyper-
phagia (Massé et al., 2014). Yet, the relatively low visitation rates throughout the year,
i.e. feeding sites were visited 13.8% and 16.2% of the days during the mating and hy-
perphagia periods, respectively, might reveal that Karelian brown bears are not strictly
dependent on artificial feeding, probably due to abundant local natural food resources
(e.g. wild berries are available onwards late July, author’s unpublished data). If during
hyperphagia, which is crucial for successful bear hibernation and cub production (Far-
ley and Robbins, 1995; Gonzalez-Bernardo et al., 2020; Lopez-Alfaro et al., 2013),
brown bears invest a large proportion of time in security (primarily nocturnal foraging
to avoid humans and conspecific aggression), this might reduce time for foraging and
imply high foraging costs (Brown and Kotler, 2004). However, we cannot discard the
possibility that intraspecific competition might have also contributed to reduce bear
visitation rates to artificial feeding sites. Compared to the densities reported in other
parts of Europe (e.g. 14 artificial feeding sites/100 km2 in Bieszczady Mountains in
Poland; Bojarska et al., 2019), it seems that artificial feeding site density in our stu-
dy area is low. This would increase chances that intraspecific competition for food
at these sites could be an important factor contributing to low visitation rates at the
individual level.
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Artificial feeding caused brown bears to move short distances at a low speed within
small home ranges when they increased the intensity of use of feeding sites. General-
ly, individuals that travel quickly and over long distances may exploit local resources
less thoroughly and need more energy for movement, but they can potentially encoun-
ter higher quality resource patches by moving more. In fact, individuals with greater
displacements may encounter and cross more habitat patches per day than individuals
with shorter displacement distances (Hertel et al., 2019). But this possibility, which
can occur in animals depending on natural resources only, is probably less important
when part of the diet is composed of predictable and continuously renewed resources,
as in the case of artificial feeding sites. Actually, at a within-resource-patch scale, as a
response to environmental predictability (i.e. continuous resource availability at given
spatial localities), many animals use an area-restricted search (also called ‘intensive
search’) strategy by adopting a more tortuous path or reducing speed when moving
in a profitable area (Benhamou, 1994). These restricted patterns of movements are
typical of moving organisms faced with constancy over time and space, which in-
volves fixed, nondepletable (or immediately renewable) and nonmoving resources
(Riotte-Lambert and Matthiopoulos, 2020). This tendency of artificially fed brown
bears to restrict their movements (as also observed in North American brown bears
Ursus arctos horribilis; Blanchard and Knight, 1991) might be revealing an increase
in fidelity to places with supplementary foods that, as an end result, may provoke
changes in bear behaviour through ‘domestication’, reduce population range expan-
sion and diminish long-distance displacements (Cozzi et al., 2016; Selva et al., 2017).

Large carnivores, such as brown bears, have shown to alter their behaviour to reduce
encounters with humans by becoming more nocturnal (Ordiz et al., 2014, Ordiz et al.,
2011). Legal hunting, which takes place during the day, is the most important cause
of mortality for brown bears in Scandinavia, e.g. >80% of bear deaths in Sweden
between 1984 and 2006 (Bischof et al., 2009). Thus, nocturnal habits help bears to
avoid encounters with people in general and, more specifically, to reduce mortality risk
in areas where human activities like hunting are practiced. This might help explain the
prevalently nocturnal patterns of feeding site visitations and the influence of artificial
feeding on space use and movements of bears recorded for the Karelian subpopula-
tion, an explanation that has been proposed for brown bears moving in landscapes
characterized by high densities of artificial feeding sites for hunting purposes in both
Slovenia (Jerina et al., 2012) and Sweden (Zedrosser et al., 2013). Indeed, the distri-
bution of visits within a 24-hour period showed a clear bimodal pattern, with most vi-
sits registered during the early morning and evening hours, and the fewest visits being
registered during the middle of the day. But, since brown bear general activity patterns
frequently show bimodal activity with peaks around evening and morning, and lowest
activity in midday (Swenson et al., 2020), this behaviour cannot be entirely attributed
to the presence of artificial feeding sites and risk of hunting mortality.

In contrast to previous studies, we also observed that subadults, adults and females
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with cubs visited artificial feeding sites predominantly between sunset and sunrise
(Figure 3.2). Thus, there was no apparent temporal avoidance to reduce intraspecific
conflicts between, for example, adult males and subadults or females with cubs to
avoid the risks of infanticide, and no avoidance of risky dominance hierarchies among
different bear classes (Jerina, 2012; Penteriani et al., 2018, Penteriani et al., 2017;
Steyaert et al., 2012; Zedrosser et al., 2013). To our knowledge, this is the first record
of the apparent lack of avoidance mechanisms of females with cubs and subadults
towards potentially aggressive adult males at feeding sites and, more generally, at
sources of anthropogenic food. We suggest that this might be due to the schedule of
daily food replenishing of Karelian artificial feeding sites, i.e. primarily in late after-
noon (author’s unpublished data). This means that most of the food is available from
sunset to sunrise only, whereas the amount of food is irrelevant during the day. Thus,
if bear classes at risk of adult male aggression want to find food there, they need to run
the risk of visiting artificial feeding sites at a decreasing rate from sunset to sunrise,
as Karelian radio-collared bears effectively did (Figure 3.2). Such a human-induced
pattern of largely nocturnal bear visits to artificial feeding sites has the potential to
trap females with cubs and subadults in a possibly highly risky time bracket when
feeding. An effective way to avoid such a problem would be to require the people/
companies that manage artificial feeding sites for bears: (a) to include in their feeding
schedule at least one replenishment of feeding sites a little after sunrise, thus offering
subadults and females with cubs the opportunity to choose a safer visitation time, as
reported in other areas (Jerina et al., 2012; Zedrosser et al., 2013); (b) use foods that
cannot be quickly reduced by seagulls and ravens coming to exploit these resources
after sunrise; and/or (c) placing food in boxes with heavy lids or/and on raised plat-
forms could further prevent birds or ungulates feeding (Flezar et al., 2019).

Even if we cannot radio-collar all the bears using each feeding site, the absence of
any spatial overlap between marked females with cubs and adult males might indicate
that females with cubs may use a mechanism of spatial avoidance (Steyaert et al.,
2012) by predominantly using those feeding sites that are not used by adult males
(Figure 3.3). This possibility is also consistent with the patterns of spatial overlap re-
corded for subadults (both males and females), which largely overlap with adult males
(Figure 3.3). However, we cannot discard the influence of an additional, not mutual-
ly exclusive effect on artificial feeding site visitation patterns, i.e. the relatively low
bear densities in Finland compared to other parts of Europe where artificial feeding is
practiced, which might enable bears to easily avoid dangerous conspecifics spatially.

Highly predictable and continuously available anthropogenic food has substantial
ecological impacts on movement patterns in another ursid, the American black bear
Ursus americanus, for which the practice of baiting for hunting purposes is widespread
in North America. In fact, as we detected in brown bears, fed bears showed reduced
annual and seasonal home ranges and decrease movement rates, especially in au-
tumn and during the daytime in all seasons (Massé et al., 2014). But artificial feeding
does not only affect bear species. For example, analogous home range contractions
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have been reported for the red deer Cervus elaphus, potentially leading to increased
disease transmission and intra- and interspecific (sympatric wild and domestic ungu-
lates, respectively) competition due to the high deer densities around feeding sites.
And this collateral effect of artificial feeding can result in the exact opposite of what
was intended by managers, i.e. increase deer trophy value to hunters and reduce forest
damages (Jerina, 2012).

Because frequenting artificial feeding sites modifies individual behaviour, thus af-
fecting the overall energy budget of bears, and artificial feeding has the potential
to produce several collateral negative effects on bear ecology, behaviour and health
(Kav¢ic et al., 2015; Penteriani et al., 2018, Penteriani et al., 2017; Skuban et al.,
2016), the recorded changes in movement patterns add more weight to the evidence
that artificial feeding may have important but overlooked implications for bear eco-
logy and management. Thus, managers should focus on minimizing human-induced
behaviours in large carnivores that might cause fitness disadvantages for the affected
individuals and as a result have the potential to distress the ecosystems in which large
carnivores play key ecological roles (Ordiz et al., 2014). Though some displacements
of bears due to the presence of feeding sites can occur with minimal nutritional ef-
fects, when estimating the impacts of artificial feeding on local bear populations we
should always consider local factors such as the carrying capacity of the area relative
to the existing bear population, annual availability and distance of alternative food re-
sources, as well as the distance and energy needed to move to alternative food sources.
Indeed, potential detrimental effects on fed bears may be strictly dependent on local
conditions and change as a function of the bear population and landscape features.
Thus, every area should be regarded as a separate case and the suitability and location
of brown bear feeding should be evaluated on the basis of the conservation status
of the bear population, bear behaviour and local density, year-to-year availability of
food resources and their use, as well as anthropogenic activities that may interact with
bears (Morales-Gonzalez et al., 2020).
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Chapter 4. Movement patterns of subadult bears during the dispersal process

Preamble

Relying on the results of Chapters 2 and 3, we aimed to acquire direct and precise
information on the routes and modes of movement of subadult bears throughout the
dispersal process. To understand the rhythms of subadult bear activity during disper-
sal as a function of habitat and the different periods that characterize the bear’s life
cycle, namely:

(a) when bears emerge from the den after hibernation (early spring);

(b) during the adult mating season (spring to early summer);

(c) during the hyperphagia period (late summer to autumn) and

(d) during the weeks preceding hibernation (winter).
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Abstract

Movement patterns may reflect individual age-specific variation. For example, indi-
viduals that sample novel areas (e.g. natal dispersal) may show different movements
from those of adults settling in more stable areas and moving around local environ-
ments to procure food and shelter. The long-term study of a solitary large carnivore,
the brown bear, Ursus arctos, allowed us to test for age-related differences in move-
ment behaviour and, more specifically, for potential inter- versus intraindividual va-
riation among adult versus subadult bears. In addition to age, we also explored factors
other than individual characteristics that have the potential to determine movement
patterns: sex, season (mating versus hyperphagia) and body weight. The contribution
of age to movement patterns seemed to be irrelevant, most of the observed movement
patterns being primarily explained by season and body weight. Moreover, intraindi-
vidual movements within a home range were more marked among subadult brown
bears. We hypothesize that two mechanisms may lead to subadults and adults mo-
ving similarly. First, both must hibernate and, consequently, need to store energy du-
ring hyperphagia. Second, although triggered by different factors, both make erratic/
long movements after hibernation, for dispersal (subadults) or mating (adults), which
might contribute to shaping similar movement patterns. Different motivations could
thus be expressed through the same behavioural patterns, and equifinality (i.e. similar
ecological patterns emerge from different initial conditions) might be considered an
intrinsic property of animal behaviours.

Keywords: Equifinality, Home range, Hyperphagia, Mating, Movement ecology, Net dis-
tance, Speed, Ursus arctos.
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1 Introduction

Animals differ in their expression of a variety of behaviours, and this can be due to
a multitude of intrinsic factors, such as age, sex, size and internal state. In addition to
differences in behaviour attributable to such factors, animals also exhibit consistent
individual differences in behaviour for a wide range of traits, across time and contexts
(Nilsson et al., 2014). Movement is a central population process, and some important
population phenomena depend on individual movement behaviour (Abrahms et al.,
2020; Jingxuan & Jiang, 2020; Patterson et al., 2008). The needs and experience of
animals change throughout life, and movement patterns should reflect this age-specific
variation (Delgado et al., 2009; Delgado et al., 2010; Graf et al., 2016). For example,
subadult individuals that actively sample novel areas for short periods, for example
during natal dispersal, should show different movement behaviours from adults, which
settle more permanently in an area (Delgado et al., 2009). The dispersal of juveniles is
inherently riskier than remaining in a well-known area (Fletcher et al., 2019), which is
typical of adults that generally move around local environments to procure food, find
shelter and seek mating opportunities (Abrahms et al., 2020; Fletcher et al., 2019).
Longer residence times than those that characterize areas crossed during dispersal
and, consequently, more accurate spatial information allow an individual to reduce
uncertainty about its position with respect to given locations and resources (Fagan et
al., 2013). For example, individual differences in movement patterns related to age
have been found in moose, Alces alces, with older males having larger home ranges
than younger individuals (Cederlund & Sand, 1994), wild boars, Sus scrofa (Keuling
et al., 2008), and Eurasian beavers, Castor fiber (Graf et al., 2016). Different extents
of extraterritorial movement have also been observed between adult and yearling wol-
ves, Canis lupus (Messier, 1985). Dispersing individuals have a high risk of mortality
(e.g. humaninduced causes, resource deprivation, unfavourable environmental condi-
tions; Bonte et al., 2012). Moreover, dispersing through some environments is more
challenging than moving through others, leading to differences in movement patterns
(Fletcher et al., 2019). Thus, analyses of animal movements that include the different
stages that individuals go through over their lifetime, that is, from natal dispersal to
adulthood and mating when individuals shift from a wandering to a more sedentary
phase characterized by settlement in fairly fixed areas of activity (Delgado & Pente-
riani, 2008; Delgado et al., 2009), represent a unique opportunity to explore possible
age-specific variation in movement patterns, one of the notable gaps in movement
ecology (Nathan et al., 2008). Although many facets of animal movements have been
extensively studied for a long time (Fagan et al., 2013; Fletcher et al., 2019; Nilsson et
al., 2014), how important age is in driving animal movement is still an open question
in movement ecology. We studied a solitary large carnivore, the brown bear, Ursus
arctos, a species with overlapping home ranges (Dahle & Swenson, 2003b). Indivi-
duals disperse from their natal home range as subadults (1e4 years old; Steen et al.,
2006; Zedrosser et al., 2007). Although both females and males may disperse long
distances (Shirane et al., 2019), females usually tend to disperse less often or over
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shorter distances than males (Steen et al., 2006). We examined a data series from a
long-term study (12 years) of brown bears in southern and central Finland and Rus-
sian Karelia. Our main aim was to characterize and compare the movement behaviour
of subadults versus adults. We further investigated the extent of individual variation
with the aim of understanding whether inter-and intraindividual differences in move-
ment behaviours depend on individual age. In particular, because adult brown bears
tend to move short distances within well-established home ranges (e.g. for mating,
Steen et al., 2006; Zedrosser et al., 2007), we predicted their interindividual variation
would be higher than their intraindividual variation. Similarly, we also predicted that
subadult individuals, which usually move across largely unknown surroundings and
over large distances, might have higher intrathan interindividual variation. In addi-
tion to age, we predicted that other individual characteristics, such as sex, seasonal
requirements (i.e. mating and hyperphagia) and/or physical characteristics (e.g. body
weight) might also affect movements in (1) a nonmutually exclusive way or (2) in a
more prevalent way than age, thus hindering the effect of age on movement patterns.
We hypothesized that three distinct scenarios are possible. First, owing to the diverse
needs of individuals of different ages, movement patterns of subadult and adult bears
may differ, with, for example, longer movements of subadults (Pop et al., 2018), as
they are mainly influenced by natal dispersal. In the second scenario, age has less
effect because of the requirements of a given season, for example longer movements
over large areas during the mating season (Dahle & Swenson, 2003a, 2003b) or an
increase in searching for food during the hyperphagia season (Penteriani & Melletti,
2021) because of physiological constraints during hibernation (Gonzalez- Bernardo
et al., 2020). Consequently, movement patterns will be mostly the result of different
seasonal requirements rather than age. Finally, movement behaviour may be affected
by interactions between intrinsic (e.g. age, sex, body size) and extrinsic (seasonal
requirements of bears) factors (Kay et al., 2017).

2 Methods

2.1 Data Collection

From 2002 to 2013, we captured and radio-collared 57 brown bears (Table 4.1)
inhabiting southern and central Finland and Russian Karelia (for more details on the
study area, see Penteriani et al., 2021). When captured (for more details on the cap-
ture protocol followed, see Penteriani et al., 2021), bears were sexed and weighed.
Additionally, they were classified as subadults (1-4 years old) or adults (> 5 years old;
Craighead et al., 1970, Steen et al., 2006; Zedrosser et al., 2007). Bears were fitted
with GPS transmitters (Televilt, Lindesberg, Sweden; Vectronic Airspace, Berlin,
Germany; for more information see Penteriani et al., 2021) that collected one location
every 2 h (N = 74 724 locations excluding the denning period), corresponding to 28
789 locations for subadults and 45 935 locations for adults (mean number of locations
per individual = SD = 978.2 £ 957.2). The weight of the collars (ca. 600 g) was less
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than 1.0-2.0% of the body weight of adult females (mean + SD = 124.6 + 27.5 kg)
and 0.5-1.0% of adult males (mean + SD =212 + 61.4 kg). We recorded the positional
dilution of precision value for all 3-D fixes and the horizontal dilution of precision for
2-D fixes. Because 2-D fixes have higher location error, we removed them following
the method developed by D’Eon et al., (2002) to increase the accuracy of the data and
therefore of the movement metrics. Although this datascreening method reduces the
data set, it allows us to detect a high percentage of large location errors (Bjerneraas et
al., 2010). By using the package adehabitat, version 0.4.15, for R software (Calenge,
2006), we estimated the following movement parameters for each daily trajectory:
(1) average daily speed; (2) mean net distance, i.e. mean distance travelled between
the initial position and the final position on a daily scale; (3) total distance, which is
the sum of the distance between successive relocations on the same daily trajectory;
and (4) the size of the home range (km2) at a daily scale per individual using the
local convex hull (LoCoH) method (Getz et al., 2007; Getz & Wilmers, 2004). To
construct the daily LoCoH, we used the fixed number of points procedure, such that
we first subsampled those days with at least eight locations, and then selected k =7 as
the optimum value parameter for constructing the LoCoH with our data set (for more
details of this method, see Getz et al., 2007). We considered the following explanato-
ry variables: (1) age (excluding females with cubs; Gardner et al., 2014); (2) sex; (3)
season, i.e. mating (Dahle & Swenson, 2003b; Spady et al., 2007) versus hyperphagia
(Ordiz et al., 2017); and (4) body weight (kg)
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Table 4.1. Characteristics of daily movement patterns of subadult (13 males and 9 females)

and adult (25 males and 10 females) brown bears.

Subadults

Adults

Speed (m/s)
Mean net distance (m)
Total distance (m)

Home range size (km?)

0.01 £0.08
(0.0-0,6;2275)

14 637 +£13 338
(84-81 474;2275
9049 + 7640
(20-136 851; 2275
45+74
(0.02-85.9; 718)

0.1+ 0.09
(0.0-1.0; 2560)

33 645 + 36 640
(241-155 548; 2560)
9819 + 9830

(38-98 315; 2560)
51+103
(0.02-133.3; 767)

Subadults males

Subadults females

Speed (m/s)
Mean net distance (m)
Total distance (m)

Home range size (km?)

0.1 £0.1

(0.0-0.6; 882)
17442+ 15710
(84-81 474; 882)
9715 + 8796
(20-136 851; 882)
38+6.7
(0.02-85.9; 436)

0.1+0.1

(0.0-0.6; 1369)

12 145 + 9621
(157- 56 354;1369)
8544 + 6630
(20-73 902; 1369)
57483
(0.02-41.0; 327)

Adults males

Adults females

Speed (m/s)
Mean net distance (m)
Total distance (m)

Home range size (km?)

0.1 £0.1

(0.0-1.0; 1829)
38266+39 718
(314- 155 548;1829)
10 625+ 11 108
(29-98 315; 1829)
35+46
(0.02-133.3; 440)

0.1+0.1
(0.0-0.5; 755)

23 087 + 24 334
(241- 88 588;755)
7978 + 5346
(38-40 907; 755)
6.4+12.9
(0.02-133.3; 440)

Means are given + SD, with range and number of locations per bear group in parentheses.

N = 55 756 locations for the total of 57 individuals.
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2.2 Ethical Note

For subadults, collars had a preprogrammed drop-off mechanism with an average battery life
of 1 year. Whenever the drop-off did not occur by the scheduled time owing to technical flaws,
the bear was recaptured, and the collar was removed manually. All collars were removed be-
fore the end of the project in 2014. Permission to capture and manipulate bears was issued by
the County Veterinarian of Oulu and the Regional State Administrative Agency of Lahti (Fin-
land). This research adheres to the ASAB/ABS Guidelines for the use of animals in research.
The capturing of bears met the guidelines issued by the Animal Care and Use Committee at
the University of Oulu (OYEKT-6e99), and permits were provided by the provincial govern-
ment of Oulu (OLH-01951/Ym-23). During bear captures and tracking no adverse effects of
manipulations were observed.

2.3 Statistical Analyses

We studied whether and how subadult and adult brown bears differ in their movement be-
haviours taking sex, body weight and season into account. As the effect of sex may not ne-
cessarily be additive with body weight and age, we also included their interaction terms. We
fitted linear mixed models (LMMs) with the four calculated movement parameters as response
variables. Visual inspection of the data and model residuals was performed for all models to
check for model assumptions and the presence of outliers. After we log-transformed the speed
and home range variables, the residuals for all response variables were normally distributed
and we therefore fitted the models using a normal distribution. In each model, we included
the autoregressive correlation structure AR(1) to take the fact that daily movement parameters
were temporally autocorrelated into account. To account for repeated but unbalanced mea-
surements within individuals, we included the individual as a random factor. The set of com-
peting models was generated with all subsets of explanatory variables in the full model and
then we employed model averaging on the 95% confidence set to derive values of the Akaike
information criterion corrected for small sample size (AICc), AAICc, weighted AICc (w) and
parameter coefficients of each explanatory variable using the full-model averaging approach.
Following standard procedures, we calculated the weighted AICc for each candidate model
(wi) as the probability of model i being the best-approximating model from the set of candidate
models. We considered models with AAICc values lower than 2 as equally competitive. When
there might be high model selection uncertainty, model averaging allows formal inference
based on the entire set of models considered (Grueber et al., 2011; Symonds & Moussalli,
2011). LMMs were run using the Ime4 package (Bates & Maechler, 2009), while multimodel
inference and model averaging were run using the MuMIn package (Barton, 2018). Finally,
to assess interindividual variation in movement behaviours for both subadult and adult bears,
we rebuilt the most parsimonious models selected above. We estimated the proportion of the
variance explained by the random intercept effect, by accounting for the variance explained
by the fixed effects (i.e. adjusted interindividual repeatability). We used the rptR package in
R (Nakagawa & Schielzeth, 2013; Stoffel et al., 2017) to calculate interindividual repeatabi-
lity values (R), standard errors, 95% confidence intervals (CI) and statistical significance of
repeatability. All analyses were performed using R 3.5.0 (R Development Core Team, 2018).
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3 Results

Age was never included as an explanatory variable in the most parsimonious models analysing
daily brown bear movement behaviour (Table 4.2), indicating that movement patterns and the
area prospected by individuals did not differ between age classes (Figure 4.1). Factors other
than age did influence bear movement patterns, even if only slightly (see R2 in Table 4.2).
Season, sex and bodyweight affected daily movement parameters more than age (Table 4.2),
supporting our third hypothesis. In particular, at the daily scale (see Table 4.2 for parame-
ter estimates of the models): (1) individuals moved slightly faster, over larger distances and
had larger home ranges during the mating season (speed: mean + SD = 0.1 = 0.06 m/s; total
distance = 8.8 + 6.4 km; home range = 6.0 + 11.4 km2) than during the hyperphagia season
(speed = 0.08 + 0.07m/s; total distance = 7.3 + 5.4 km; home range = 3.5 £ 5.7 km2); (2) males
moved slightly shorter net distances (4.1 + 2.9 km) but travelled over larger total distances (8.1
+ 5.2 km) within a smaller home range (3.6 = 5.9 km2) than females (daily net distance = 5.5
+ 2.7 km; total distance = 7.8 £ 6.6 km; home range = 6.1 + 11.4 km2); and (3) the heaviest
bears had the smallest daily home ranges (Table 4.2). Interindividual variation in movement
behaviours was moderate (R; Figure 4.1), indicating that individuals mostly adopted flexible
movement behaviour. For interindividual differences adjusted Rs ranged from 12% to 33% of
the variation in the movement parameters considered (Figure 4.1). Notably, interindividual
variation was very similar for both subadult and adult bears for all movement parameters,
except home range. Variation among home ranges was substantially higher among subadults
than adults (Figure 4.1).
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Table 4.2. Model selection table and model-averaged coefficients for movement patterns of

subadult (13 males and 9 females) and adult (25 males and 10 females) brown bears.
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Figure 4.1. Adult (blue bars) versus subadult (orange bars) brown bear daily movement beha-
viours (Nsubadults % 2275 localizations, Nadults ¥4 2560 localizations): (a) speed (m/s); (b)
mean net distance (m); (c) total distance (m); and (d) home range size (km2). The edges of
the box plots represent the interquartile range (IQR), the internal line is the median, the whis-
kers are the maximum (third quartile p 1.5IQR) and the minimum (first quartile - 1.5xIQR)
and the circles are outliers. For each movement parameter interindividual repeatability va-
lues (R), standard errors (SE), 95% confidence intervals (CI) and statistical significance of
repeatability (P) are given. The icons were downloaded from 123RF royaltyfree stock pho-
tos, http://www.123rf.com; speed: ID 89448738 vastard; mean net distance and total distance:
ID36170731 Dejan Jovanovic; home range size: 1D24965219 Khoon Lay Gan.
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4 Discussion

Age contributed little to the daily patterns of the four movement parameters of
brown bears (i.e. average daily speed, mean net distance, total distance and home
range size) that we analysed here. Conversely, season, sex and body weight explained
most of the observed daily movement patterns. Moreover, interindividual movement
variation within a home range was more marked among subadults.

Little information exists on the effect of age on animal movements and, more spe-
cifically, on brown bear movement patterns; however, in accordance with our results,
Ballard et al. (1982) did not find any differences associated with age in the daily
movements of southcentral Alaskan grizzly bears, Ursus arctos horribilis. Dahle and
Swenson (2003a, 2003b) found that both male and oestrous female brown bears mo-
ved further in the mating season, probably because both sexes roamed to find mates;
their movement patterns could not be explained by seasonal changes in food availabi-
lity or increased foraging movements of oestrous females to replenish body reserves
after cub rearing. Similarly, movement behaviour and home range size of brown bears
differed between seasons in Pop et al.’s (2018) study, with males having larger terri-
tories during the hyperphagia season. Body size influences an individual’s physiology
and imposes morphological and ecological constraints (Swihart et al.,1988). Despite
the scarce information available on the relationship between body mass and animal
movements and home range size (Haskell et al., 2002; Swihart et al., 1988), body mass
has already been shown to affect, for example, movement tortuosity in forest-dwelling
didelphid marsupials (Vin1 & Prevedello, 2010) and, more generally, the size of mam-
mal home ranges (Swihart et al., 1988). This is the case for our larger brown bears,
which had smaller home ranges than smaller individuals. Finally, even though we did
not find any age-related difference in speed, as reported by Hernando et al. (2020) for
a human-modified landscape in Greece, we detected similar patterns for the influence
of the mating season on movement peaks. The activity rates and high home range
variation recorded for subadult males in Greece (Hernando et al., 2020) has been
considered the result of a mix of subadult inexperience in resource use and tolerance
for humans, as well as an attempt to avoid intraspecific agonistic interactions. Because
large home ranges for subadult males have also been recorded in other human modi-
fied landscapes in Europe (Hernando et al., 2020), bear movement patterns might be
a consequence of local differences in habitat quality or the perception of local risks,
together with features of the landscape in which bears move.

Increases in distance moved and home range size may be the result of several
nonmutually exclusive factors, for example (1) increased movement of males during
the mating season to increase their rate of encounter with females (Dahle & Swen-
son, 2003b; Steyaert et al., 2012); (2) sexual size dimorphism (and, more generally,
body size), which increases metabolic demands in males compared to females (or
in larger individuals compared to smaller ones; Dahle & Swenson, 2003b); and (3)
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physiological needs during certain periods, such as the hyperphagia season, during
which bears search for food in order to store fat reserves (Gonzalez-Bernardo et al.,
2020; Swenson et al., 2021). Note that although season was always included in the
most parsimonious models for both individual movements and home ranges in our
study, it generally had a weak effect. This may be because we assumed fixed dates for
the seasons. As there may be interindividual and interannual variability in the dates,
breaking the movement data into two discrete periods common to all individuals may
have weakened the effect of season.

Our results might suggest that differences in age-related needs are not able to ex-
plain differences in movement patterns and home range size between subadults and
adults (the first and third scenarios that we hypothesized). Thus, factors other than
age might determine patterns of brown bear movement. For example, based on the
parameters we analysed here, we can hypothesize that two mechanisms may lead to
subadults and adults moving similarly. First, both must hibernate and, consequently,
need to store energy during hyperphagia. As they have the same requirements, both
adults and subadults may show similar food-oriented patterns of movement, that is,
the common search for food determines the emergence of similar patterns of move-
ment. Second, both adults and subadults move long distances after hibernation, but
for different reasons. Both yearlings recently exited from winter dens with their mo-
thers and older subadults are predicted to make erratic and long movements during
their juvenile dispersal (Bonte et al., 2012; Clobert et al., 2001; Clobert et al., 2004;
Zedrosser et al., 2007). The exploration of new areas in which to settle during dis-
persal might be one of the causes of the observed higher interindividual variation in
subadult movements. Because dispersal movements may occur anywhere during the
exploration of new areas (Clobert et al., 2001; Delgado et al., 2009), subadults may
cross diverse areas depending on their starting point after leaving the natal area. Inte-
rindividual variation in movement behaviour may be the result of individuals varying
movement patterns and space use across gradients of, for example, food availability
(Hertel, Niemela et al., 2020; Hertel, Royauté et al., 2020; Webber et al., 2020). In
contrast to subadults, adult brown bears move long distances to find mates (Dahle &
Swenson, 2003b; Steyaert et al., 2012). Thus, after the spring den exit, both subadults
and adults need to travel long distances, for dispersal and mating, respectively, and
thus their movement patterns converge. That is, all individuals end up behaving (i.e.
moving) similarly, regardless of the initial state or movement aims that drive conver-
gence in behaviour (Luttbeg & Sih, 2010).

Equifinality occurs when similar ecological patterns emerge from different initial
conditions (Penteriani, 2008). Thus, different motivations (subadult dispersal versus
adult mating in our case) could be expressed through the same individual behaviour
(Aspden et al., 2010) and equifinality (sensu von Bertalanffy, 1950) might be consi-
dered an intrinsic property of certain animal behaviours. The concept of equifinality
can help explain why similar patterns have different origins: they can be the result of
different causes, factors or pressures, such as the need for long movements determined
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by both subadult dispersal and adult mating (Figure 4.2). That is, independent of their
causes or stimuli, similar movement patterns may result from different behaviours
(Popescu & Rymer, 2000). To our knowledge, this is the first time that equifinality
has been detected in the movement patterns of a large carnivore and, more generally,
in movement ecology. Our study shows how careful we need to be when examining
behavioural patterns in animal populations, as equifinality may lead to mistakes in our
understanding of the mechanisms behind observed patterns (von Bertalanffy, 1950)

Hyperphagia
Dispersal (+ dispersal)
= Similar Similar g
3 Long-distance # age movement # age ;1;,-_]1.,-{.,“.3 Nt
g Movements # alms patterns = alms atterns : =
iequifinality) E =

Figure 4.2. Different animal motivations may engender similar movement patterns which can
lead to equifinality. In this summarized representation, from den exit after hibernation to den
entry in order to hibernate, the main subadult and adult brown bear behaviours are shown:
subadult dispersal and adult mating, which overlap temporally, and hyperphagia, which both
adult and subadult bears experience. Long-distance movements occur during the subadults’
explorations of new areas in which to settle (dispersal) and the mating period when adult bears
search for mates. This is an example of equifinalistic behaviour, i.e. similar ecological patterns
emerge from different initial conditions, which is represented here by the need for long displa-
cements determined by both subadult dispersal and adult mating. See text for further details.
Photo credit: V. Penteriani.
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Chapter 5. General conclusion

In this thesis, I investigated some of the factors that can shape brown bear move-
ment strategies at the individual level. The thesis uses telemetry to identify patterns of
movement, rhythms of activity and the factors behind them in the Karelian brown bear
population. An overview of the results, chapter by chapter, is presented in Figure 5.1.
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Figure 5.1. Schematic overview of thesis’ results, chapter by chapter.

The three main topics that I explored during my thesis are:

1. Influence of external (e.g., moon phases, bear seasons—mating and hyperphagia)
and internal (e.g., age, sex, body condition) factors on animal movements;

2. Potential effects of artificial feeding (for both hunting and bear viewing purposes)
on movement behaviour;

3. Age constraints (e.g., juvenile dispersal vs. mating) on movement ecology, i.e.
movement patters of subadult vs. adult individuals;
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1 Main results

Using the illuminated fraction of the moon (chapter 2, figure 5.2), [ was able to stu-
dy the rhythm of the brown bear according to the moon phases. We did not include the
potential effects of actual local cloud cover because it is recorded on a spatio-temporal
scale that does not make this information useful for telemetry analyses of species that
move widely. In fact, cloud cover can vary considerably over the course of a single
night and in areas that are very close together. This means that, during long journeys
over their large home ranges or over several linear kilometres, brown bears can be
confronted with different cloud cover conditions during the same night. But above all,
the spatial resolution of the weather station recording the meteorological data is not as
fine as the bears’ movements require. Thus, the inclusion of very general cloud cover
values risks distorting the behavioural analyses because they do not really indicate the
local cloud cover, i.e. where the bears are actually moving. In addition, the long-term
duration of our telemetric study would have made it possible to detect a lunar effect
on bear behaviour even though, on certain nights or parts of nights, clouds could have
partially covered the brightness of the moon. In this respect, we must not forget that
even under cloudy skies, the nocturnal luminosity of full moon nights is higher than
that of new moon nights, and the way in which these variations in luminosity can in-
fluence the animals’ movements is likely to be rather speculative if taken into account
at all. Similarly, we did not consider light pollution, given that it is negligible due to
the low rate of human settlements and high-traffic roads (https://www.lightpollution-
map.info). However, isolated houses and low-traffic roads are widespread in the study
area.

Unlike other carnivores that have been shown to follow the rhythm of moonlight,
brown bear movement patterns were not influenced by moon phases (see also Ri-
chardson, 2017). Although brown bears have the morphological characteristics typi-
cal of carnivores, they are opportunistic omnivores with a diverse diet (Bojarska and
Selva 2012; Coogan et al. 2018). Consequently, the prey-predator relationships that
drive carnivore dependence on moonlight (Brown & Kotler, 2004b; Berger-Tal et al.,
2010; Penteriani et al., 2013; Bhatt et al., 2018) may be weaker in brown bears than
in other obligate carnivores. In addition, two other factors may have played a role in
reducing the potential effect of the moon on brown bears in our study area. Firstly,
we must take into account that this Finnish-Russian bear population is managed by
hunting. Consistent with previous studies (Ordiz et al. 2011; Gosselin et al. 2015),
we found that bears under hunting pressure alter their normal activity rhythms and
movements. Secondly, the presence of artificial feeding points may have reduced the
potential influence of moonlight (Penteriani, Delgado & Melletti, 2010; Penteriani et
al., 2017; Kojola & Heikkinen, 2012). This practice may alter bears’ non-dependence
on prey (Steyaert et al., 2014) and, consequently, the potential influence of moonlight.
Ideally, a study on the influence of the moon should take place in an area where this
practice does not exist.
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Figure 5.2. The illuminated fraction of the moon is transformed into radians to differentiate
between waning and waxing moons.

The brown bear is a hibernating omnivore with a diet that varies geographically
and seasonally throughout its range (Dahle et al. 1998; Bojarska and Selva 2012).
Bears eat mainly plants (Mowat and Heard 2006; Stofik et al. 2013). Bears also follow
seasonal or inter-annual pulses of calorie-rich resources (Munro et al. 2006; Naves et
al. 2006). The availability of high-fat foods, necessary to maintain a balanced energy
intake, coincides with the hyperphagic prehibernation period in bears in late summer
and autumn (Coogan et al. 2018), and the time allocated to forage leads to a reduction
in daily distances (chapter 2). The increase in human feeding in ecosystems is chan-
ging these patterns and is causing increasing concern (Oro et al. 2013). Recent studies
have shown that artificial feeding modifies the spatial and temporal availability of
natural foods and have highlighted changes in the diet composition and seasonality of
brown bears (Kavcic et al. 2015; Sergiel et al. 2020). We have also observed changes
in energy-related activities such as wintering (Krofel et al. 2017) and movements
(chapter 3) (Selva et al. 2017a). Movement is a fundamental part of any animal’s life.
How, why and where animals move can have far-reaching consequences at indivi-
dual, population and ecosystem levels (Nathan et al. 2008). Changes in movement
are asso- ciated with a cascade of subsequent changes to population dynamics that
are closely linked to individual performance, and which can greatly vary with the
diet quality (Hertel et al. 2017). Given the worldwide extent of wildlife supplemental
feeding, it is important to better understand the impact of this practice on movement

83



Factors affecting brown bears (Ursus arctos) movement behaviour

ecology and the resulting consequences for species and ecosystems (Bojarska and
Selva 2012; Oro et al. 2013). In addition, artificial feeding can lead to changes in the
nutritional ecology and physiology of wildlife, which are generally negative and have
a signifi- cant impact on foraging behaviour and food availability (Birnie-Gauvin et
al. 2017). In addition to modifying the composition of the diet, may alter hibernation
patterns as well as movements of bears (Selva et al. 2017b; Sergiel et al. 2020). Poor
quality an- thropogenic food can also jeopardise the health and immune function of
wild animals (Strandin et al. 2018). As foraging occurs in many different contexts
around the world (Oro et al. 2013), it can have significant consequences for species of
conservation concern.

The availability and quality of food varies greatly from one site to another. In our
area of distribution, this can range from 200kg/week to 10,000kg/week (meat, fish,
cookies or even dog food, depending on the site (field observations). Ecotourism for
bear watching and photography is likely to remain an important part of tourism in
the oriental regions of Finland. However, if Finnish legislators continue to accept the
practice of feeding bears, police officers and game managers should have a common
plan of action for those times when bears lose their distrust of humans. Feeding for
tourism purposes is different from other reasons behind artificial feeding of wildlife,
e.g., avoidance of human-bear conflicts by displacing bears far from human settle-
ments, because in this case the bears are baited to feed a few meters from wooden
hides that protect humans from bears (I. Kojola, pers. obs.). It is likely that the bears
that visit these places smell humans in the caches and become accustomed to their
presence, which could have long-term consequences. The starting points differ mar-
kedly from the usual conflicts between humans and large carnivores because, in this
case, the beneficiaries of bear tourism are private companies that do not have the right
to eliminate habituated bears prone to generate conflicts, as this role is reserved for
public game management. In any case, it is important to specify responsibilities and
practices to help solving bear problems.

On top of all this, feeding can disrupt an individual’s very ecology. By simply ob-
serving our data, we found that there were active bears in winter. This has also been
the subject of further study (Selva et al. 2017a). Supplementary feeding has been
shown to reduce home range size and to alter migration patterns (chapter 3). Both the
probability of a feeding site being used and the intensity of its use were positively
correlated to the stability of this food resource over time. This is probably due to indi-
vidual spatial memory and learning, which are advantageous in environments with a
relatively high level of resource predictability as artificial feeding sites are (Fagan et
al. 2013; Riotte-Lambert and Matthiopoulos 2020). Feeding sites seemed to be visited
predominately at night (twilight included) and more during hyperphagia (chapter 3)
(Cozzi et al. 2016). During hyperphagia, foraging is the main activity of brown bears
(Gonzalez-Bernardo et al. 2020). Bears must consume large amounts of food and they
may need to make large displacements in order to find sufficient high-energy foods to
build up large fat reserves before hibernation (Swenson et al. 2020). Karelian brown
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bears are not strictly dependent on artificial feeding, probably due to abundant local
natural food resources, e.g., wild berries are available onwards late July (author’s
unpublished data).

Brown bears move short distances and at low speeds within small home ranges as
the intensity of use of feeding sites increases. Individuals that move more are more
likely to encounter and traverse more resource-rich areas per day than individuals that
move less (Hertel et al. 2019). This pattern is probably less pronounced when part of
the diet consists of predictable and continuously renewed resources, as in the case of
artificial feeding sites. This tendency of artificially fed brown bears to restrict their
movements (as also observed in North American brown bears Ursus arctos horribilis;
(Blanchard and Knight 1991)) could be indicative of increased fidelity to comple-
mentary food sites, which could ultimately lead to changes in bear behavior through
«domesticationy», reducing population range expansion and decreasing long-distance
movements (Cozzi et al. 2016; Selva et al. 2017a).

Given that food supplementation alters individual behavior, thus affecting the bears’
overall energy budget, and that artificial feeding is likely to produce several negative
collateral effects on bear ecology, behavior and health (Kavcic et al. 2015; Skuban et
al. 2016; Penteriani et al. 2017, 2018), the changes recorded in movement patterns
lend further weight to the evidence that artificial feeding may have important im-
plications for bear ecology and management (Ordiz et al. 2014). Artificial feeding
has been shown to impact the spatio-temporal availability of natural foods, leading
to changes in brown bear diet composition, seasonality, and energy-related activities
(Krofel et al. 2017). Diet quality is crucial for individual performance, influencing
population dynamics, density, and life history. Human provisioning of food negatively
affects wildlife’s nutritional ecology and physiology, impacting foraging behavior and
food availability (Hertel et al. 2018). The consequences on organism fitness remain
unclear and require diverse approaches (Murray et al. 2016). For example, Iberian
lynx (Lynx pardinus) respond positively to artificial feeding ((Lopez-Bao et al. 2008).
Also, the practice was recognized as an efficient long-term conservation measure for
the population of the Swedish arctic fox (Alopex lagopus) (Angerbjorn et al. 2002).
Even if the purpose of feeding is clearly defined, its real effects cannot be always
strictly controlled, and may have some effects on non-target species. For example,
birds including species of a high conservation importance are known to use artificial
feeding sites (Flezar et al. 2019). Species diversity at the feeding sites depend of the
season and according to the type of artificial food (with or without carrion), (Flezar et
al. 2019). When estimating the impacts of artificial feeding on species and especially
on local bear populations, we should always take into account local factors such as
the carrying capacity of the area in relation to the existing bear population, the annual
availability at feeding sites and the distance to alternative food resources, as well as
the energy required to travel to these food sources. Thus, each area must be conside-
red as a special case, and the suitability and location of brown bear feeding must be
assessed on the basis of the conservation status of the bear population, bear behavior
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and local density, annual availability of food resources and their utilization, as well as
anthropogenic activities likely to interact with bears (Figure 7), (Morales-Gonzalez et
al. 2020).

Management Goal

!

Movement data Movement data

i available and MANAGEMENT
avAa!lable anq . . STRATEGY EVALUATION
sufficient quality sufficient quality
Localised actions : e.g
Home range Drivers Sedentary species —
SCALE OF
MOVEMENT — ECOSYSTEM IMPACTS —— MANAGEMENT — IMPLEMENTATION

Dispersal Dispersal
ability distance Ecological networks Cost

Figure 5.3 : Movement — Management framework adapted from (Allen and Singh 2016)
for incorporating movement ecology into decision-making processes. First, the framework
concerns the type of movement (dispersal, established individuals...). The second step is to
identify ecosystem impacts that will drive the decision-making process and determine po-
tential management actions (in space and time). Next, managers take into account the imple-
mentation of the proposed actions and their effectiveness. The result is a cyclical process of
adaptive management in which the results of the assessment guide management objectives and
future actions.

Brown bears have large home range sizes and travel long distances to meet their
needs. Their movement patterns are mainly driven by seasonality (mating and hy-
perphagia) that plays an important role in their habitats’ selection (Pop et al. 2018b).
Alongside the availability of food, other factors such as age, the availability of dens
or avoidance of congeners can influence the movements of individuals. All these pa-
rameters make it even more difficult to understand patterns of space use (Nathan et
al. 2008). Our studies showed that age contributed little to the daily patterns of brown
bears and this is supported by (Pop et al. 2018a). Conversely, season, sex and body
weight explained most of the observed daily movement patterns. Moreover, interindi-
vidual movement variation within a home range was more marked among subadults.
Body size influences an individual’s physiology and imposes morphological and eco-
logical constraints (Swihart et al. 1988). In other countries where the landscape is
dominated by humans, extensive home ranges for subadult males have also been re-
corded (Hernando et al., 2020). Bear movement patterns could therefore be the conse-
quence of local differences in habitat quality. Furthermore, we have shown that two
different purposes can lead to subadults and adults moving in a similar way. Firstly,
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during hyperphagia, both need to hibernate and therefore need to store energy. Since
they have the same needs, adults and subadults may show similar foraging patterns.
This goal induces the emergence of similar movement patterns. Secondly, adults and
subadults move long distances after hibernation, but for different reasons. Yearlings
and older subadults are thought to make erratic, long-distance movements during their
dispersal (Zedrosser et al. 2007; Bonte et al. 2012). The exploration of new areas in
which to settle during dispersal might be one of the causes of the observed higher
interindividual variation in subadult movements. In contrast to subadults, adult brown
bears move long distances to find mates (Dahle and Swenson 2003; Steyaert et al.
2012). Thus, after the spring den exit, both subadults and adults need to travel long
distances, for dispersal and mating, respectively, and thus their movement patterns
converge. That is, all individuals end up behaving similarly, regardless of the initial
state or movement aims that drive convergence in behaviour (Luttbeg and Sih 2010).
Equifinality occurs when similar ecological patterns emerge from different initial
conditions (Penteriani 2008). Thus, different motivations (subadult dispersal vs. adult
mating in our case) could be expressed through the same individual behavior (Aspden
et al. 2010) and equifinality might be considered an intrinsic property of certain ani-
mal behaviors. The concept of equifinality can help explain why similar patterns have
different origins. Actually, similar behavioral patterns can be the result of different
causes, factors or pressures, such as the need for long movements determined by both
subadult dispersal and adult mating. That is, independent of their causes or stimuli,
similar movement patterns may result from different behaviors (Popescu and Rymer
2000).

2 Ethical note

Animal models are a key element in understanding their needs. A fundamental principle of
research ethics is to balance the benefits of research against the burden imposed on animals.
The use of wild animals for research requires an assessment of the effects of capture and in-
vasive sampling. Determining the severity and duration of these interventions on the animal’s
physiology and behaviour enables the study methodology to be refined if needed. Thiel et al.
(2023) showed that capture may alter the behaviour and physiology of bears.

For our study, bears were captured and collared at bait sites. The weight of the collars was
less than 1.0-2.0% of the body weight of adult females and 0.5-1.0% of adult males. For suba-
dults, collars had a preprogrammed drop-off mechanism with an average battery life of 1 year.
Whenever the drop-off did not occur by the scheduled time owing to technical flaws, the bear
was recaptured, and the collar was removed manually. All collars were removed before the
end of the project in 2014. Age is an essential trait for understanding the ecology and manage-
ment of wildlife. In our case, bears were aged with the cementum annuli method (Craighead,
Craighead & McCutchen, 1970). It’s one of the most common and ubiquitous methods to age
mammals. This method has been used in bears despite some disadvantages, such as high inva-
siveness, expensive, time-consuming and the requirement for experienced observers (Gable,
Johnson-Bice & Windels, 2023; Nakamura et al., 2023). Today, due to the high invasiveness
of the study, researches try to establish a novel age estimation method. Nakamura et al. (2023)
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Today, due to the high invasiveness of the study, researches try to establish a novel age esti-
mation method. Nakamura et al. (2023) draw a protocol based on an epigenetic method to age
brown bears, which provides benefits over tooth-based methods, including high accuracy, less
invasiveness, and a simple procedure.

Permission to capture and manipulate bears was issued by the County Veterinarian of Oulu
and the Regional State Administrative Agency of Lahti (Finland). This research adheres to the
ASAB/ABS Guidelines for the use of animals in research. The capturing of bears met the gui-
delines issued by the Animal Care and Use Committee at the University of Oulu and permits
were provided by the provincial government of Oulu. During bear captures and tracking no
adverse effects of manipulations were observed.

3 Management and conservational measures

Man has always been attracted to large carnivores, not only because of the threat they pose to
livestock and sometimes to man, but also because their strength, agility and beauty fascinate
and inspire the human imagination. Once threatened in Finland, the bear is now strictly protec-
ted under the Habitats Directive. They are a highly valued part of Finland’s wildlife. The bear
is also a valuable game animal that is hunted every year for population management purposes.
Hunting has not been an obstacle to maintaining a favourable conservation status, which the
bear has had since 2000.

Unlike Norway and Sweden, Finland manages the brown bear at national level. The measures
set out in the bear population management plan aim to maintain its favourable conservation
status and ensure that bears do not lose their fear of humans, while meeting the needs of
people living in areas inhabited by bears. The main objective of Finland’s brown bear ma-
nagement plan is to pursue ecologically, economically and socially sustainable management
of the population. The brown bear is considered a game species under Finnish law, and the
Finnish Ministry of Agriculture and Forestry (MAFF) is responsible for its management. The
measures in the management plan concern population monitoring, population management
measures, damage prevention and conflict management, official assistance to the police by the
game management associations (SRVA), cooperation and communication with stakeholders.
The management plan is essentially based on two studies. One aims to develop an additional
method based on the genetic identification of individuals for monitoring the bear population
(Finnish Institute of Natural Resources) and the other on the provision of food in the natural
environment (chapter 3). According to the management plan, a vast project led by the Ministry
of Agriculture and Forestry will be launched to study the use of feeding sites for observation
purposes and the possible need to create harmonised practices with the various stakeholders.
The Ministry of Agriculture and Forestry organised a stakeholder event in June 2022 to dis-
cuss the finalised draft for the Management Plan. The previous Management Plan for the Bear
Population dates back to 2007. One part of the conservation of large carnivores depends on the
socio-political and administrative situation (Treves & Karanth, 2003). The legal establishment
of conservation measures often requires a long administrative process. Administrative and
legal frameworks can limit the effectiveness of these measures when they are not adapted to
natural dynamics (Rayfield et al., 2008, Hermoso et al., 2019). Therefore, to achieve effective
conservation, the application of management measures must be implemented by monitoring
population dynamics with up-to-date information (Hill et al., 2017).
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From around 200 bears in the 1970s, the population size has risen sharply to around 2,400
individuals today (Kojola and Laitala 2000; Heikkinen et al. 2021). Finland is divided into
four management areas: the reindeer husbandry area in the north, the stable population area in
the east, the bear dispersal area in central Finland and the population growth area in western
Finland. MAFF sets annual harvest quotas for each management areas, based on population
size and harvest scenarios provided by the Finnish Institute of Natural Resources (LUKE),
also taking into account the damage caused by bears. The data on which the population size
estimates are based are collected by a network of ~2,000 volunteers, most of whom are hunters
(Heikkinen et al. 2021). Volunteers are trained and the collected data are uploaded via a link to
the online observation database «Tassu» («Pawy in English; Kojola et al. 2018).

Damage and compensation

Approximately 13% of Finland’s bear population lives in the area of domestic reindeer (Heik-
kinen et al. 2021) and most of the damage caused by bears occurs in this area. Compensation
is only paid for reindeer over one year old. There are also few reported cases each year of bears
damaging beehives, hay bales or feeding on agricultural crops, particularly oats or fruit such
as strawberries. All these types of damage are fully compensated by the Finnish government.

The brown bear is a well-studied species. Nevertheless, there is no reason to reduce research
on the brown bear and there are many reasons for this:

- Different combinations of both natural and anthropogenic dynamics can lead to the reduction
or expansion of the range of a large carnivore population ((Naves et al., 2003; Martinez Cano
etal., 2016).

- Expanding populations often come into conflict with human interests, mainly because of the
damage they cause (Woodroffe et al., 2003).

- A higher density of brown bears could change their social structure
- Develop management measures to better meet the needs of bears

The protection and concern that can be achieved through bear research would not only help
to improve the situation of brown bears in Finland and make it more secure for the long-term,
but would also benefit a number of other species that share the bear population’s ecosystem.
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Conclusion

Movement ecology is an important field of study for understanding how brown bears
use their habitat and has been developed in recent years thanks to animal tracking
technologies (Tomkiewicz et al. 2010). The information extracted from telemetry is
essential for developing effective conservation and management strategies that pro-
mote the long-term survival of animal populations. Research in movement ecology
generates knowledge that enables managers to implement flexible actions in space
and time (Allen and Singh 2016). Knowing where and when a species is a prerequisite
for the successful implementation of spatial-temporal approaches to wildlife conser-
vation and management, which allow managers to develop compromise scenarios that
balance conservation needs with anthropogenic activities (O’Neal et al. 2008; Shillin-
ger et al. 2008; Redpath et al. 2013).

Brown bears are known to be highly mobile animals, capable of traveling long dis-
tances in a variety of habitats. This mobility is influenced by a variety of factors,
including food availability, reproductive status, sex and human activity. For example,
foraging brown bears may travel long distances in search of quality feeding sites.

This thesis provides a glimpse into the strategy of the brown bear movements, which
I hope may contribute to future changes in management policies. To limit the effect
of additional food, we can imagine a renewal (position or close the feeding site after
couple of years) of feeding sites to reduce habituation. The study area is vast, and we
can create zones without artificial feeding and prevent some side effects of feeding
like diseases due to a non-appropriate diet. Future research should focus on sociality
in bear populations because social interactions between conspecifics are important
even in solitary species. Ignorance of social interactions can lead to a poor understan-
ding of animal ecology and, consequently, to unsuccessful species management.
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