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Résumé du manuscrit en francais

Depuis prés de 40 ans, le Scandinavian Brown Bear Research Project (SBBRP) étudie les
ours bruns en Scandinavie. Leurs recherches, basées sur la capture, le prélevement
d’échantillons, la pose de colliers GPS et la surveillance sur le terrain, ont permis
d'acquérir des connaissances approfondies sur la physiologie et 'écologie de l'ours.
Aujourd’hui, l'une des problématiques qui intéresse les chercheurs du SBBRP est
Uimpact du réchauffement climatique et de Uanthropisation sur la survie et le succes
reproducteur de lespéce, ainsi que lUimpact des événements de capture sur les
individus. Afin d’évaluer le succés reproducteur des ours bruns, un suivi poussé des
femelles est réalisé. Ce suivi repose sur une surveillance aérienne, des prospections
d’indices de présence d’oursons (poils, feces, empreintes...), et des outils de bio-logging
pour déterminer d’éventuelles gestations. Malgré ces efforts, en raison de leur nature
élusive, certains individus échappent aux radars de la surveillance, et leur statut
reproducteur peut rester inconnu certaines années. De plus, certaines femelles peuvent
subir une perte totale de leur portée, due a des événements de mortalité ou a des

infanticides perpétrés par d’autres males.

Ainsi, connaitre le statut reproducteur de Uensemble des femelles étudiées et la
temporalité des événements de perte de portée est essentiel pour répondre aux

questions suivantes:

Combien d’oursons sont nés cette année ?

Quel est le taux de survie des oursons au cours de leur premiére année de vie ?

La réponse a ces questions permettra de soulever d'autres interrogations et d'évaluer
l'impact de 'augmentation des températures en Scandinavie sur le succes reproducteur

des ours bruns. En effet, le réchauffement climatique progresse en Arctique a un rythme
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deux fois plus rapide que la moyenne mondiale (Bruhwiler et al. 2021), et la Scandinavie,
ainsi que les ours bruns qui y vivent, n'échappent pas a cette tendance qui sévit aux
latitudes les plus au nord. Evaluer 'impact de ce déréglement sur les dynamiques de
population de Uours brun présente donc un intérét considérable afin d’adapter les
mesures de gestion de ’espéce et évaluer les capacités de résilience de cette espéce

face aux changements de son écosystéme.

C’est pour répondre a ces questions et extraire ces informations, difficiles a obtenir via
la seule surveillance, que ’écologie du mouvement entre en jeu. Ainsi, un défi majeur en
écologie du mouvement est d'identifier les comportements a partir des données de
mouvement et de les associer a des contextes intrinseques et environnementaux
spécifiques. Les études précédentes ont montré que les femelles solitaires présentent
un mouvement accru par rapport a celles qui sont accompagnées de leurs oursons de
année (Cubs of the Year - COY) (Steyaert, Swenson, Zedrosser 2014; Gardner,

Pamperin, Benson 2014).

Cette étude avait deux objectifs principaux : premiérement, démontrer comment le
statut reproducteur influence le mouvement des femelles et explorer les facteurs
environnementaux susceptibles de l'affecter, en utilisant des Modéles Additifs Mixtes
Généralisés (GAMMSs). Les femelles avec des petits dépendants se déplacaient moins
que les femelles solitaires, tandis que les femelles avec des oursons d'un an montraient
des valeurs intermédiaires. Les facteurs environnementaux étudiés incluaient la
pluviométrie, la température et la profondeur du manteau neigeux. Ces trois facteurs ont
un impact négatif sur les mouvements des trois statuts reproducteurs (femelles
solitaires, femelles avec jeunes de plus d’un an, et femelles avec CQOY), a 'exception de

la profondeur de la neige qui n'a pas d'effet significatif sur les femelles avec COY.

Deuxiémement, 'objectif était d’inférer le statut reproducteur des femelles via 'analyse
de leurs données de mouvement et d’identifier des dates de perte de portées. Afin

d’associer le statut reproducteur des femelles en sortie d’hibernation, un modele de
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Forét Aléatoire (Random Forest - RF) a été préalablement entrainé. Ce modele a été
capable de distinguer une femelle solitaire d’une femelle avec COY avec une exactitude
de 85 % apres une phase d’entrainement et de test sur des individus dont le statut

reproducteur était connu et identique tout au long de la saison.

Les événements de perte de portée ont été identifiés en utilisant une approche de
détection de changepoints bayésiens. La difficulté réside dans le fait que nous n’avons
pas en notre possession d’information de confirmation nous permettant d’affirmer que
la date détectée est bien celle ou la portée a été perdue. Ainsi, en guise de confirmation
supplémentaire, nous avons utilisé la RF précédemment citée en nous basant sur
Uhypotheése suivante : « Une femelle qui expérimente une perte totale de sa portée
retrouvera le mouvement d’une femelle solitaire en quelques jours ». C’est ce que la
littérature a précédemment mis en évidence (Gardner, Pamperin, Benson 2014). Ainsi,
les observations précédant la date de changepoint sont attendues a étre classées en tant
que « femelle avec ourson », et les observations situées apres la date de point de
changement devraient étre classées en tant que « femelle solitaire ». Les dates de
changepoint détectées ont été confirmées grace a la RF préalablement entrainée avec
une exactitude de 74 %. Ces résultats offrent une approche innovante et prometteuse
pour combler les lacunes des données reproductives pour les individus sans données de
suivi sur le terrain. De plus, il serait possible d’extraire des dates potentielles de perte de
portée avec une précision de Uordre du jour via l'analyse des données GPS. Nous
pourrions envisager que cette méthode soit exportée et adaptée pour détecter d'autres

événements de la vie d’un individu (conflits, perturbations, etc.).

Malgré les défis liés aux particularités biologiques et a la saisonnalité inhérente aux ours
bruns, cette étude a permis 'émergence d’un nouvel outil méthodologique pour évaluer
le statut reproducteur des femelles ours bruns aprés l'hibernation, fournissant des
informations précieuses sur les taux de natalité et de mortalité des oursons, et

permettant Uélargissement des questions scientifiques inhérentes au succes
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reproducteur des ours bruns et aux différents défis et perturbations auxquels ils font

face.

Nous pourrions envisager que ces outils : l'analyse bayésienne du changement de point
et l'utilisation de foréts d'arbres décisionnels, puissent étre appliqués a d'autres espéces
pour déterminer le statut reproducteur et la présence de jeunes. Le mouvement
permettrait donc de déduire une gamme d'informations sur les populations d'animaux
sauvages et le statut reproducteur n'est qu'un des champs d'application possibles. Nous
pourrions imaginer, une fois ces méthodes améliorées, étre capables de détecter des
états de stress, de perturbation ou méme des mouvements suggérant une dégradation
de la santé de l'animal. Les possibilités offertes par la combinaison de ces méthodes et
les récentes contributions du machine learning laissent entrevoir un large champ
d'applications qui pourrait apporter des éléments de réponses a de nouvelles

problématiques concernant les espéces sauvages.

Photographie d’une femelle et ses deux jeunes agés d’un an durant un événement de capture.  1g
Seu Manon
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I. Introduction

1. Reproduction & Movement

Reproduction and movement each incur costs, and are interconnected, impacting one
another (Trivers 1974; Stephen C. Stearns 1998). Consequently, females must weigh the
energy invested in current offspring against the probability of surviving to reproduce
again, leading to observable differences in movement patterns between reproducing and

non-reproducing animals.

Studies have shown that movement characteristics vary among different reproductive
statuses across various species. These differences are already observable between
sexes; for instance, male humpback whales tend to have higher local movement
frequencies between breeding sites compared to females and females with calves,

primarily driven by their search for mating opportunities (Nozomi Kobayashi et al. 2017).

Some studies have attempted to estimate calving events of ungulates by using movement
data, such as speed and direction (DeMars et al. 2013; Nicholson et al. 2019). Gaining
insights into the reproductive status of individuals within a population is essential for
evaluating reproductive rates, fertility, reproductive success, and survival, all of which
are pivotal for understanding population demographics and shaping adaptive
management and conservation strategies (Oliver Manlik 2019). However, accurately
accessing this reproductive data presents significant challenges, particularly due to the
elusive nature of many species and/or the extensive areas they inhabit. This is the case

of the Brown Bear (Ursus arctos) on which this study will focus on.

Thus, a key challenge in movement ecology is to identify behaviors from movement data
and to associate these movements with specific environmental contexts. Reproductive

status significantly influences individual behaviors (Luana V. P. Ruivo et al. 2017) and as
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such, movement characteristics serve as a mirror of an internal status, potentially
revealing an individual's reproductive status. This opens the possibility for developing a
robust tool, which utilizes movement patterns to extract information on the animal’s
internal, reproductive status, offering a more nuanced understanding of behavior in
relation to environmental and physiological conditions. This could potentially help to
extract demographic data of interest, enabling better management and conservation of
populations. This complex challenge necessitates innovative approaches to reliably
monitor and interpret the reproductive dynamics critical to conservation efforts,
employing GPS data collection methods that, aside from the initial collaring process,
remain minimally invasive. This could potentially facilitate the extraction of valuable
demographic data, enabling more effective management and conservation of

populations.

In line with these efforts, the Scandinavian Brown Bear Research Project (SBBRP) has
employed a comprehensive surveillance approach for the study population, which
includes both aerial and ground monitoring since 1987. Throughout the active season
from April to August, irregular aerial surveys are conducted to assess natality and the
survival of litters. These surveys are crucial for evaluating the presence and number of

cubs, and litter losses.

2. Chronology of reproduction in brown bears

Most female brown bears in Eurasia typically reach primiparity at the age of 4-5 years
(Zedrosser et al. 2009). The mating season occurs at the end of spring and the beginning
of summer (Spady, 2007) as shown in Figure 1. After fertilization, the female brown bear
experiences an obligatory embryonic diapause for 5 to 6 months which ends with the
implantation of the embryo around November-December (Wimsatt 1963). The active
phase of gestation that follows has been reported to be 51 days on average for the study
area’s population (Lemiere et al. 2022). Parturition takes place between January and early
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February (Lemiére et al. 2022) during hibernation. The female will nurse one to four cubs
for several months before and after exiting the den, while no paternal care is provided
(Friebe et al. 2014). The offspring remains with their mother for 1.5 to 2.5 years before
separating (Dahle, Swenson 2003; Joanie Van de Walle et al. 2020) and females generally

do not mate while they are caring for their young (Swenson et al. 1994).

Breeding season ’

’

May to July /
Coitus-induced
ovulation
Breeding offspring Embryonic diapause
(1.5-2.5ans) 4-5 months

# .44 “ At

2-3 years September - October
Parturition and onset of Uterine implantation
lactation November - December

January - February

Hibernation
(6-7 months)

Gestation
56 days

Figure 2: Brown Bear reproduction cycle according to Friebe et al., 2014. Source Canva, by
author
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3. Movement patterns of brown bears and reproductive status

The impact of reproductive status on movement can already be seen in the denning
phenology. Pregnant females are more selective when choosing a denning area and
exhibit increased caution, frequently visiting the future den site several months before
hibernation begins to ensure meticulous preparation (Friebe, Swenson, Sandegren
2001). They typically enter hibernation as early as late September, starting earlier than
any other reproductive states. They also tend to emerge later in May-June, and therefore
experience the longest denning periods (Manchi, Swenson 2005). During hibernation
bears remainin theirdens without eating, drinking, urinating or defecating for 6-7 months,
surviving solely on stored fat reserves while their body temperature, heart rate and
metabolic functions slow dramatically to conserve energy until spring (Alina L. Evans et

al. 2016).

During the active season, for a solitary individual, average daily movements can vary from
1.5 to 3.5 km, peaking during the mating season when bears, especially males, make
longer excursions to find mates and engage in scent marking (Huber, Roth 19983;
Seryodkin et al. 2017; Dahle, Swenson 2003; Krofel, Filacorda, Jerina 2010; Steyaert et al.
2012).

The movement of females during the active season is also influenced by the presence
and age of offspring. Providing maternal care constitutes a significant parental
investment (Robert Trivers, 1974; Celia Moore,1995) and this costly behavior influences

their movement patterns.
The movement of a female with cubs-of-the-year (CQOY) is heavily influenced by the
mobility of her cubs. COY cannot move as much as yearlings, two-year-old, or solitary

females, which the mother must take into consideration in her own movements.
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The movement of female brown bears during the active season is highly influenced by the
presence and age of their offspring (Steyaert et al. 2012). Cub mortality is high during their
first year of life (35% in central Sweden) and is mainly due to the sexually selected
infanticide (SSI) perpetuated by males during the mating season that starts right after the
female emerges from the den with her litter (Swenson et al. 2001). Infanticide is known to
be the most important cause of death for brown bear COY in Scandinavia (Steyaert et al.
2012). SSl is an adaptive male mating strategy that is observed in certain animal species,
including bears, where individuals (usually males) kill offspring that are not their own to
shorten the time to the mother’s next estrus (which is usually suppressed when the
female lactates dependent offspring) and enables the perpetrator to sire the next litter
(Bellemain, Swenson, Taberlet 2006). It has also been observed that the movement rates
of receptive females and those who have lost their entire litter become similar in a few

days after the litter loss (Gardner, Pamperin, Benson 2014).

The least costly strategy for females with COY is avoidance to maximize their fitness even
if sometimes they can fiercely defend their offspring when they sense danger, especially
when males try to attack them (Zedrosser et al. 2009). To minimize the risk of infanticide,
females adopt various strategies to increase COY survival. They tend to reproduce with
males whose territories overlap with their own (Bellemain, 2006a), and multiple paternity
(the fact that cubs of the same litter can have different fathers) could also be a strategy
to induce confusion in males when they encounter a female they reproduced with the
previous year. Additionally, females with COY restrict their movements and activity,
particularly during the mating season, to avoid contact with potentially infanticidal
males, often selecting less productive habitats to reduce infanticide risk (Dahle,
Swenson 2003; Hertel et al. 2019; Steyaert et al. 2016), which can sometimes lead them

to move closer to human infrastructures.

In Alaska it has been proved that females enhance cub safety by staying closer to the den

for a couple of weeks following emergence, limiting their movements to selected habitat
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patches, and decreasing their activity from midnight to mid-morning and significantly
reduce their home range by 63-91% to minimize exposure to potential threats from adult
male bears (Gardner, Pamperin, Benson 2014). Similarly, in the Scandinavian population,
previous studies have shown that females with COY move at about one-third the rate of
receptive females during the mating season and display a less distinct bimodal daily
movement pattern compared to receptive females (Steyaert et al. 2013). Females with
yearlings show an intermediate movement pattern, probably because they are less atrisk
of infanticide and can travel faster and over longer distances. These particularities of the

movement of females with COY in both Alaska and Scandinavia are summarized in Figure

3.
Movement strategy to avoid the risk of SSI
Ul uinw :
]
]
]
]
]
]
]
]
=t :
. X |
#1. females with cubs move about 1/3 of the rate than receptive | #1. Smaller home range, shorter travelled distances, lower movement
females during the mating season. rates (km/h).
]
#2. Females with cubs move in a less bimodal diurnal pattern than | #2. Females with surviving cubs remained within 1 km of the den for a
receptive females during the mating season. longer period following emergence than those that lost cubs.

#3. Movement rates of receptive females and of females after litter

#3. Different activity patterns compared with females that lost their
loss are not distinguishable already 1 day after the litter loss.

cubs, particularly by moving less between midnight and mid-morning.

,/ Grizzly Bear (Alaska) \\‘
\\ Ursus Arctos //

‘,/Scandinavian Brown Bear\l
‘

‘\\ Ursus Arctos /’

According to Steyaert et al. 2013) According to Gardner, et al. 2014)

Figure 3: Comparative movement caracteristics of female with COY.

Source Canva, by author
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4. Framework of the Scandinavian Brown Bear Research Project:

Context and Objectives

The Scandinavian Brown Bear Research Project (SBBRP) is a multidisciplinary research
project that has been ongoing for over 40 years. The philosophy of this group is simple:
"follow the individual from birth to death" to improve the understanding of the specie,
which was still poorly developed a few decades ago. Using methods such as GPS/VHF
collar tracking, den studies, scat sampling, and habitat surveys, the project explores

essential aspects of bear biology.

Today, the project is multidisciplinary, with researchers from various scientific
backgrounds: ecologists, veterinarians, biologists, and doctors all work together to study
bears comprehensively. The SBBRP focuses its efforts on several key areas. It
disseminates up-to-date information on bear biology and ecology, raising public
awareness through various means such as webinars and articles. For 40 years, it has
translated its research into concrete actions, providing Scandinavian managers with
evidence-based data to guide management decisions. The program also collaborates
with local communities to address bear management issues, including impacts on
livestock and ungulates. Additionally, its research has led to advances in human
medicine, using the brown bear as a model to better understand health problems related
to sedentary lifestyles. Indeed, the bear's ability to hibernate for several months without
losing muscle mass has led to detailed studies aimed at finding treatments to slow down

muscle wasting during prolonged bed rest or space missions.

In summary, over 40 years, the SBBRP has made major contributions to brown bear
biology and ecology, animal welfare, and human health. It has also developed new
scientific methods and collaborated with international researchers, thereby improving

bear management in various parts of the world.
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5. Study aims

Therefore, the objectives are twofold.

1/ Atheoretical and fundamental part describes the movement of females based on their
reproductive status and explores the intrinsic and extrinsic factors that may influence it
as. Animalmovementis affected by an individual’s ability to orient within its environment,
its physical capacity for movement, internal status, and extrinsic elements such as food
availability, predation risk and competition, and climatic conditions (Demsar et al. 2015)
such as ambient temperature and precipitation. According to the literature we
hypothesize that the distances travelled by individuals and their daily home ranges will
differ between the following reproductive statuses: females CQOY, females with yearlings,
and solitary females.

Then, the intrinsic variables examined are reproductive status, and age. The main
underlying hypothesis is that females with surviving COY exhibit a different
spatiotemporal movement pattern following den emergence compared to those that lost
their COY. This work also seeks to explore environmental variables that may influence the
movement characteristics of these different statuses. The chosen factors are ambient
temperature [°C], daily snow depth [m], and precipitation [mm/day]. We predict that
movement will increase as we progress through the year, and that the aforementioned

meteorological factors will tend to negatively impact movement.

2/ Building on this initial reference study, we aim to infer the reproductive status of
females through their movement data and detect cub loss events by identifying the
breaking points at which the females travel faster and over longer distances following the
stressful event of infanticide. After this event of litter loss and according to the previous
literature we expect this a transition to occurs at least within few days, we expect that a
female who has lost her litter will not return to the movement level of a female

accompanied by COY but rather to the movement level of a solitary female seeking to
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mate with a male. We will then use a classification model as a cross-validation method

to verify if the identified date corresponds to the likely time of cub loss.

To summarize, this work aims to enhance our understanding of the movement of
breeding female Scandinavian brown bears and to develop a reference for movement
behaviors. This will allow us to consider using GPS data as a genuine monitoring tool
capable of inferring the reproductive status of a given female based on her movement

patterns and to determine if she experienced litter loss.

6. Integration into a Global Research Framework: Contribution and

Perspectives

The work carried out during these five months in Norway is part of the Scandinavian
Brown Bear Project's ongoing research and, more specifically, will serve as a
methodological tool for the various ongoing doctoral theses. The methodological tool
developed aims to assign a reproductive status to a given female bear based on her
movements. She will be categorized between two possible statuses: solitary or with COY
based solely on the GPS positions recorded by her collar. This methodological tool also
allows for the determination, with satisfactory precision and certainty, of the dates of
COY loss (during infanticide events or mortality).

Access to this information allows for a broader range of research questions and a better
estimation of the demographic parameters of the studied populations.

One of the projects that the SBBRP aims to study is the impact of climate change on the
reproductive success of brown bears. Indeed, as temperatures rise, den emergence
dates tend to occur earlier. However, birthing dates do not seem to follow this trend,
which seems to lead to significant phenological mismatches. Female bears tend to
emerge from the den earlier, while the COY may not be in a sufficient physical condition
to move at that time. This lack of readiness can lead to increased mortality, especially

due to infanticide, but also due to inadequate conditions to face winter during that period
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of the year. Another PhD project currently underway within the SBBRP is studying the
impacts of captures (chemical immobilization, sampling, and implantation of biologging
devices, including surgeries) in the short and medium term. One aspect of this PhD would
be to examine whether captures tend to increase the probability of a mother separating
from her young. A premature separation could also lead to a decrease in the offspring's

chances of survival.

Il. Material and Methods
1. Study Area

The main study area of the SBBRP is located in the counties of Dalarna and Gavleborg in
central Sweden (61°N, 18°E). This area encompasses 13,000 km? of intensively managed
coniferous forests, with altitudes ranging from 200 meters to 1,000 meters, and 90% of

the terrain situated below 750 meters.
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2. Study population

Data were collected from 97 sexually mature female bears (i.e. age > 4 years, (Zedrosser
et al. 2009) that have been followed by the SBBRP from 2006 to 2023. However, the
statistical unit used is the individual per year, meaning that some individuals appear
multiple times in our dataset, each corresponding to a different year. As a result, we have

114 statistical units.

Table 1 :Study population and reproductive status summary

Reproductive Status Status of the Litter  Number of Individuals Median Age Min Age Max Age

Solitary 32 5.0 4.0 17.0
Accompanied by Yearling 26 11.0 6.0 24.0
Accompanied by COYs  All the litter survived 37 11.0 4.0 23.0
Partial loss of the litter 5 7.0 5.0 9.0
Total loss of the litter 13 7.5 4.0 16.0
Total 114 7.5 4.0 24.0

3. Bear Captures collaring and general monitoring

The main purpose of the SBBRP is to follow individuals throughout their life to conduct
long-term ecological studies for management purposes. This monitoring involves

different type of fieldwork and data collection Figures 5 and 6.

The SBBRP conducts annual captures of brown bears in Sweden in spring by darting
from a helicopter with a combination of medetomidine-tiletamine-zolazepam
in accordance with an established protocol (Arnemo, Evans 2017). All procedures were
conducted under the approval of the Swedish Ethical Committee on Animal Research,
Uppsala, Sweden (Dnr C3/2016 and Dnr C18/15). Individuals are equipped with
biologgers including a global positioning system (GPS) collars fitted with a dual-axis

accelerometer that records activity since 2003 (Vertex Plus, Vectronic Aerospace GmbH,
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Berlin, Germany), and on some occasions with a temperature logger that is surgically
implanted in the abdomen since 2010 (DST Centi-T, Star Oddi, Iceland) Figure 5 and 7.

Tb (body temperature), used to determine if the female is pregnant, is recorded every 30
min thanks to a biologger implanted in sternal region (Figure 6).The collars are
programmed to record GPS positions at hourly intervals from 1st March - 30th November
and at one position per day for the rest of the winter but this frequency can vary depending
on the ongoing studies and due to reception issues. Activity is recorded every 5 min at 6—
8 Hz and individual indices (ranging from 0 to 510) are calculated by summing the
acceleration values of both orthogonal axes for each 5-min interval (Vincenzo Gervasi,

Brunberg, Swenson 2006; Friebe et al. 2014).

Figure 5: GPS collaring. New GPS collar for adults (A) and yearlings (B) Photograph by
author.
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Figure 6 : Figure 6: Biologger before (A) and after surgical implantation in sternum area
(B). Photograph by author.

LZN

Figure 7:intra-abdominal VHF radio implant.

To determine den positions, GPS positions transmitted during the winter period are
systematically investigated. The observed clusters are visited when possible after the
bears have leftthe denning area and exact positions of the dens are taken with a handheld
GPS. For the dens which could not be visited, we use the geographic mean of the cluster
comprising at least 6 GPS positions within 100 m for at least 2 consecutive days between

January and April.
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To assess natality, litter size and cub losses, cubs-of-the-year presence and numbers
were monitored on various occasions during the active season (Figure 8 and 9). When
denning sites were visited in spring after the family had left the area, signs of presence
(i.e., tracks in the snow, scats and climbing marks on the trees) of cubs-of-the-year were
reported. Additionally, irregular annual aerial surveys are conducted throughout the
active season from April/May to August by plane or helicopter and all females were
observed at least twice. In case of GPS collar failure, females were recaptured to replace
the collar and the presence and number of cubs was also noted on this occasion. All
families were captured the following year in spring for the need of other projects and the

presence of cubs was also reported.

Reproductive status monitoring

Detection of pregnancy via . Lactation sign during Aerial surveillance after
.. Tracking around den area .
activity data capture den exit
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Figure 8: Summary of monitoring methods. Source Canva, by author
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Figure 9: Signs of lactation observed during spring captures. Photograph by author
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4. Data preparation

All data preparation, visualization and analyses were conducted in R (version 4.3.0).
Because the time interval between the recorded positions of an individual could vary, we
standardized the GPS data to one position per hour to ensure consistency across the
dataset. A comprehensive mind map provided in Appendix 7 relates all the steps of data

preparation.

5. Movement metrics

We investigated three different movement metrics to explore the differences in terms of

movement among the different reproductive statuses.

a) Mean daily Step length

Step length was calculated with the “bayesmove” package (Cullen et al. 2022) and
describes the euclidean distance between two successive locations. Because our
dataset was standardized to one position per hour. The step length corresponds to a
specific speed given in meters per hour (m.h-). The metric used was the average distance

traveled per hour for a given day.

b) Mean daily home range

Daily mean home range was calculated with the “amt” package (Signer, Fieberg, Avgar
2019) and we utilized the 95% Minimum Convex Polygon (MCP) so corresponding to the
average home range size of the individual for a given day. The 95% MCP method involves
constructing the smallest convex polygon that encloses 95% of the recorded locations,

focusing on the core area of animal activity by excluding the outermost data points.
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c) Persistence

Persistence, calculated according to Equation 1, in the context of animal movement
refers to the consistency with which an animal maintains its speed and direction over
time. Persistence is quantified by evaluating autocorrelation between consecutive steps
(relocations) in an animal's movement trajectory. A high persistence value (close to 1)
indicates that the trajectory shows a high degree of autocorrelation, meaning the animal
moves in a relatively straight line at a constant speed. Conversely, a low persistence
value (close to 0) suggests a more erratic movement pattern, resembling a random walk,
where the direction and speed change frequently This metric has been calculated with

the “animotum” package (Jonsen et al. 2019).

Equation 1 :dtis the changes in an animal’s location x at times tand =1 t-1. The
random variable 7t~M0,2) nt~N(0,2), with variance-covariance matrix 2, specifies the
maghnitude of variability in the two-dimensional movements. yZis the time-varying
movement

di = vedi—1 + 1

6. Intrinsic factors

a) Reproductive status monitoring

From our dataset we differentiated between three reproductive statuses: solitary females
not accompanied by cubs, females accompanied by cubs born in the same year (COY) or
females accompanied by cubs born the previous year (yearlings). Within the females with
COY category, we differentiated between females who retained their COY until at least
the end of June and females who lost their cubs at some point before June either
completely or partially. We only include females that survived through the study period

(until 30th June) in our GAMMs analysis. Bears were monitored irregularly on various
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occasions over the course of a year, and the final reproductive status assigned to each

female was determined by combining several methods.

b) Pregnancy status

To detect gestation events, different parameters were used sequentially (i.e. if the first
parameter could not be assessed, then the second one was evaluated etc.) in the
following order:

(1) observation and counting of COY during aerial surveys the following spring/summer.
(2) maternal activity or temperature profile compatible with pregnancy during winter
(Friebe et al. 2014; Lemiére et al., 2022). A pregnancy can be detected when there is a
period of high activity and elevated temperature in pregnant females, followed by a
significant drop around the time of parturition.

(3) signs of COY (tracks in the snow, claw marks, remains, scats...) observed at the den
site during aerial surveys or when visiting the den site in spring,

(4) signs of lactation observed during the capture (milk, used nipples...).

Females that filled up at least one of these criteria were classified as pregnant and as

non-pregnant otherwise.

c) COY losses

Cub losses were assessed for the females with COY based on the aerial monitoring
conducted throughout the active season (Figure 1).

- If the number of COY counted remained the same throughout the entire active
season, we considered that all cubs had survived,

- If the female was never seen again with her litter during the active season, we

considered that a total loss had occurred,
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- If the female was seen with at least one COY at the end of the active season, but
the final number of COY was below the maximum number of COY reported during that

year, we considered that a partial loss had occurred.

All reproductive categories and scenarios regarding the survival of bear cubs have been
specified in Figure 10.

Figure Caption
Used in the baseline model
Used for the changepoint analysis

Pregnant status Pregnant Non-Pregnant

J SN

. Accompanied by :
Satus at den exit COYs i Solitary

Status of the litter

All survived Partial loss Total loss
30th of June

Figure 10: Overview of the different reproductive statuses included in the study.

Notes: Females accompanied by two-year-olds were excluded from the study because they are very
likely to separate and we do not know the exact date of separation. 2.The females accompanied by
yearlings included in the study are those for which we are certain there was no separation during the
year studied. 3.Some females can be detected as pregnant during hibernation but may emerge from
the den without cubs (due to mortality inside the den or late-term abortion). Figure by author.

The age of the bears was determined by following the offspring of marked females from
their first capture as yearlings, or by counting the annuli of cross-section of the root of
one of the first premolars after surgical extraction for the females that were captured as
adults for the first time (Harshyne et al., 1998).The median age of these females was 8

years (min age : 4 years - max age : 24 years, Fig. 1).
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7. Extrinsics factors

The R package “opennmeteo” (Zippenfenig 2024) was utilized to extract the following
environmental variables: temperature_2m_max, representing the maximum daily air
temperature at 2 meters above ground, and precipitation_sum, indicating the sum of rain,
showers, and snow over the preceding day. We obtained daily snow depth data [m] of all
swedish weather stations from the Swedish Meteorological and Hydrological Institute
(SE-601 76 Norrkdpping, Sweden) and used inverse distance weighted interpolation from
the R package gstat (Pebesma 2004) based on the five closest weather stations. The GPS
positions chosen for each individual per year correspond to the location of the last known
den used by the individual during the hibernation for that specific year. Den locations
were determined based on GPS clustering observed during winter and subsequent visits
in the field the following spring (ref Andrea).(Friebe, Swenson, Sandegren 2001). To avoid
biases caused by captures, the locations of individuals captured in the spring or early

summer were excluded for three days following the capture date.

8. Statistical Analysis

This research investigated differences in movement patterns of female bears relative to

their reproductive status from den emergence to the end of the mating season.

a) Baseline movement model

We used Generalized Additive Mixed Models (GAMMs) to estimate the baseline
movement patterns of the three different reproductive states, employing 'mgcv'(Wood
2017) and 'itsadug' (Van Rij et al. 2015). GAMMs allow for a robust handling of non-linear
relationships between response and predictor variables and temporally autocorrelated
data. We used daily values of mean daily of step length (m/h), home range and

persistence parameters from 15th April - 30th June as three separate response variables
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and set up a list of candidate models encompassing the following predictor variables:
reproductive status as in interaction with the day of the year, age of the female and
extrinsic/environmental variables (maximum daily ambient temperature, maximum daily
precipitations and daily snow depth) as an interaction with reproductive state. All
interactions were modeled as non-linear effects. (Table 2, 3, 4). Correlation and structure

of the environmental variables were checked using a correlation matrix (Appendix 2).

A gamma distribution with a log link function was used for models with step length as a
response variable, a scat distribution with identity link for home range and a gaussian
distribution for persistence. All models included a random intercept for the individual
bear to control for inter-individual variability and repeated measurements and an
autoregressive model structure (AR1) (José C. Pinheiro 2000) to account for temporal
autocorrelation in the error structures. Basis dimensions for the parameter k were
checked with “gam.check” function and diagnostic plots were investigated to validate
model assumptions (Appendix 4).

We used the Akaike Information criterion and the R package “bbmle” to compare
candidate models with each other and the highest ranked model within A AIC < 2 was

picked (Burnham, Anderson 2004).

b) Development of a new tool to determine reproductive status and detect cub

losses

i. Random Forest training

To verify if movement could be used to determine the reproductive status of a female, we
used a random forest (RF) trained on 78% of the dataset and ran it on the remaining 22%
(Wright, Ziegler 2017). We aimed to train this model specifically to distinguish between a
solitary female and a female with cubs, so the training was conducted on a subset

containing only these two reproductive statuses, excluding females with yearlings.
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ii. Identifying the timing of litter loss

For identifying when females with COY may lose their litter, a bayesian changepoint
analysis was performed using the 'rbeast' package (Zhao et al. 2019) facilitating a
multivariate approach by including both step length and home range into the
decomposition of the time series. This approach could detect notable changes in time
series data, exemplified by the sudden alterations in movement experienced by females

upon losing their COY. It also assigns a probability to each identified changepoint.

Females who have been monitored with COY and confirmed to have lost their entire litter
(n =13) were included in this changepoint analysis in order to detect the timing of when
this litter loss occurred. The change point algorithm was parameterized to detect up to 3

changepoints and polynomial order could vary from constant to linear.

The MCMC process included a burn-in of 5000 iterations and 15000 samples post-burn-
in and the analysis accounts for deseasonalization and detrending. For each changepoint
identified as a potential date of cub loss, we assigned a reliability index (RIl). An Rl of 1
indicates that no changepoint matched the monitoring table, and the changepoint with
the highest probability was selected. A Rl of 2 denotes a changepoint that was not the
most probable but aligned with the observations from the monitoring table. An Rl of 3
represents the most probable changepoint occurring during a period consistent with the
aerial monitoring table. Priority was given to choosing the changepoint with the highest

RI.

To exclude the possibility that a detected changepoint corresponds to den exit when
bears resume their activity in spring, we identified that event based on using GPS
positions data before running the changepoint analysis. Following (Lemiéere et al. 2022)
we considered that a bear had left its den when it moved further than 100 m from the den
position in the following spring.
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iii. Cross Validation of the changepoint analysis through the Random Forest

method

After assigning a litter loss date (changepoint) for each individual, a subset was created
for each individual, and all observations were classified using the Random Forest model.
This step aimed to assess the accuracy of the changepoint method. To determine COY
losses, time periods before and after a changepoint forfemales who had lost all their COY
were analyzed individually to categorize their movement patterns as either corresponding
to females accompanied by COY or to solitary females. The RF model categorizes
observations based on these changepoints, identifying periods when a female should still
be accompanied by COY (before the changepoint) and periods when she should be
classified as solitary (after the changepoint). An example of a misclassified observation
occurs when the RF model incorrectly categorizes a movement pattern, such as
classifying a female still accompanied by COY as solitary, or vice versa after the

changepoint. This misclassification leads to a decrease in accuracy.

The entire methodological process is visually represented in Figure 11.

21 STEP3 °
C . £ oss validation with the
onstruction o .
e e Changepoint analysis ndom forest previously
andom fores B ined
model
Population : solitary females and Population : females that lost the Population : females that lost the cubs
females with COYs whose status is cubs

Objective: try to confirm that the CPs
detected are reliable, based on the
hypothesis that before the changepoint

known with certainty.
Objective: Try to detect the dates

Objective: can status (solitary/with when opursons are lost by detectin
, . ( v . P ) . y . g date, a female will be classified by the RF
COYs) be determined on the basis of changes in the behaviour of motion )
. . as having COys and after the CP as
movement metrics alone? metric curves.

solitary

Figure 11: Summary of the methodological process. Source Canva, by author
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lll. Results

1. Baseline movement model

a) Mean daily step length

The highest-ranked model for step length included both of the variable’s day of the year
and snow depthin an interaction with reproductive status as non-linear predictor
variables, and included precipitation as an additional variable (Table 1). For solitary
females and females with yearlings, step length increased from day 105 (April 15), but
those with yearlings moved 50% less than solitary females. For females with cubs of the
year, step length increased gradually from day 130 (May 10), however moving 90% less
than solitary females this day. By day 150, solitary females and those with yearlings move
504 m/h and 354 m/h averaged over a day, respectively, while those with cubs move 78%
less [112 m/h (95% CI:)]. From day 157 (June 6), the mean distance travelled by solitary
females decreased, and by day 182 (July 1), there were no significant differences among

reproductive statuses (Figure 2 - A).

Table 2 :AIC model selection table for mean daily step length [m/h]. All models included
a random intercept for the Bear ID. The highest ranked model (highlighted in blue)
included an autocorrelation structure AR1.

Model Model Candidates AIC AAIC df Weight
m9  s(day, by = repro_status) + repro_status + s(snow_depth, by = repro_status) + precipitation 64,484.3 0.0 64.0 0.67

s(day, by = repro_status) + repro_status + s(precipitation, by = repro_status) +

mi s(snow_depth, by = repro_status) 644858 15 659 033
m8 s(day, by = repro_status) + repro_status + snow_depth + precipitation + temperature 64,5676 83.3 617 <0.001
m7  s(day, by = repro_status) + repro_status + snow_depth + precipitation 64,5720 877 60.8 <0.001

m10 s(day, by = repro_status) + repro_status + s(precipitation, by = repro_status) + snow_depth 64,5749 90.6 62.6 <0.001

m6  s(day, by = repro_status) + repro_status + snow_depth 64,580.3 96.0 596 <0.001
m4  s(day, by = repro_status) + repro_status 64,7635 279.2 58.0 <0.001
m5  s(day, by = repro_status) + repro_status + age 64,768.2 2839 583 <0.001
m3  s(day) + repro_status 65196.4 7121 481 <0.001
m2 s(day) + s(bear_id, bs = 're') 66,5688.5 2,104.2 50.2 <0.001
ml 1 67,920.4 3,436.1 44.8 <0.001
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b) Mean daily Home range

The highest-ranked model for mean daily home range included the day and reproductive
status in a non-linear interaction term (Table 3).(Figure 2 - B) shows that all reproductive
states follow an increasing trend in home range with solitary females having the highest
predicted daily home range values, followed by females accompanied by yearlings and
females accompanied by COY. On day 156 (5th of June 5), solitary females reach their
maximum predicted daily home range (3.3 km?), while females with yearlings have a 38%
smaller home range (2.0 km?), and females with cubs have a home range of 0.9 km?,

which is 78% smaller than that of solitary females on the same day (Figure 2 - B).

Table 3 : AIC model selection table for mean daily Home range (km2). All models
included a random intercept for the Bear ID. The highest ranked model (highlighted in
blue) included an autocorrelation structure.

Model Model Candidates AlIC AAIC df Weight
m4_hr s(day, by = repro_status) + repro_status 4,461.3 0.0 58.1 1

s(day, by = repro_status) + repro_status + s(precipitation, by = repro_status) +

mi_hr s(snow_depth, by = repro_status)

25,6424 211811 79.2 <0.001

s(day, by = repro_status) + repro_status + s(precipitation, by = repro_status) +

m10_hr 25,650.0 21,188.7 717 <0.001

snow_depth
mo_hr ‘s)(rceii?/éi?;/ti:o;epro_status) + repro_status + s(snow_depth, by = repro_status) + 25,6517 211905 713 <0.001
m8_hr s(day, by = repro_status) + repro_status + snow_depth + precipitation + temperature 25,661.6 21,200.3 671 <0.001
mb5_hr s(day, by = repro_status) + repro_status + age 25,665.4 21,2041 64.9 <0.001
m3_hr s(day) + repro_status 25,885.0 21,423.8 50.2 <0.001
m2_hr s(day) 26,191.5 21,730.2 50.8 <0.001
mi_hr 1 26,798.1 22,336.8 476 <0.001
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c)

Persistence

The highest ranked model for persistence included the factor-smooth interactions of day,

snow depth, and temperature with reproductive state each, as well as age and

precipitation as predictor variables (Table 4) and (Figure 2 - C) shows that solitary females

had the highest predicted persistence values over time, followed by females

accompanied by yearlings, while females accompanied by COY have the lowest

predicted persistence values, with all groups demonstrating an overall increasing trend.

Table 4 : AIC model selection table for mean daily persistence (g). All models included a
random intercept for the Bear ID. The highest ranked model (highlighted in blue) included
an autocorrelation structure.

Model

m10_g

ml4_g

m8_g

m9_g

m11_g

mi12_g

m13_g

m7_g
m6_g

mb5_g

Model Candidates

s(day, by = repro_status) + repro_status + age + s(snow_depth, by = repro_status) +
precipitation + s(temperature, by = repro_status)

s(day, by = repro_status) + repro_status + age + s(snow_depth, by = repro_status) +
s(precipitation, by = repro_status) + s(temperature, by = repro_status)

s(day, by = repro_status) + repro_status + age + s(snow_depth, by = repro_status) +
precipitation + temperature

s(day, by = repro_status) + repro_status + age + s(snow_depth, by = repro_status) +
s(precipitation, by = repro_status) + temperature

s(day, by = repro_status) + repro_status + age + snow_depth + precipitation +
s(temperature, by = repro_status)

s(day, by = repro_status) + repro_status + age + snow_depth + s(precipitation, by =
repro_status) + s(temperature, by = repro_status)

s(day, by = repro_status) + repro_status + age + snow_depth + s(precipitation, by =
repro_status) + temperature

s(day, by = repro_status) + repro_status + age + snow_depth + precipitation + temperature
s(day, by = repro_status) + repro_status + age + snow_depth

s(day, by = repro_status) + repro_status + age

s(day, by = repro_status) + repro_status

s(day) + repro_status

s(day)

1

AIC

-51755

-5,173.9

-5,166.9

-5,164.8

-5,100.6

-5,098.6

-5,088.9

-5,085.5
-5,085.5
-5,048.7
-5,034.9
-47783
-4,340.6

-3,470.5

AAIC

0.0

1.6

8.6

10.7

74.9

76.9

86.6

90.1
90.1
126.8
140.6
397.3
834.9

1,705.1

df

75.9

779

70.0

72.0

67.9

69.9

64.0

60.0
60.0
60.7
59.6
481
49.3

446

Weight

0.6843

0.3032

0.0093

0.0033

<0.001

<0.001

<0.001

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

<0.001
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Predicted values of daily mean step [m/h]

d) Global representation of the GAMMs

Figure 12 illustrates the predictions of the generalized additive mixed model for three
movement metrics: mean daily step length (A), mean daily home range (B), and mean
daily persistence (C), from April 15th to July 1st. The curves are segmented by the
reproductive status of females: green represents those with cubs of the year (CQY), blue
represents those with yearlings, and red corresponds to solitary females. The lighter
areas represent the 95% confidence interval. This figure provides an overview and serves
as a reference model, demonstrating that the three selected metrics were relevant and

showed significant differences between the three reproductive statuses at specific times

of the year.
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Figure 12: Predictions of the Generalised additive mixed model for the three selected
movement metrics.

Mean daily step length [m/h] (A), Mean daily home range [km?] (B)and Mean daily persistence [g]
(C) from 15" of April (105" day of the year) to the 1 of July (182th day of the year) for each
reproductive status. The lighter areas represent the 95% confidence interval (Cl). Green
correspond to females with CQOY, blue to those accompanied by yearlings when red is
corresponding to solitary females.
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2. Effect of environmental factors

Precipitation had a negative effect on step length for all reproductive states, while snow
depth negatively impacted step lengths only in solitary females and females
accompanied by yearlings (Appendix 4 - A)

Snow depth and temperature negatively impact persistence for females accompanied by
yearlings and females accompanied by COY, respectively (Appendix 4 - C). Effect of show

on mean daily step length for each reproductive status is given in Figure 13.
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Figure 13: Effect of snow depth (m) on Mean daily step length (m/h)
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3. Classification model performance

Following a training phase on a subset representing 78% (14 752 observations for 54
individuals) of the total dataset, 22% of the data were used for testing (4089 observations
7 females solitary and 8 with CQOYs). As shown in the following confusion matrix (Table 5).
The model correctly predicted the reproductive status in 73.9% of cases, with a positive
predictive value of 0.76 and a negative predictive value of 0.72. sensitivity was 0.61 and
specificity was 0.85. The classification details for each observation provided by the
random forest are presented in the confusion matrix in Table 5. Each observation/unit

corresponds to a daily average value of step length, home range, and persistence.

Table 5 : Confusion matrix

Reference status

Predicted status Solitary Survived
Solitary 1204 372
Survived 775 2046

‘Positive’ class: Solitary

4. Changepoint analysis

Out of three possible changepoints for each of the 13 individuals, one was selected as
described in the methods and the associated date extracted. The Bayesian analysis
typically detected a changepoint when a sudden increase in mean daily step length and
home range.

Six changepoints were associated with a reliability index of 1, five with an index of 2, and
two with an index of 3. The highest probability based on the changepoint algorithm was 1,

while the lowest was 0.2 and associated with a reliability index of 2.
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5. Assess litter loss dates - Cross-Validation of Changepoint

Detection through Random Forest Approach

The RF model categorizes observations based on selected changepoints, delineating

periods when a female is accompanied by COY and when she transitions to solitary

movement. The overall accuracy of the modelis 74%, which increases to 85% when less

reliable changepoints are excluded (RI < 2). Performance metrics for the other Rl values

are presented in Table 6. An example of changepoint detection for one individual, along

with the associated reproductive state classifications based on the random forest

algorithm, isillustrated in Figure 14.

Table 6 : Performance Metrics of Random Forest Model by Reliability Index of

Changepoints

Reliability.Index Number.of.Changepoints Accuracy Sensitivity Specificity PPV NPV

Global 13 0.74
3 3 0.85
2 5 0.85
1 5 0.57

0.78

0.83

0.73

0.80

0.69 0.69 0.76
0.91 0.68 0.84
0.91 0.82 0.86

0.33 0.56 0.61
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Figure 14: Cross validation of Litter loss detection for
individual W0820 (Asanissa) in 2013

(A) - Results of Bayesian Changepoint: Variation in Mean Daily Step Length and Home Range. Persistence
haven’t been used for the changepoint analysis but is presented for visualization purposes. The litter loss
occurred in July according to aerial monitoring. Changepoint 2 (purple dotted line) was the changepoint
with the highest probability and used as the date of cub loss. (B)Classification by the Random Forest model
previously trained to assess the reproductive status (Solitary female: red or female accompanied by COYs:
blue) to each observation. (Rl = 1. Accuracy of the Random forest analysis: 0.89 %.
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IV. Discussion

1. Baseline movement rates of the different reproductive states

In this study, we showed that reproductive status influences the movement of female
brown bears both temporally and spatially. The resumption of movement (i.e., increase
in step length and home range) after den emergence occurs on average 25 days earlier
for solitary females and those accompanied by yearlings compared to females
accompanied by COY. This shift is consistent with what had been reported in our
population between 1986 and 1998: solitary individuals emerged from the den on average
on April 13, individuals accompanied by yearlings on April 12, and females with COY on

May 7 (Friebe et al. 2001).

The baseline models for step length and home range are supported by findings from
previous studies (Steyaert, Swenson, Zedrosser 2014; Gardner, Pamperin, Benson 2014)
inwhich females with COY had comparatively smaller home ranges, and travelled shorter
distances from den exit until the end of the mating season. Females accompanied by
yearlings exhibited intermediate movement capacities between solitary females and
those with COY. This can be explained by the fact that dependent offspring may restrict
their mother's movements and cub’s movement capabilities gradually improve as they
grow, both due to an increase in size and a decrease in their vulnerability to climatic
conditions due to their high surface/ratio volume and low hair insulation which lead to
higher thermoregulation expenses. Additionally, the mother needs to stop regularly to
lactate her cubs until weaning, which occurs between 6 and 8 months-old (Farley,
Robbins 1995; Steyaert etal. 2012), and may need to increase her movement to find other
food sources afterwards. Reproductive strategies could further explain the observed
difference in movement between reproductive states, as it has been shown that females
with COY decrease their home range during the mating season to avoid males and

minimize the risk of predation and infanticide, whereas solitary females increase their
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movement to find a partner to mate with, a behavior refers to as roam-to-mate behavior
(Dahle and Swenson, 2003a). The fact that movement rate for solitary receptive females
reached its maximum in early June, which coincides with the peak of the mating season
(Steyaert, 2012), supports this hypothesis.

By the end of June, the differences in movement patterns among reproductive states
could no longer be seen, which coincides with the end of the mating season (solitary
females, then, decrease their movement) and the time when cubs are older and lactation
slowly starts to decrease (Farley SD, Robbins CT, 1995). Females with yearlings exhibit
anintermediate pattern probably because they are older, can travel faster, are less atrisk
of infanticide, and depend less on the mother's milk (Steyeart, 2012). Future studies
examining the effect of cub number on movement metrics could provide better insights

into this phenomenon.

As far as we know, the persistence indicator has never been used in studying bear
movement characteristics or in characterizing their reproductive status. This study
shows that females with COYs exhibited lower persistence values compared to the other
two reproductive statuses studied. Movement persistence captures autocorrelation in
both speed and direction indicating that females with COY had slower and less
directional movement patterns compared to solitary females (Jonsen et al. 2019).
Females with CQY initially stay close to the den for a few weeks, resulting in very low
movement persistence (alternating between short movements and rest periods)
(Gardner, Pamperin, Benson 2014; Rogers, 2020). After leaving the den area, movement
remains less directional as COY explore their surroundings, causing the mother to
frequently travel back and forth to keep them together.

Female age had little influence on their movement, except for persistence, where older
individuals exhibited higher levels of persistence. We could assume that experience, as
previously suggested by other authors on other ecological parameters (Zedrosser, 2009;
Steayeart, 2014; Lemiére, 2022), could be an explanation for such difference. Older

females, familiar with their home range, could tend to move less randomly which could
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explain why their persistence values are on average higher. However, it would be helpful
to support this idea with studies on speed and turning angles in young versus older
individuals.

The extrinsic factors explored were temperature, snow depth, and precipitation. Each
tended to reduce movement regardless of reproductive status. For females with COY,
snow depth had no effect on their movement. This can be explained by the fact that
females are generally still in the den when snow depths are significant enough to impact
movement, as indicated by the delayed onset of movement for this status group in our
study. Females with COY in our study leave the denning area (distance > 100m from the
den) on average on May 4 * 3 days. On this date, the average snow depth over the years
was 3 cm. In contrast, solitary females leave the den on April 10, when the snow depth is
on average 23 cm. Despite important annual variations in snow depth, it illustrates why
snow depth does not significantly impact the movement of females with COY.

This initial part of the study confirms our preliminary hypothesis that females
accompanied by their offspring (both COYs and Yearlings) move less during the post-
denning period and until the end of the reproductive season. However, Yearlings quickly
increase their movement and reach a level comparable to solitary females by mid-
season. The first part of this suggests that these three metrics could be used in our
analysis to assess the reproductive status of a given female and potentially detect litter
losses after den exit and confirm that significant differences exist between the different

reproductive status studied.

2. Solitary or with COY? Insights from Classification Performance

The random forest classification training model presented a good accuracy (73%) to
determine the reproductive status of each daily value for 15 females, distinguishing
between solitary and accompanied by COYs. Solitary females are not restricted in their
movement after leaving the den. However, bears, after emerging from hibernation, are at
the end of a period of hypometabolism. Consequently, the days following den emergence
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often involve alternating phases of rest and movement, which can lead to some
misclassifications of solitary female positions as females with COY.

Even if those first results are promising, accounting the number of individuals in our
dataset (n = 143) the performance of this model could likely be improved by exploring
additional metrics, using a bigger sample size and incorporating them with the ones used
in this study. This approach of using random forest models to assess reproductive status
is quite recent and innovative. In the field of mammal movement ecology, these models
have primarily been applied to accelerometry data to determine and classify different
behaviors such as grazing, resting, and ruminating in moose and cows at finer-scale time
series (Kirchner Theresa et al. 2023; Erik Versluijs & Laura J. Niccolai et al. 2023)(Kirchner
et al., 2023; Versluijs, Niccolai et al., 2023). Hooven et al. (2022), also determined the
reproductive state and parturition events successfully with this method on a large

mammal (the elk, Cervus canadensis) (Hooven et al. 2022).

3. Evaluation of Changepoint method to detect Litter Loss Dates -

Cross-Validation Using the Random Forest Approach

The Bayesian changepoint analysis in our study detected abrupt changes in step length
and home range that could be linked to the loss of cubs (Steyaert, Swenson, Zedrosser
2014; Gardner, Pamperin, Benson 2014) or events necessitating a temporary increase in
female mobility (e.g. human disturbance). However, for 5 out of the 13 tested females,
the detected changepoint had the lowest reliability index (Rl), indicating that the detected
cub loss date was not consistent with the most probable period of litter loss determined
by aerial monitoring. The dates of changepoints with low Rl correspond to females who
supposedly lost their litters very early, around the denning area (late April — mid May, N=
5). There are several possible explanations for the difficulty in detecting changepoints
during this period. One reason could be the highly seasonal nature of the bear and its
physiology. Even for solitary females, movement resumes gradually after leaving the

denning area (Evans, 2016). For afemale with cubs, this resumption is even more gradual.
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Therefore, it can be assumed that even after a sudden loss of her entire litter, possibly
due to infanticide, the female might have temporarily increased her movement as
described later during the active season (Steyaert, Swenson, Zedrosser 2014). However,
the hypometabolic state characteristic of the post-denning phase may cause the signal

to be not strong enough to be detected.

A solution to this issue would be to increase the number of detectable changepoints
using Bayesian analysis, making them visible even if their intensity is lower than the mid-
season movement peaks observed in females that lost their cubs early later during the
active season, or by observing these changes at finer temporal scales rather than relying

on daily averages.

Another explanation could be the nature of the loss itself. In central Sweden,
documented COY losses after den emergence can be attributed to poor nutritional
conditions before the start of the mating season (~1rst of May) and are mainly due to
sexually selected infanticide during the mating season (Zedrosser et al.,, 2009). It is
possible that the impact of cub mortality due to malnutrition on movement metrics differs
from the impact of infanticide. At a minimum, the latter case, resulting from a stressful
event, would be expected to show an increase in step length and average home range to
escape the male perpetrating the infanticide or to distract the male and lure him away
from the cubs in potential danger from infanticide (Stayeart, 2014).

The pressing question after detecting these changepoints is: how can we be certain that

the observed change truly corresponds to the event we aim to detect (i.e., a litter loss)?

4. Cross-validation based on Random Forest classification model

The difficulty in assessing events like offspring mortality stems from the elusive nature of
these animals and the lack of validation data. Overall, few studies on wildlife had

validation data on the exact timing of the event of interest or predefined criteria for a
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successful event identification. Without such validation data, the success of models for

determining when loss of the litter occurred cannot be confirmed or quantified.

For this reason, we cross-referenced this information with field monitoring data, which
documented whether females categorized as “with COY” were observed without their
cubs during aerial surveys, using our Random Forest classification model trained on
movement data from 147 pair of bear/year. This monitoring table may contain errors, as
COY might not always have been detected, so the certainty of their absence cannot be
guaranteed. However, if a loss is documented, it provides an approximate timeframe
(within a few weeks) of when the litter loss happened. To confirm the loss of cubs, we
relied on one main hypothesis from a study conducted in our study population, which
demonstrated that females who lost their cubs regained the movement characteristics
of solitary females within a maximum of four days (Steayeart, 2014). We therefore
expected that before this changepoint, observations would be classified as "female
accompanied by COY," and after the changepoint date, we expected a majority of

observations would be classified as “solitary female”.

Based on this hypothesis we then could make a confusion matrix and the method
demonstrated an overall accuracy of 74% (Table 6).

Our results show that selecting a changepoint matching the monitoring table (Accuracy
of 0.85 for RI = 2) improves the classification performance of the Random Forest model,
while choosing the most probable changepoint does not seem to have an impact. It
suggests that these methods could allow for detecting the date with an accuracy of a few
days, but they do not yet support reducing the efforts in monitoring and aerial

surveillance.

These results are promising and appear to support the hypothesis we proposed at the
beginning of our study: that after a litter loss, a female will move similarly to a solitary

individual, increasing her movement in a more persistent manner. Even though these
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initial results are satisfactory, it is necessary to discuss the sources of misclassification

that can occur with the random forest. Possible sources are detailed in Table 7.

Table 7 : Sources of missclassifications by the RF model

Temporality Misclassification Type Possible sources

Before the Changepoint False Positive: Position classified  Disturbance and stressful events requiring transient
as solitary when cubs are present. movement increase (e.g., human disturbance, monitoring
event, avoiding a male).

After the Changepoint False Negative: Classified as - It may take up to 4 days to return to the movement level of a
having cubs when solitary. solitary female. (Gardner et al. 2014) so the transition phase

could lead to some misclassification.
- Bears are highly seasonal (Thiel et al. 2022), and at the end
of the breeding season, females exhibit a general decrease in
movement.
- Important meteorological event (precipitation, or late spring
snow episode)

It is important to note that specificity, which refers to the correct classification of a
positive reference status (e.g., solitary), will vary throughout the study period. Indeed, as
shown in (Figure 2), the difference between solitary status and being accompanied by
COY is not consistent for the three metrics used to train the random forest model (mean
daily step length, mean daily home range, and mean daily persistence).

These variations are likely to produce false positives at the beginning of the study period
(day 105, April 15) before the changepoint and false negatives towards the end of the
period. For instance, there is no longer a significant difference in step length by day 182
(i.e. June 30), and the confidence intervals for the other two metrics also converge

between the different statuses.

Even if those first results are promising, accounting the number of individuals in our
dataset (n =143) the performance of this model could likely be improved by using a bigger
sample size. Additionally, we could use a broader range of metrics that capture specific
aspects of female movement based on their reproductive status and experiment with
finer temporal scales. Future studies could, for instance, focus on activity data obtained
through collars equipped with accelerometers. This approach has already been
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successfully used for Scandinavian brown bears to detect parturition timing (Lemiére et
al. 2022; Friebe et al., 2014). Therefore, it could be a viable method for detecting when
females lose their cubs and add a new metric that could potentially strengthen the

classification model established in this study.

V. CONCLUSION

This study confirms our preliminary hypothesis that reproductive status significantly
influences the movement patterns of female brown bears. We demonstrated that
females with COY move less during the post-denning period until the end of the
reproductive season, while females with yearlings quickly increase their movement,
reaching levels comparable to solitary females by mid-season. This first descriptive step
with the GAMMs showed that this difference in movement is significant and captured by
the three metrics used in this study: mean daily step length, mean daily home range, and
persistence. In addition, it showed that movement pattern was modulated by climatic
conditions (snow depth, precipitations and ambient temperature).

We then built and trained a Random Forest on the three previous metrics to verify if
movement alone would suffice to correctly classify a female as “solitary” or “with COY?”,
which proved to be the case (accuracy = 73%).

Subsequently, using Bayesian changepoint detection on these movement metrics in
cross-validation with the previously trained Random Forest model, we were able to
obtain a date for the litter loss of relevance on the order of days. This brings precision to
the aerial surveillance, which remains indispensable but only allowed for determining
this loss on the order of weeks. The model achieved an overall accuracy of 85% when
excluding changepoints with a reliability index (RI) of 1.

The biological particularities of brown bear biology involve some challenges in using such
methods, but we have hope for some improvement. This study was unable to pinpoint a
precise date of litter loss of relevance for dates very close to the den exit due to the

progressive resurgence of movement after hibernation and the strong influence of
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seasonality. Future research should focus on incorporating additional metrics and larger
sample sizes, as well as exploring accelerometry data and finer-scale analysis and a
timeframe centered around the month of loss.

This study serves as a foundational method for assessing the reproductive status of
female brown bears after hibernation, providing a robust framework for future
advancements in wildlife monitoring and research. By employing a theoretical and
population-level approach (using Generalized Additive Mixed Models (GAMMs) and
analyzing the influence of intrinsic and extrinsic factors, we can extract individual-level
information. This approach allows us to identify life history traits, such as litter loss, with
a precision of within a day. Consequently, we can accurately assess the reproductive
status of female brown bears, providing valuable insights into natality and mortality rates,
parameters that are paramount to understanding population dynamics and adapt
management and conservation measures accordingly. This information will pave the way
for new research opportunities and advancements in understanding bear reproduction

and broader ecological studies.

We could envisage that these tools - Bayesian analysis of changepoint and the use of RF,
which is a form of machine learning - could be exported to other species to determine
reproductive statuses and the presence of young. But also, as has already been done, to
detect events that imply a change in movement behavior, as has already been done on

certain ungulates for parturition.

Movement would therefore make it possible to deduce a range of information about wild
animal populations. Reproductive status is just one of the possible fields of application
and we could imagine, once these methods have been improved, being able to detect
states of stress, disturbance or even a movement that suggests a decline in the animal's
health. The possibilities offered by the combination of multiple methods and the new
contributions of machine learning mean that we can envisage a very vast field of

applications that will perhaps provide new knowledge inherent in wildlife.
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Appendix

Data exploration We explored different metrics for the different reproductive statuses
using ggplot2. Here are the graphs, which allowed us to select the 3 metrics used to

describe the movement of the females.
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Appendix 2 : Correlation matrix for environnemental factors
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Appendix 3: Effect of snow depth (m) on persistence
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Best Model Diagnostic plot

Family: Gamma QQ plot of residuals Residuals vs linear predictor
Link function: log A Method: uniform Family: Gamma
. .
Formula: o @ O[T Y
mean_step ~ s(day, by = repro_status) + repro_status + s(bear_id, g N g )}
bs = "re") + s(snow_depth, by = repro_status) + precipitation 2 2- a2
® ®
Parametric coefficients: :&’“ 0- §
Estimate Std. Error t value Pr(>1tl) 3 - H
(Intercept) 5.143826 ©.118653 43.352 < 2e-16 *** o - o
repro_statussurvived -1.202722 ©.133364 -9.018 < 2e-16 *** 4-
repro_statusyearling -0.603598  0.155862 -3.873 0.000100 *** Theoretical quanllles ' ’ I:_mear"predlclor )
precipitation -0.007976 ©.003617 -2.205 0.027510 *
- Histogram of residuals Observed vs fitted values

Frequency
Response

Signif. codes: @ ‘***’ 9.001 ‘**’ 0.01 ‘*’ 0.05 ‘.” 0.1 * ’ 1 .
Approximate significance of smooth terms:

edf Ref.df F p-value
s(day):repro_statussolitary 3.571 4.440 26.188 <2e-16 ***
s(day):repro_statussurvived S5.091 6.211 226.886 <2e-16 *** 500-
s(day):repro_statusyearling 4.147 5.126 39.706 <2e-16 ***
s(bear_id) 36.140 46.000 5.937 <2e-16 *** 0

s(snow_depth):repro_statussolitary 1.000 1.000 36.220 <2e-16 *** 0 400 00
s(snow_depth):repro_statussurvived 1.000 1.000 1.860 0.173 Dewance 'es|dua|s Fitted values
s(snow_depth):repro_statusyearling 3.318 4.105 19.359 <2e-16 ***

Signif. codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 9.05 ‘.” 0.1 ‘ 1

R-sq.(adj) = ©0.324 Deviance explained = 51.6%
fREML = 7889.4 Scale est. = 1.2233 n = 5474

Family: Scaled t(3,1.231) QQ plot of residuals Residuals vs linear predictor
Link function: identity B Method: simulate Family: Scaled t(3,1.231)
Formula: » ®
mean_daily_hr ~ s(day, by = repro_status) + repro_status + s(bear_id, é 3 é
bs = "re") 2 4
@ Py
. . S S
Parametric coefficients: S S
Estimate Std. Error t value Pr(>Itl) > - ®
(Intercept) 2.2375 0.1082 20.680 < 2e-16 *** o o
repro_statussurvived -1.7237 0.1034 -16.666 < 2e-16 *** ; 3 p
repro_statusyearling -0.9047 0.1172 -7.717 1.42e-14 *** Theorellcal quanlnles Linear predictor
Signif. codes: @ ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ¢ ’ 1 Histogram of residuals Observed vs fitted values
80- .
Approximate significance of smooth terms: 1500 -
edf Ref.df F p-value 2 b
s(day):repro_statussolitary 4.284 5.283 65.004 <2e-16 *** §’ 1000 <
s(day):repro_statussurvived 2.889 3.604 28.966 <2e-16 *** g .
s(day):repro_statusyearling 1.878 2.345 84.489 <2e-16 *** [ra )
s(bear_id) 37.902 47.000 5.942 <2e-16 ***
Signif. codes: @ ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.” 0.1 * ’ 1 2 0 2 4
Devwance re5|duals Fitted values
R-sq.(adj) = 0.14 Deviance explained = 14%
fREML = 11057 Scale est. = 1 n = 5283
Family: gaussian . . N .
Link function: identity QQ plot of residuals Residuals vs linear predictor
C Method: uniform Family: gaussian
Formula: 0.5 C
mean_daily_g ~ s(day, by = repro_status) + repro_status + age + o »
s(bear_id, bs = "re") S 025- K]
2 =2
. - ] ]
Parametric coefficients: @ og @«
Estimate Std. Error t value Pr(>l1tl) 8 38
(Intercept) 0.706853  0.011598 60.946 < 2e-16 *** § -0.25- 8
repro_statussurvived -0.152517  0.009824 -15.525 < 2e-16 *** > >
repro_statusyearling -0.049788 0.011477 -4.338 1.46e-05 *** 8 8 C
age -0.004254 ©0.001180 -3.606 0.000314 ***
Signif. codes: @ ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 Theorehcalquanhles Linear predictor
Approximate significance of smooth terms: Hislogram of residuals Observed vs fitted values
edf Ref.df F p-value 23

Frequency
Response

= -2454.7 Scale est. = 0.022265 n = 5287

s(day):repro_statussolitary 3.031 3.770 19.28 <2e-16 *** 10

s(day):repro_statussurvived 7.185 8.217 120.30 <2e-16 ***
s(day):repro_statusyearling 3.787 4.684 63.84 <2e-16 *** 750

s(bear_id) 39.886 46.000 10.78 <2e-16 *** e
R 500 :
Signif. codes: @ “***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.” 0.1 * ’ 1

R-sq.(adj) = ©0.371 Deviance explained = 37.8%

FREML 0.

) 5( 0.2 04 )6 08

Devnance res-duals Fitted values

Appendix 4: Summary & Diagnostic Plots for GAMMs (Generalized Additive Mixed Models)
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Appendix 6 : Presence indicators around an infanticide scene

(A) Bear feces. (B) Consumed ant nest. Typical food for a female with cubs.

68



)

[om\ PREPARATIO

GPS_DATA

Traw Is one GPS position for ane given boar

CRS - ESPG:32633

A

1raw = ane female across one year

REPRO_DATA

o

PEN_DATA

RESAMPLING
+ Use of Amt package

ﬁ CLEANING u

+ Removing GPS data with DOP (Dilution of precision) > 10
for improved accuracy.

Resampling rate : 1 GPS position every 60
minutes tolerance : 10 minutes

CALCULATION OF
NEW INDICATORS

Bayesmove / Amt package / Animotum
+ Mean daily step length (m.h-1)
« Mean daily Home Range (km2)
« Persistence (g)

m os,_iuc:.zos-n!:c»nu

« Remove capture dates

All GPS positions taken up to
3 days after a capture event
are erased.

114 pairs : bear/year

DESCRIPTION TREATMENT

Processing and deduction of new variables

I 1
D @ =)

- Fusion with a dataset recording the age of each
female
«» Reproductive status followed accross the year

« Solitary . COYs « Together
« Accompanied by « Yearling « Partlal Loss
Oftspring « Two Year Old cub « Total loss
(excluded from our
stydy)

DESCRIPTION

CLEANING « 1row = one den of a bear for a given

)

year
« One bear can have several dens in a
year (We took the last one)

PLOTTING
LEAFLET AND MOVEVIS

Picking the last den for our study

Data preparation, cleaning, standardisation and calculation of the different metrics

Appendix 7.






NOM : SEU PRENOM : Manon
TITRE : Etude des mouvements des femelles ours bruns et inférence du statut reproducteur
Résumé

Cette étude avait deux objectifs principaux : premiérement, démontrer comment le statut reproducteur
influence les déplacements des femelles et explorer les facteurs environnementaux pouvant les affecter
a l'aide de Modeles Additifs Mixtes Généralisés (GAMMs). Les femelles avec des oursons de 'année
(COY) se déplagaient moins que les solitaires, tandis que celles avec des oursons d’un an présentaient
un schéma intermédiaire. Le second objectif visait a inférer le statut reproducteur des femelles et a
détecter des événements de perte de portée via 'analyse de leurs données de mouvement. Une
méthode de machine learning, la Random Forest (RF) ou forét d’arbres décisionnels, a permis de
déterminer le statut reproducteur des femelles a la sortie de la taniére avec 85 % de précision. Les dates
de pertes de portée ont été identifiées par détection de Bayesian Changepoint ou points de rupture
bayésiens, et validées avec une précision de 75 % grace a la RF préentrainée. Ces résultats offrent une
approche innovante et prometteuse pour combler les lacunes des données de certains individus ayant
échappé a la surveillance sur le terrain. Cette approche pourrait potentiellement servir a détecter
d’autres événements de leur cycle de vie (conflits, perturbations, dégradation de l’état de santée etc.)
mais également s’appliquer a d’autres espéces équipées de colliers GPS. Malgré les défis liés aux
spécificités biologiques et a la saisonnalité des ours bruns, cette étude pose les bases pour évaluer le
statut reproducteur des femelles aprés 'hibernation, fournissant des informations précieuses sur les
taux de natalité et de mortalité des oursons, tout en ouvrant de nouvelles perspectives pour larecherche
sur la dynamique des populations des ours bruns.

Mots clés : Ours brun, Statut reproducteur, Mouvement, Point de rupture bayésien, Forét d’arbres
décisionnels.

TITLE: Study of female brown bear movements and inference of reproductive status
Abstract

This study had two main objectives: first, to demonstrate how reproductive status influences the
movements of females and to explore the environmental factors that may affect them using Generalized
Additive Mixed Models (GAMMSs). Females with cubs of the year (COY) moved less than solitary females,
while those with yearling cubs exhibited an intermediate pattern. The second objective aimed to infer the
reproductive status of females and detect litter loss events through the analysis of their movement data.
A machine learning method, the Random Forest (RF) or decision tree forest, was used to determine the
reproductive status of females upon den emergence with 85% accuracy. Litter loss dates were identified
through Bayesian Changepoint detection and validated with 75% accuracy using the pre-trained RF.
These results offer an innovative and promising approach to filling data gaps for certain individuals that
escaped field monitoring. This approach could potentially be used to detect other events in their life
cycle (conflicts, disturbances, health deterioration, etc.) and could also be applied to other species
equipped with GPS collars. Despite challenges related to the biological specifics and seasonality of
brown bears, this study lays the foundation for evaluating the reproductive status of females after
hibernation, providing valuable insights into cub birth and mortality rates, while also opening new
perspectives for research on the population dynamics of brown bears.

Key words: Brown bear, Reproductive status, Movement, Bayesian Changepoint, Random Forest.





