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1 Le comportement animal face a I'anthropisation

1.1 Un monde en rapide changement

Depuis la révolution industrielle, les écosystemes terrestres font face a une série de
bouleversements sans précédent. Partout, les paysages, les communautés vivantes et les
conditions climatiques se transforment. A 1'échelle globale, les écosystemes se détériorent a un
rythme inédit. La principale cause de ces dégradations sont les activités humaines qui, depuis la
révolution industrielle, n’ont cessé d’augmenter leur impact sur la biodiversité (Purvis et al.
2019). Nous sommes entrés dans la sixieme extinction de masse, ce qui signifie que les espéces
vivantes disparaissent aujourd’hui a un rythme rarement atteint—si ce n’est jamais—au cours
des quelques 3,5 Milliards d’années d’existence de la vie sur Terre (Ceballos et al. 2017; Cowie et

al. 2022). Dans ce contexte, 'avenir de la biodiversité est plus qu’incertain (Shin et al. 2019).

Parmi les facteurs les plus décisifs dans cette érosion de la biodiversité, comptent la
dégradation des paysages et la disparition des habitats, qui touchent tous les milieux (Brook et
al. 2008; Davison et al. 2021). En 1700, environ 50% des écosystémes terrestres étaient encore
vierges de toute altération d’origine anthropique, et 45% demeuraient dans un état semi-naturel,
légérement impactés par l'agriculture. En1’an 2000, seuls 25% et 20% des écosystemes terrestres
persistaient dans des états respectivement naturel, et semi-naturel (Ellis et al. 2010). La majorité
de la surface terrestre émergée est aujourd’hui couverte de paysages fortement structurés par les
activités humaines, qu'ils soient agricoles, urbains ou péri-urbains. Ainsi, I'expansion des
paysages anthropiques de 5% a 55% de la surface terrestre s’est produite en seulement 300 ans.
L’extréme rapidité de ce bouleversement global est d’autant plus frappante que la majeure partie
de cette transformation a eu lieu au cours du 20¢ siecle, et continue aujourd’hui a un rythme

effréné.

Photographie : Gustave Fradin 11



INTRODUCTION GENERALE

L’agriculture représente le plus puissant vecteur de dégradation des paysages. L'espace dédié
alaproduction agricole s’étend année aprés année, fractionnant les régions ou I'emprise humaine
est encore réduite (Foley et al. 2011; Tilman et al. 2011). Il représente aujourd’hui plus d’un tiers
de la surface terrestre (Balvanera et al. 2019). Les terres cultivées s’étendaient a elles-seules sur
12,2% des terres en 2015, alors qu’elles n’en occupaient que 2,2% en 1700 (Klein Goldewijk et al.
2017). De la méme fagon, les surfaces dévolues a I'élevage ont connu une expansion fulgurante.
Les paturages intensifs, notamment, se sont étendus de 1,1% a 6% de la surface terrestre entre
1700 et 2015. Cette expansion s’est produite en grande partie aux dépens des foréts tropicales,
riches en biodiversité, a travers la déforestation (FAO 2016). L’expansion des terres agricoles
conduit a la disparition des habitats de nombreuses espéces, et produit des paysages fragmentés,
dans lesquelles les dynamiques écologiques sont profondément altérées. A I'échelle globale, la
fragmentation des espaces naturels, c’est-a-dire la discontinuité spatiale des ressources et des
conditions environnementales, est considérable (Fahrig 2003). Haddad et al. (2015) ont estimé

que 70% de la surface forestiére globale était située a moins de 1 km d’une lisiére.

L’urbanisation, qui correspond a une artificialisation généralisée des sols dans une enceinte
donnée, a doublé entre 1992 et 2015 (Balvanera et al. 2019). Les surfaces urbanisées
représentent une proportion relativement faible de la surface terrestre (0,5 % des terres en 2015;
Klein Goldewijk et al. 2017), mais l'urbanisation a un impact fort sur les espaces naturels
environnants. Ceux-ci sont généralement liés a la pollution chimique (Lee et al. 2006), sonore
(Marin-Gémez and MacGregor-Fors 2021), lumineuse (Raap et al. 2015), et entre autres, au
développement d’infrastructures de transport (Venter et al. 2016), qui constituent d'importantes

barrieres physiques pour de nombreuses espéces (Bennett 2017).

Les paysages anthropisés sont également caractérisés par la présence humaine, qui n’a cessé
d’augmenter avec la croissance démographique humaine, I'augmentation des prélévements
directs liés a la chasse, la péche et I'exploitation forestiéere, ainsi que la popularisation des loisirs
de plein air (Balvanera et al. 2019). La présence humaine a un effet sur la faune qui differe de
celui du taux d’anthropisation de I'habitat, car elle faconne un paysage de la peur tres
contraignant pour de nombreuses especes (Nickel et al. 2020; Corradini et al. 2021). Ceci est vrai
dans les milieux densément peuplés mais aussi dans des régions ou les densités de peuplement
humain sont faibles, notamment via la chasse (Ripple et al. 2016) et les autres activités
récréatives (Naylor et al. 2009; Marzano and Dandy 2012). Les dérangements anthropiques sont

ainsi associés au déclin de nombreuses especes (Beale and Monaghan 2004).

Enfin, il est difficile de parler des changements globaux auxquels fait face la biodiversité sans

mentionner le déreglement du climat, et les invasions biologiques qui, bien qu’ils ne seront que
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INTRODUCTION GENERALE

peu abordés dans cette these, représentent deux menaces majeures pour la biodiversité a

’échelle globale (Hogue and Breon 2022).

Ainsi, dans la plupart des milieux, les animaux sont aujourd’hui confrontés a des contextes
radicalement différents de ceux qui prévalaient jusque quelques décennies auparavant. Une
grande partie des habitats naturels ont disparu, et ceux qui persistent sont pour la plupart
fortement fragmentés, et soumis a la fréquentation humaine. De nombreuses especes sont ainsi

contraintes a faire face a des conditions nouvelles, incohérentes avec leur histoire évolutive.

1.2 Labiodiversité face aux pressions anthropiques

Face a la rapidité des transformations que subit I’environnement, la plupart des mécanismes
classiques par lesquels le vivant s’adapte au changement sont peu efficaces (Parmesan 2006). En
effet, I’évolution des espéces vivantes vers des formes adaptées a leur environnement repose en
grande partie sur la sélection naturelle. Celle-ci agit sur des différences interindividuelles
survenues aléatoirement au sein des populations, au gré de mutations, recombinaisons, et autres

événements stochastiques inhérents au maintien et a la reproduction de I'information génétique.

La sélection de phénotypes mieux adaptés a des conditions nouvelles peut étre rapide. C’est
ainsi que I'on a observé chez certaines espeéces, suite a la mise en place par I’étre humain de
pressions de chasse extrémes, la généralisation de traits opposés a ceux recherchés par les
chasseurs (Otto 2018). C’est par exemple le cas de la réduction de la taille des défenses chez les
éléphants d’Afrique, liée au commerce de l'ivoire (Chiyo et al. 2015; Campbell-Staton et al. 2021),
ou du déclin du morphe argenté, tres prisé par les trappeurs, chez les renards Nord-Américains
(Haldane 1942). De la méme facon, la péche industrielle a entrainé une réduction de la taille et de
’age de la maturité sexuelle chez de nombreuses espéces commerciales de poissons (Sharpe and
Hendry 2009). En revanche, si de nombreux traits (anatomiques, ontogénétiques, physiologiques,
etc.) présentent une variabilité naturelle au sein des populations, sur laquelle la sélection peut
agir, cette variabilité est souvent insuffisante pour permettre une réponse proportionnée aux
modifications rapides de l'environnement. Lorsque les modifications des conditions
environnementales sont trop marquées, de nombreuses espéces ne peuvent pas persister dans
les paysages altérés. Ainsi, les changements globaux conduisent de nombreuses espéces,
incapables de s’adapter aux nouvelles conditions, a modifier leur répartition pour retrouver des
conditions environnementales pour lesquelles elles sont adaptées, ou a disparaitre (Parmesan

2006; Wong and Candolin 2015).

1.3 Une réponse possible : I'ajustement du comportement

Les animaux qui persistent dans des environnements anthropisés répondent souvent aux

altérations de leur milieu par I'ajustement de leur comportement (Figure 1; Candolin et al. 2023).
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Parmi les exemples bien documentés figurent la phénologie de la migration et de la reproduction
de nombreuses espéces, qui sont affectées par les altérations du climat (Inouye 2022), ou encore
les patrons journaliers d’activité, qui varient en fonction de la pression liée a la présence humaine
dans les espaces naturels (Gilbert et al. 2023). Un méme individu peut adopter des
comportements différents, en réponse a des stimuli contrastés. Ces ajustements
comportementaux dépendent des conditions extérieures mais aussi de la motivation de
I'individu. La variabilité intra-individuelle du comportement représente un mécanisme
d’ajustement particuliérement efficace car elle permet aux animaux de réagir a des situations
nouvelles a I’échelle de leur vie (Melin et al. 2008), comme a I’échelle de I'histoire évolutive de
leur espéce, et donc de persister dans des environnements ou les conditions ont été fortement

altérées.

Par ailleurs, différents individus peuvent adopter des comportements différents face a une
méme situation. C'est la variabilité inter-individuelle du comportement. Si une tendance
comportementale est stable dans un intervalle de temps, on parle de stratégie comportementale.
Différentes populations appartenant a une méme espéce peuvent présenter des stratégies
comportementales différentes en fonction du niveau de pression anthropique perc¢u (Samia et al.
2015). Ainsi par exemple, il a été montré que chez de nombreuses espéces, les individus issus de
populations urbaines sont généralement moins prudents et craintifs que leurs congéneéres des
milieux ruraux (Miranda et al. 2013). La flexibilité inter-individuelle du comportement d'une
espece est donc un atout pour persister dans des paysages contrastés (Tuomainen and Candolin

2011).

La variabilité du comportement dans une population a une base génétique, et certains traits
comportementaux sont héréditaires (Dochtermann et al. 2015), mais elle est également
influencée par l'expérience de vie des individus (Jones et al. 2021). Chez certaines espéces, la
transmission de stratégies comportementales aux congéneres ou aux descendants a été
démontrée (Seppdnen et al. 2010). Ainsi, les comportements adaptés a de nouvelles conditions
de vie peuvent, par plusieurs mécanismes, étre transmis a la génération suivante, et fournir un
moyen d’adaptation aux populations. La flexibilité du comportement est donc un outil précieux
dans la réponse des animaux aux altérations anthropiques de leur environnement. Le
comportement peut notamment permettre un ajustement a des changements rapides, la ou les
autres mécanismes d’adaptations sont souvent trop lents pour permettre la persistance d’'une

espece.
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Figure 1. Conséquences des effets des changements environnementaux sur le comportement animal.

Adapté de Candolin et al. (2023).

2 Lerepos face a I'anthropisation

2.1 Laface cachée du comportement animal

Dans une édition spéciale intitulée « Special issue: Animal behaviour in a changing world »
publiée en avril 2023, la revue « Trends in Ecology and Evolution » propose de démontrer
I'importance des réponses comportementales dans le devenir de la biodiversité, face aux
changements globaux. De multiples mécanismes d’ajustement sont présentés, et les
comportements concernés sont résumés dans un schéma conceptuel publié dans I'édito (Figure
1; Candolin et al. 2023). Cependant, un aspect essentiel du comportement animal semble
manquer a ce schéma, ainsi qu’a I'édition spéciale toute entiére : le repos. Cette absence illustre
le peu d’attention que les écologues accordent généralement aux comportements inactifs,
probablement en raison de I'absence de mouvements associés. Malgré leur caractere essentiel, ils
sont le plus souvent laissés pour compte dans les études qui traitent du comportement face aux
changements globaux (Tuomainen and Candolin 2011; Wong and Candolin 2015; Gunn et al.

2022).

Pourtant, pour vivre dans un habitat donné, un animal doit étre en mesure d’y trouver des
refuges adéquats pour se reposer, ou bien de se déplacer réguliérement pour se reposer ailleurs.
Par ailleurs, les animaux consacrent chaque jour un temps considérable aux comportements
inactifs. Les stratégies de repos employées par les animaux sont faconnées par des contraintes
non seulement physiologiques, mais aussi écologiques (Lima et al. 2005; Siegel 2009), qui sont
susceptibles d’entrer en conflit avec celles imposées par les activités humaines (Aulsebrook et al.

2018; Mohanty et al. 2022). Face aux pressions anthropiques toujours grandissantes, le repos

15



INTRODUCTION GENERALE

animal est bien sir affecté, mais les mécanismes de ces perturbations sont mal connus, et leurs

effets mal anticipés.

2.2 Un potentiel d’ajustement

Le repos présente une vulnérabilité importante aux changements globaux, avec des
implications majeures pour I'équilibre énergétique, les performances cognitives, la
thermorégulation, I'évitement de la prédation, et l'utilisation de 'espace et du temps. Pour se
reposer, les animaux dépendent de la disponibilité de sites de repos, qui tendent a disparaitre
dans certains paysages fragmentés ou modifiés par I'activité humaine. Le repos peut également
rendre vulnérable a la prédation et aux dérangements, ce qui est parfois incompatible avec
I'augmentation du risque de dérangements anthropiques. Par de multiples mécanismes,
I'anthropisation est donc susceptible d’influencer les lieux, les moments et les conditions dans
lesquelles les animaux sont en mesure de se reposer. Il est aisé d'imaginer que dans certains cas,
ces pressions sur le comportement de repos peuvent affecter les performances des individus, et
I'abondance et la distribution des especes. Pourtant jusqu’ici, les écologues n’ont montré que tres

peu d’'intéréts pour ces processus.

L’ajustement des stratégies de repos peut contribuer a la persistance ou au succes des espéces
capables de flexibilité dans les espaces les plus anthropisés. Par exemple, la transition de
certaines especes vers des modes de vie nocturnes dans les milieux anthropisés est un mécanisme
d’ajustement bien documenté, qui repose sur une modification de la stratégie de repos (Gaynor
et al. 2018). Pourtant, les études abordant cette question la traitent systématiquement sous
I'angle de I'activité, et ne mentionnent que rarement les phases inactives (Gilbert et al. 2023). En
devenant nocturne en milieu anthropisé, un animal évite les rencontres avec I'étre humain
lorsqu'il est actif, mais il soumet ses phases de repos, alors diurnes, a un risque de dérangement
plus élevé. Il peut donc étre contraint a également modifier la facon dont il sélectionne ses sites
de repos, pour réduire le risque de dérangement. Pourtant, la facon dont les activités humaines
influencent la sélection des sites de repos par les animaux est peu documentée. Cet exemple
illustre a la fois 'importance de I'ajustement du comportement de repos pour la persistance des
especes animales dans les milieux anthropisés, et le peu de connaissances disponibles a ce jour

sur ce sujet.

3 Objectifs de la these

Cette thése est divisée en deux axes. Le premier axe propose un cadre théorique a I'étude des
effets de 'anthropisation sur le comportement de repos, en écologie. Le second axe constitue un

cas d’étude.
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3.1 Objectifs du premier axe

Dans le premier axe, je présente une revue de littérature traitant du comportement de repos
chez les vertébrés terrestres, avec un regard issu du domaine de 1'écologie. Les objectifs sont

multiples :

(1) Proposer une définition opérationnelle du repos pour les écologues.
(2) Etablir I'état des connaissances au sujet des stratégies de repos, et des mécanismes par
lesquelles elles sont affectées par les activités humaines.

(3) Souligner le déficit de connaissances existant a ce jour dans ce domaine.

Dans cette revue de littérature, je présente les stratégies de repos utilisées par les vertébrés
terrestres et leurs implications écologiques. J'y discute des fonctions des différentes composantes
du repos, qui sont diverses et pour certaines trés débattues, ainsi que les raisons qui poussent les
animaux a se reposer. Je résume la diversité des stratégies de repos utilisées par les vertébrés
terrestres, et notamment ou, quand, combien de temps, et avec qui les especes animales
choisissent de se reposer. Enfin, je détaille les mécanismes par lesquels les perturbations

d’origines anthropiques peuvent interférer avec ces stratégies.

3.2 Objectifs du second axe

Dans le second axe de cette thése, j'utilise les concepts développés dans le premier axe pour
explorer les impacts des activités humaines sur la stratégie de repos d’'un grand mammifere des
milieux anthropisés : le sanglier. Cette espéce est connue pour sa flexibilité comportementale et
est soumise a des pressions anthropiques diverses, incluant les modifications du paysage et les
dérangements directs (dont la chasse). Elle constitue un objet d’étude intéressant pour analyser

I'influence de I'anthropisation sur les stratégies de repos.

Cet axe est composé de deux études indépendantes, mais toutes deux s’intéressent tout
particulierement a I'aspect spatial de la stratégie de repos du sanglier, en relation avec les
modifications du paysage et les dérangements directs liés aux activités humaines. Les objectifs de

cet axe peuvent étre résumés de la fagon suivante :

(1) Décrire la dynamique spatiale d’utilisation des sites de repos par le sanglier, afin
d’identifier les parameétres qui influencent la stratégie de repos chez cette espéce.

(2) Identifier en particulier les effets de 'anthropisation sur les aspects spatiaux de la stratégie
de repos du sanglier.

(3) Questionner I'efficacité de la stratégie d’ajustement utilisée en estimant la fréquence des

dérangements subis par les sangliers pendant leur phase de repos.
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(4) Explorer l'influence de la stratégie spatiale de repos sur I'ensemble des déplacements

effectués par le sanglier.

Les détails de ces objectifs, et la facon dont ces questions sont abordées dans les deux études
qui composent le second axe de cette thése sont présentés de facon plus élaborée en introduction

de I'axe en question.
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Résumé : L’inactivité constitue un aspect prépondérant de la vie des animaux, et représente

généralement une part importante de leur budget temps. Les conditions dans lesquelles les
comportements inactifs ont lieu sont donc susceptibles d'avoir des effets importants sur la valeur
sélective des individus. Pourtant, les études portant sur les conséquences écologiques des
perturbations des comportements inactifs sont rares, et en particulier celles traitant des effets de
I'anthropisation. Dans cette revue de littérature, nous proposons de regrouper plusieurs états
comportementaux, et en particulier I'éveil calme, le sommeil et la torpeur journaliéere, sous le
terme de «repos» afin de faciliter I'étude de l'inactivité dans les contextes naturels. Nous
détaillons les déterminants physiologiques et environnementaux qui stimulent les
comportements qui composent le repos, ainsi que leurs conséquences écologiques. Nous
montrons en quoi la diversité des comportements de repos peut permettre une certaine flexibilité
dans les réponses comportementales aux contraintes liées au métabolisme, a la disponibilité des
ressources, au risque de prédation, et a la thermorégulation. Nous détaillons comment le lieu, le
moment, et le contexte social dans lesquels se produit le repos, définissent ensemble une stratégie
de repos qui peut étre ajustée a des conditions environnementales changeantes. Enfin, nous
explorons les mécanismes par lesquels 1'anthropisation peut affecter les stratégies de repos a
travers l'augmentation du risque de dérangement direct, l'altération des habitats et des

communautés, et les effets du changement climatique.

Mots clés : activités humaines, ajustements comportementaux, inactivité, sommeil
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The ecology of resting behavior,
and the unknown effects of anthropization
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Abstract: Inactive behaviors are a preponderant component of animals’ lives, generally
representing important proportions of time budgets. The conditions in which they occur are thus
likely to have important effects on individuals’ fitness. Yet, little research focuses on the ecological
consequences of the disruptions of inactive behaviors. In particular, the effects of anthropization
on inactivity are largely unexplored. In this review, we propose to bring quiet wake, sleep, and
daily torpor together under the term of “resting”, in order to facilitate the study of inactivity in
wild settings. We detail the shared physiological and environmental drivers of resting behaviors,
as well as their ecological outcomes. We suggest that together, the diversity of resting behaviors
provide a toolkit that may enable flexible responses to constraints linked with metabolism,
resource availability, predation risk and thermoregulation. We detail how the location is space,
the timing, duration, and the social context in which resting occurs, shape a resting strategy that
may be adjusted to changing environmental conditions. Finally, we explore how anthropisation
may affect resting strategies through the increase in direct disturbances, the alterations of

habitats and communities, and the effects of climate change.

Keywords: behavioral adjustments, human activity, inactivity, sleep

28



PREMIER AXE CHAPITRE 1

1 Introduction

An animal’s life is a sequence of behavioral states, whose timing and duration are adjusted in
response to physiological and environmental challenges, in a way that is assumed to be shaped
by natural selection (Levitis et al. 2009; Baum 2013; Gunn et al. 2022). A coarse, yet obvious and
striking classification of these behavioral states can be made between active and inactive ones.
The costs and benefits of active states (e.g., moving, foraging, mating) are usually well understood,
and often quantified (Kacelnik and Houston 1984; Pyke 2019). Conversely, costs and benefits of
inactive states remain much less understood (Lesku and Schmidt 2022; Mohanty et al. 2022) and
are debated (Lesku and Rattenborg 2022). Inactive states, which range from long-lasting dormant
states (e.g., hibernation) to daily sleep and quiet wake, are neither associated with direct
reproductive output nor energy intake. Yet, they always represent important proportions of time
budgets, often spanning more than half of the 24-h period (Campbell and Tobler, 1984; Herbers,
1981). The significance of inactivity in time budgets suggests that the timing and conditions under
which it occurs will have an effect on individual fitness. Disruptions of inactive behavioral states

are thus likely to result in substantial ecological outcomes.

Inactivity is sometimes enforced by physiological constraints. Ectotherms, for instance, are
typically bound to remain inactive when their internal temperature drops. More generally, all
animals need to sleep on a regular basis to fulfill various metabolic, restorative or developmental
processes, both at the cerebral and whole-body levels (Tononi and Cirelli, 2014). As a number of
metabolic and neurophysiological functions are specifically performed during this state, the time
required for sleeping each day is usually constrained internally (Schmidt 2014; Anafi et al. 2019).
However, these functions alone cannot explain the diversity of sleeping patterns observed across
species, nor their intra-species and intra-individual variations (Siegel 2009; Ungurean et al.
2020). Sleep occurs in a variety of ways, and often in alternation with quiet wake, thus forming
consolidated inactive phases. The timing, duration and location in space of daily inactive phases
are highly adaptable traits that together define resting strategies, which animals fine-tune to
tackle ecological challenges. Animals stay inactive to maintain their energetic balance (Walker
and Berger 1980; Dasilva 1993; Korstjens et al. 2010), for thermoregulation (Sato 2012; Davimes
etal. 2018; Li et al. 2020), predator avoidance (Lima et al. 2005; Bonnot et al. 2020; Burger et al.
2020), and even to maintain social bonds (Silk et al. 2003). These functions shape highly variable
inactivity patterns between species, and drive important intra-species and intra-individual

variations, notably across environmental gradients (Gaynor et al. 2018).

As the anthropization of ecosystems increases, disruptions of animal behavior are becoming

more common and widespread, and are expected to have significant ecological consequences
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(Candolin et al. 2023; Gilbert et al. 2023). The impact of land use changes, species introduction,
climate change, and other anthropic disturbances on habitat use and foraging behaviors have
been well described, but the mechanisms involved in the anthropic disruptions of inactive
behaviors remain poorly studied (Berger-Tal et al. 2011; Tougeron and Abram 2017; Candolin et
al. 2023). Yet, anthropization could affect animals’ inactivity in a variety of ways, and this in turn
has the potential to modify individual fitness and species interactions. Animals disturbed during
resting might become exposed to unfavorable conditions, or suffer from sleep deprivation. Direct
disturbances of inactive behavior by people may lead to reactive behavioral adjustments
involving flight (Price 2008; Stankowich 2008) or increased vigilance (McBlain et al. 2020), which
can ultimately lead to long lasting effects on animal behavior, landscape use, and fitness (e.g. in
Ordiz et al. 2013). Indirect effects of anthropization, like climate change, landscape
artificialization (Bradsworth et al. 2021) and simplification, light pollution (Dominoni et al. 2014;
Aulsebrook et al. 2018), species introduction, and predator depletion are also all likely to
influence where, when, and how long animals remain inactive. Understanding animal resting
strategies is thus essential to understand how human activities might affect animal behavior and

activity patterns.

In this review, we point out the importance of inactive behaviors from an ecological
perspective, and explore how human activities may interfere with them. The different inactive
states (sleep, quiet wake, and dormant states) may look similar from the outside, but they
correspond to very distinct physiological states (Heller and Ruby 2004), and are generally
impossible to tell apart in practice, under natural conditions (Rattenborg et al. 2017). To
overcome this problem, we propose to pool all inactive behaviors with a daily cyclicity under the
term “resting”, thus excluding seasonal dormancies. This concept offers a straightforward
framework to study inactive behaviors in natural settings, thus facilitating the study of the
ecological processes related to inactivity. In this manuscript, we first provide a detailed
behavioral definition of resting, and point out how recent technological advances make it easier
to study than ever. We then review previous work on why animals rest, and describe how
ecological constraints shape how they do it. Finally, we explore the current knowledge on how
anthropic disturbances might affect resting behavior, and we assess the potential consequences.
We tried, as much as possible, to broaden our thinking to any form of resting, although much of
the literature on daily inactivity focuses on sleep, thus generating an unavoidable bias. We
focused our review on terrestrial vertebrate species, and intended to be as inclusive as possible
in terms of taxa. However, most studies about resting behaviors focused on mammals, and to a

lesser extent on birds, which inevitably biased our review to relate particularly to these clades.
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Nonetheless, we expect a wide range of diverse species to be concerned by the ecological

implications of resting described in this review.

2 Whatis resting?

2.1 A behavioral definition of resting

2.1.1 A behavioral continuum

The dichotomy between active and inactive behavioral states may be useful, but behaviors are
best seen as fitting along a gradient ranging from low to high levels of activity (Siegel 2009; Rial
et al. 2010; Lesku and Schmidt 2022). This continuum reflects the level of energy consumption
associated with each behavior, the degree of consciousness of the surrounding environment, as
well as the range of activity levels existing within each behavioral state (e.g., deeper to shallower
stages of sleep; Figure 1). It also fits transitioning states, like drowsiness. Our definition of
“resting” brings together all inactive behaviors occurring on a daily basis. On the continuum
presented in Figure 1, this corresponds to a continuous interval excluding active behavioral states
and seasonal dormancies. In that context, resting can be defined behaviorally by: i) a low level of
general activity, with little motion, ii) a specific relaxed posture, and iii) a duration and cyclicity
comprised within the 24-h cycle. This definition fits three main resting stages: quiet wake, sleep,

and daily torpor.
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Figure 1. The situation of resting behavior on a continuum ranging from energy efficient to energy

demanding behaviors.
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2.1.2 Quiet wake

Quiet wake is given a variety of names in the literature : motionlessness, loafing, or even resting
(Herbers 1981; Das 2001; Henson et al. 2004). This state is associated with a behavioral
quiescence and a relaxed posture, but does not correspond to a standard neurological state, with
a simple electroencephalographic signature. It is easy to distinguish from active wake based on
electromyography or accelerometry, but requires both electromyography and
electroencephalography (EEG) to be discriminated from sleep (Bagur et al. 2018). Among all
resting states, it has the lowest arousal threshold—the level of stimulus required to trigger a
reaction—and allows for the highest level of vigilance (Lima et al. 2005; Rattenborg et al. 2017).
Eyelids can be open or closed during quiet wake, making this resting state particularly hard to
tell apart from sleep with behavioral criteria only (Kortekaas and Kotrschal, 2019). Despite
reaching high proportions of daily awake time in many species (Herbers 1981; Das 2001;
Mohanty et al. 2022), quiet wake has received very little attention from ecologists. Animals are
generally quietly awake before and after sleep, which leads to long-lasting contiguous resting

phases.

2.1.3  Sleep

Of all resting states, sleep has received the most attention from researchers. It is a reversible
state of low responsiveness and awareness of the environment. Just like quiet wake, it
corresponds to behavioral quiescence, but with an increased arousal threshold and usually a
more specific relaxed posture. Sleep is quickly reversible to wakefulness after arousal (Campbell
and Tobler, 1984). Sleep deprivation is generally followed by a compensatory increase in sleep
behavior called sleep rebound (Lesku and Rattenborg 2022). This homeostatic regulation
constitute an important specificity of sleep compared to other resting states. Most behavioral
criteria used to define sleep, however, are impossible to test without altering the behavior
displayed. This is why electrophysiological correlates are often needed to reliably identify sleep,
which is associated with specific EEG profiles (Cirelli and Tononi, 2008). Sleep comprises deeper
and shallower stages, associated with a variety of distinct functions (Lima et al. 2005; Mignot,
2008). In mammals and birds, EEG enables the distinction of two main sleep stages: rapid eye
movement (REM) sleep and non-REM sleep, also called slow-wave sleep (SWS). SWS is
characterized by high amplitudes and slow frequencies of the EEG, and occurs in a variety of
depths or intensity (Rodriguez et al. 2016). Many animals—notably among birds—are also able
to perform unihemispheric SWS, in which one cerebral hemisphere is awake while the other
sleeps (Rattenborg et al. 2000). REM sleep is associated with a wake-like EEG, the inhibition of
the thermoregulation mechanisms, and the loss of muscle tone (except muscular twitches and

rapid movements of the eyes), which often implies a postural change (Blumberg et al. 2020). As
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a result, REM sleep is sometimes recognizable based on behavioral criteria. In most cases
however, EEG is required to differentiate REM sleep from SWS with certainty (Rattenborg et al.
2017). Sleep has received the most attention from the fields of physiology and neurology, but
interest from ecologists is growing. A vast majority of studies have focused on humans and
rodents (Rattenborg et al. 2017). However, sleep has been described in a wide range of species
(including all the investigated vertebrate species; Campbell and Tobler 1984; Libourel and
Barrillot 2020; Mohanty et al. 2022). While most studies have been conducted under laboratory
conditions, there is a growing recognition that sleep patterns of wild animals must be investigated
under natural conditions, in which they differ greatly (Rattenborgetal. 2017). For instance, sloths
(Bradypus variegatus) have been documented to sleep six hours less in the wild than what was
recorded in captivity (Rattenborg et al. 2008). Under natural conditions sleeping patterns are also

highly variable within species and enable behavioral flexibility (Ungurean et al. 2020).

2.1.4  Daily torpor

Daily torpor is practiced by many small mammals and birds, called daily heterotherms
(Withers and Cooper 2010; Geiser 2013), and is entered through sleep (Berger 1984; Heller and
Ruby 2004). It is characterized by a strong reduction of body temperature, energy expenditure,
and a deep behavioral quiescence (Geiser, 2013). Daily heterotherms alternate on a daily basis
between normothermic phases, when they maintain high body temperature, and heterothermic
torpid phases, when they drastically reduce their metabolic rate, and let their body temperature
drop (Ruf and Geiser, 2015). These physiological changes are driven by environmental and
physiological conditions. Heterothermy is considered as the best physiological energy
conservation strategy available to endotherms (Geiser, 2013; Ruf and Geiser, 2015). However, it
does not allow for the neurophysiological functions of sleep to take place, and is thus usually

followed by compensatory sleep rebounds (Blumberg and Rattenborg, 2017; Schmidt, 2014).

2.2 A practical and relevant construct

2.2.1 Thedifficulty of direct observations

Defining resting as the concatenation of quiet wake, sleep and daily torpor is particularly
useful in ecology, as it provides a tool to study wild animals’ daily inactive phases that is both
practical and relevant. In a wild setting, assessing whether an animal is asleep or quietly awake
is difficult, and often impossible. Inactive animals usually remain out-of-sight or hidden.
Burrowers for instance, may stay in their den for great lengths of time, and split their time
underground between all kinds of inactive behaviors. In such situations, observations are
obviously complicated, and assessing which behaviors are displayed using direct observations is
usually impossible. Even when an animal is visible, the determination of its neurological and

physiological state is not an easy task. In most cases, sleep and quiet wake cannot be told apart
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based on behavioral criteria only (Heller and Ruby, 2004; Rattenborg et al. 2017), and ecologists
rarely have access to neurological records from wild animals. Daily torpor is equally complicated
to tell apart from sleep, based on behavioral criteria. As a matter of fact, its mere existence was

only discovered in the sixties (Geiser, 2013).

2.2.2  New tools to study resting

The study of animal behavior and activity patterns has long relied on direct observation, which
can be biased and inaccurate (Wilmers et al. 2015). However, the fast-developing methods of
biologging have marked the beginning of a new era in the study of wild animals, simplifying
research on wild animals, with the study of inactive behaviors being no exception. Automated
data logging is a crucial advantage when resting phases last uninterrupted for many hours, and
include night-time, when observations are particularly difficult. In addition to that, biologging
allows continuous monitoring of cryptic resting animals, even within burrows, cavities, or dense
vegetation. Finally, animals (even habituated) are known to modify their behavior if they feel
observed, and can become reluctant to rest (Rattenborg et al. 2017). Biologging methods are thus
particularly adapted to studying animals’ resting. As on-board recording devices are getting more
and more diversified, efficient, and miniaturized, and as their costs drop, these methods become

applicable to a whole new range of species and situations.

2.2.3  Accelerometry as a simple measure of resting

The wide diversity of sensors available enables to log information about many physiological
and behavioral traits. However, only a single tool is usually necessary to study resting: an
accelerometer (Brown et al. 2013). An accelerometer is a spring-like piezoelectric sensor that
measures acceleration in its own instantaneous rest frame. Accelerometers are usually very
small, battery efficient, and affordable. They can be fit to both large and small species (Wilmers
et al. 2015). The accelerometric signature of resting usually differs greatly from that of active
behaviors, and it is generally very easy to divide an animal’s time budget between active and
inactive behaviors based only on an accelerometric record (Brivio et al. 2021). Sometimes the
accelerometric record allows distinction to go farther than between active and inactive states, by
giving insights into an animal’s posture (Brown et al. 2013). Animals’ posture can sometimes be
used as a proxy to differentiate quiet wake, sleeping, and even possibly different sleeping stages
such as SWS and REM sleep (Gravett et al. 2017; Burger et al. 2020). In combination with other

devices, accelerometers can provide even more detailed information on animal behavior.

2.2.4  Other available sensors

There exists a wide range of other bio-logging devices that can be of some use for the study of

resting. For example, GPS tracking is essential to understand the movement’s decision related to
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resting. The selection of resting sites is a critical aspect of resting behavior, and this decision-
making process can be studied through GPS tracking. More specific physiological bio-loggers are
useful to assess an animal’s resting stage (daily torpor, SWS, REM sleep, etc.). For example, heart
rate and temperature loggers (e.g., subcutaneous thermometer) allow the identification of
different resting stages. Daily torpor, in particular, is associated with drastic changes in heart rate
and body temperature, and can be easily monitored this way. Sleep is also associated with
physiological changes but is best tracked by neurological records. Using EEG loggers, sleep stages
have been studied in some birds during flight, suggesting such loggers are light enough to be used
in a variety of different settings (Rattenborg et al. 2017). However, although the technology is
improving, such specialized sensors are not always practicable in the field, as they can be energy
demanding, heavy, expensive, or difficult to fit on some species (see Libourel 2022). Some loggers
also require invasive practices such as surgery to be fit on animals, which raises important ethical
questions (Reinhardt 2020). However, it is almost always possible to fit an animal with a simple
accelerometer, which is more than enough to quantify resting as defined in this review (Nuijten
et al. 2020). In fact, many datasets already exist, with data about resting readily available, but

which have not been studied as such.

2.2.5 Ambiguous behaviors

Of course, this concept of resting bears some limits. In some cases, the behavioral definition of
resting may fail to include some unusual sleeping behaviors. For example, birds that sleep during
flight using unihemispheric SWS can hardly be considered behaviorally quiescent, even though
they are technically asleep (Rattenborg et al. 2016). More generally, behavioral states in the
transition zone between inactivity and activity are difficult to classify. Non-resting, motionless
behaviors are challenging to account for when they are long-lasting, related with reproduction or
food acquisition, and associated with a null accelerometric signal (e.g., rumination, egg
incubation, ambushing). Depending on the set of behaviors expected from a given species, resting
should be described cautiously and with flexibility. Although it seems difficult or impossible to
find a universal definition of resting, we expect the behavioral definition proposed here to

facilitate the study of resting patterns.

2.2.6  Arelevant concept for studies in ecology

The concept of resting is relevant to tackle a variety of ecological questions. All the behavioral
states that we have pooled as “resting” behaviors share similar functions (energy management,
thermoregulation, predation avoidance), are often displayed contiguously, and many of their
ecological outcomes are identical (prolonged immobility, reduced responsiveness, shaping of
space-use). The selection of a resting site, for example, has long-lasting implications and is thus

of prime importance. In order to rest, animals select specific sites, which may not be distributed
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evenly in the landscape. This can set restrictions on how they are able to use their home range,
because resting sites may be distant to good-quality foraging sites. Many species re-use
previously visited resting sites, and the dynamics of such visitations constrain landscape use,
territorial defense, and predictability (Génin 2010; Janmaat et al. 2014). Resting also enables
predation avoidance through hiding, and the different resting states allow different levels of
vigilance (Lima et al. 2005). Animals may switch between resting states (quiet wake and sleep for
instance) to adjust to the predation risk, as part of an anti-predator strategy (Capellini et al. 2009).
Similarly, resting states have variable thermal efficiencies, but they all (except REM sleep) offer
some thermoregulatory benefits (Terrien et al. 2011). Together, they provide a behavioral toolkit
to respond to stressful thermal conditions. Seasonal dormancies being out of the scope of resting
behaviors, the process of decision making relative to where, when, and how long to rest takes
place on a regular basis. It thus implies frequent, yet critical choices. As a result, the construct of
resting that we propose provides a framework to understand how animals use inactivity to adjust
to challenging environmental conditions, on a daily basis. Understanding when and under which
conditions animals use resting has the potential to give insights into how tolerant animals are to
environmental pressures. Understanding how much animals get disturbed while at rest, and what

are the consequences of such disruptions, should be a crucial concern in conservation biology.

3 Why resting?

3.1 Intrinsic drivers of resting

3.1.1  The need for sleep

All animals need to rest at some point to maintain the homeostatic balance of their body. The
most striking example of such intrinsic drivers of resting is the need for sleep. Although it has
been found in phyla as diverse as cnidarian, insects, nematodes and vertebrates, suggesting an
ancestral and vital shared function (Schmidt, 2014), the functions of sleep are still debated
(Schmidt 2014; Libourel and Barrillot 2020), and whether sleep has one fundamental underlying
function remains unclear (Freiberg 2020). Sleep is required on a regular basis in all terrestrial
vertebrates, and is most often submitted to a circadian regulation (Borbély et al. 2016). It has
been linked to a diversity of essential restorative processes, ranging from energy homeostasis to
synaptic plasticity, memory consolidation, and maintenance of the immune function (Mignot
2008; Imeri and Opp 2009; Tononi and Cirelli 2014; Zielinski et al. 2016; Schmidt et al. 2017). It
also enables energy savings (Lesku and Schmidt 2022) and predator avoidance (Lima et al. 2005;
Figure 2). The energy allocation theory states that some necessary biological functions are
downregulated during wake and upregulated during sleep, to optimize overall daily energy

consumption. This means that some sleep helps to accomplish some restorative functions
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efficiently. Sleep loss is usually followed by adverse effects on cognition and behavioral
performance (Lesku et al. 2012; Lesku and Rattenborg 2022). In laboratory conditions, sleep
deprivation is often followed by a compensatory increase in sleep behavior called ‘rebound’
(Marinesco et al. 1999; Raap et al. 2016). Similar patterns are often assumed to exist in the wild
as well, but experimental data is very limited (Reinhardt 2020). On the other end, there are
examples of long-term sleep deprivation without subsequent rebound (Lesku and Rattenborg
2022). These examples generally correspond to demanding situations in which sustained activity
is highly beneficial, like long-distance travels, or competition for reproduction (Rattenborg et al.
2004; Lesku et al. 2012; Lyamin et al. 2018; Lesku and Rattenborg 2022). However, despite the
internal need for sleep, sleep patterns are largely influenced by ecological factors (Blumberg and

Rattenborg, 2017; Schmidt, 2014).

/\ animal
o

internal
drivers

resting activity

metabolism

circadian
clock

restorative
processes

fear

a
¥

environment

-l 1 ]

: C;":jltt'l’;:s preg;tion behavioral
: : patterns
: | external food ;< how long?

= drivers availability § Wh'ere'-)When?
3 = with whom?
EIIIIIlIIllIIIIIIIIIIIIIIIIIII|IIIIIIIIIIE

Figure 2. Effects of internal and external drivers on the components of resting and active behaviors.
Solid arrows represent direct effects. The thickness of the black solid arrows indicates the

importance of the effects. Empty arrows indicate shifts in behavioural states.

3.1.2  Other physiological drivers of resting

Physiological constraints also impose resting as a homeostatic reaction to specific active
behaviors. Activity can lead to muscle fatigue or thermal stresses, which in some instances call
for immediate compensatory resting. The need for post-effort recuperation is particularly

important for ectotherms, due to their low aerobic capacity (Wagner and Gleeson, 1997). Itis also
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common for both ectotherms (Huey 1991; Parlin et al. 2020) and endotherms (Huey et al. 2012)
to need some rest for thermic recuperation, after having suffered thermal stresses caused by
activity out of their thermal neutral zone. In some cases, digestive needs also enforce some resting
between foraging bouts. The energetic requirements of digestion, however, strongly depend on
the strategy used and the nature of the food consumed (Guillemette, 1998; Korstjens et al. 2010).
Animals relying on low-digestibility food sometimes need to allocate specific time for their
digestive tracks to process it, and often need to rest before they can resume activity (Guillemette

1998; Masi et al. 2009).

3.2 Extrinsic drivers of resting

Extrinsic constraints linked with the daily fluctuations of environmental conditions
(temperature, light intensity), and to the activity patterns of other species (potential prey,
predators), make portions of the 24-h cycle more suitable for activity than others, and impose an
important proportion of animals’ daily rest (Figure 2). In addition to its neurophysiological
functions, sleep does enable energy savings when activity is unprofitable or risky. Consequently,
sleeping patterns are greatly influenced by extrinsic parameters (Ungurean et al. 2020; van
Hasselt 2021; Mohanty et al. 2022). Similarly, daily torpor is used to cope with periods of
unfavorable environmental conditions, as an energy conservation strategy similar to hibernation,

but with a 24-h cyclicity (Ruf and Geiser 2015).

3.2.1 Resource availability and detectability

The efficiency of resource acquisition depends on environmental conditions, so that for most
animals, the foraging phases are bounded in time by fluctuating abiotic factors. Species that rely
on eyesight for instance have their foraging efficiency governed by the dark-light cycle. Likewise,
coastal foragers depend on tidal cycles for feeding site availability. For these species, part of the
24-h period is unsuitable for resource acquisition. In that context, resting can be used to reduce
energy consumption when foraging efficiency is low. In many shorebirds, the time spent resting
correlates with the times of day when feeding grounds are inaccessible (Fasola and Biddau 1997;
Dominguez 2003). Likewise, the resting patterns of predatory species may be driven by the
activity patterns of their prey, that defines their availability. For example, insectivorous bats tune
their activity with the daily peaks in insect catchability, and spend much of the remaining time at

roosting sites, to reduce energy consumption and predation risk (Erkert 1982).

3.2.2 Thermic constraints

Both ectotherms and endotherms use behavioral adjustments to address thermoregulation
issues. Among those, switching between activity and resting is effective to deal with fluctuating

ambient temperatures. Resting is commonly used to avoid both too cold and too hot conditions.
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Often, only resting allows the retreat to thermally buffered sites, such as burrows or shaded areas,
as well as the use of social thermoregulation (Brodsky and Weatherhead 1984; Gestich etal. 2014;
Mohanty et al. 2022). Furthermore, many thermoregulatory behaviors and postures, such as
basking and ball-like postures, are not compatible with activity (Terrien et al. 2011). Daily torpor
is used by some mammals and birds to reduce their energy expenditure when the daily
fluctuation of environmental conditions make the maintenance of body temperature too costly
(Geiser, 2013; Hetem et al. 2016). All resting states enable thermoregulation, and animals may
use them alternatively to keep a thermal equilibrium while dealing with other constraints at the
same time. A notable exception, however, is REM sleep, as it imposes to shut thermic defenses off
(Schmidt 2014; Blumberg et al. 2020). REM sleep is essential for mammals and birds, but it is
incompatible with internal heat production. It may be expressed specifically by endotherms at

times when the need for thermoregulatory defense is low (Komagata et al. 2019).

3.2.3 Predation risk

Resting allows to select safe areas, retreat to inaccessible refuges, and enables concealment
through immobilization (Lima et al. 2005). It thus can constitute an efficient anti-predator
strategy. When perceived as high, predation risk thus often promotes resting, influencing both its
timing and duration (Monterroso et al. 2013; Stuber et al. 2014; Bidner et al. 2018). However,
resting implies a null energy intake, and animals using resting as an anti-predator strategy have
a special interest in spending as little energy as possible. On the other hand, they need to be aware
of their environment to be able to react to danger and assess predation risk. Resting states range
from energy-efficient, low-vigilance states to energy-demanding vigilant states. Torpid animals
are most vulnerable, as they are unable to react to external stimuli. However, such energy-
efficient strategy can enable them to remain hidden for longer, or even to trade efficiency for
safety when foraging, due to lower energetic needs (Turbill and Stojanovski, 2018). Quiet wake
allows for efficient responses to predator encounters, but is more energy consuming. Although
sleep is often viewed as a vulnerable state, it is a compromise between those two extremes. It
permits some energy savings but remains quickly reversible, and allows some processing of
sensory information (Lima et al. 2005; Siegel, 2009). Quiet wake and sleep often alternate when
predation risk is high (Lesku et al. 2008; Burger et al. 2020). Depending on the perceived
predation risk, animals are thus expected not only to adjust the timing and duration of resting,

but also their level of consciousness, and thus the form of resting involved.

3.2.4  Atoolkit for unfavorable conditions

Animals mitigate the costs of activity, such as energy expenditure or predator encounter risk,
by switching to resting when environmental conditions are not optimal. The diversity of available

resting states provides a way to adjust several potentially conflicting parameters like the energy
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conservation rate, the awareness of the surroundings and the ability to answer external stimuli
(Ferretti et al. 2019). Due to a high rate of genetic control on its homeostatic regulation, sleep
likely presents less flexibility than quiet wake. However, the integration of those distinct inactive
states in a global resting strategy may offer more flexibility in the behavioral responses of animals
to environmental fluctuations. More generally, the energy savings enabled by resting can be used
not only to cope with climatic conditions, but to answer any kind of energetic stress. For instance,
some birds use daily torpor to meet energetic balance during stages of high energy requirements

such as migration, development, pregnancy, or lactation (Geiser, 2013).

3.3 How long to keep resting?

3.3.1 Balancing time budgets

All animals rest for important proportions of their time budgets. Even species that are famous
for their low amount of sleeping, like large ungulates and elephants, spend at least 20% of their
time at rest (Gravett et al. 2017; Guy, 1976; Owen-Smith and Goodall, 2014). Total resting time is
constrained by ecological and physiological characteristics such as habitat, diet, trophiclevel, and
ecological niche (Capellini et al. 2009; Dunbar et al. 2009). It is however also variable within
species and individuals, and is influenced by several factors including weather conditions, food
availability, predation risk, and generally, by on how time-consuming daily maintenance activities
are (Lima etal. 2005; Lesku et al. 2008; Korstjens et al. 2010). The time needed to gather sufficient
food can vary considerably according to the quality, accessibility, and distribution of food, and to
predation risk levels on the foraging sites. In addition, the distance between foraging and resting
sites determines how much travel time is needed each time the animal switches between foraging
and resting phases. When more time is needed for active behaviors, animals adjust their time
budgets by reducing resting time, sometimes resting more ‘intensely’ (using more energy efficient
resting states) to compensate for the loss of resting time (Turbill and Stojanovski 2018). Animals
rest for shorter bouts when food is scarce (McFarland et al. 2014), but also when competition for
reproduction is intense, or when migrating or dispersing (Rattenborg et al. 2004; Lesku et al.
2012). Some studies of sleep in animals facing situations in which staying active is strongly
selected have shown that in some instances at least, sleep can be drastically reduced, or even
suppressed altogether without subsequent rebound, suggesting that the amount of enforced
resting might also be variable (Lesku et al. 2012; Rattenborg et al. 2016; Lesku and Rattenborg
2022). It is also noteworthy that the amount of rest needed strongly depends on life stage, early
developmental stages demanding more resting time (Jouvet-Mounier et al. 1970; Frank and
Heller 2003; Frank 2020). REM sleep for example is more predominant during development than
during adult life (Blumberg et al. 2020).
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3.3.2 Laziness

Part of the time animals spend resting is not enforced by ecological or physiological factors,
and has been referred to as ‘laziness’ (Herbers 1981). In accordance with the satisficing theory of
foraging, animals tend to rest when they have met their daily energetic requirements, even when
no specific hazard urges them to do so. Such uncommitted resting, has been evidenced in primates
(Korstjens et al. 2010) and is also commonly observed in captive animals (Fureix and Meagher
2015). This means that resting can stretch for longer than needed for obligate functions of resting
to be complete. The allocation to resting of any spare time left after the achievement of obligate
daily tasks may allow energetic savings. However, as time is a precious and limited resource,
uncommitted resting most importantly constitutes a time capital, available to be allocated to
other behaviors whenever needed. In most cases, it is complicated to measure how much time an
animal spends in uncommitted resting, as part of resting is enforced. Such a measurement would
provide an interesting insight into how time pressured a population actually is (Dunbar et al.

2009).

4 How torest?

Given the universality of resting and the variety of its drivers, it is not surprising that resting
strategies are extremely diversified. Parameters like the timing, duration, the spatial
organization, and the social context of resting are key to understanding the effects of the extrinsic

pressures faced by animals.

4.1 When to rest?

4.1.1 Monophasic rhythms

Animals may engage in resting at any time. Short bouts of resting are sometimes embedded
within longer bouts of activity. However, most of the resting displayed by animals occurs within
consolidated bouts, usually several hours long, alternating cyclically with similarly long phases of
activity. Animals are called monophasic when they display a single daily alternation between an
active phase and a resting phase every 24 h. When resting phases happen within the 24-h cycle is
variable across species. The temporal organization of resting results from the need to meet
physiological balance and energetic requirements, while dealing with the temporal variations of
environmental conditions, food availability and predation risk. It is driven by both endogenous
rhythms (like the circadian clock) and exogenous zeitgebers (environmental rhythms like solar
cycle, tides, and food availability) (Aulsebrook et al. 2021; Hazlerigg and Tyler, 2019). Since most
terrestrial habitats usually undergo strong daily fluctuations of temperature, relative humidity,
and luminosity across the day-night cycle, many animals rest in one single consolidated bout,

either diurnally or nocturnally (Riede et al. 2017). Mean ambient temperature is usually lower
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than animals’ optimal body temperature. Because resting enables to withdraw from colder
environmental conditions, nocturnal resting is usually an efficient strategy for the maintenance
of thermal balance (Hazlerigg and Tyler, 2019). Besides, resting at night is imposed for many
species that rely heavily on eyesight, like most birds for instance (Daan, 1981). When and where
water availability is a limiting factor (in arid habitats, during the dry season, or for species
vulnerable to dehydration, like many amphibians), diurnal resting is often preferred to minimize

water loss during the day (Daan, 1981).

4.1.2  Crepuscular and polyphasic rhythms

Resting in one consolidated bout each day, however, is not the only strategy (Halle 2006).
Many species are rather crepuscular, and thus spend most of both day and night at rest. Other
species rest for shorter bouts, spread throughout the day and night periods, in alternation with
activity (Bloch et al. 2013; Hazlerigg and Tyler 2019). These animals are called polyphasic. In
polar environments, daily environmental rhythms are extremely seasonal, and disappear
altogether for most of the year. In these conditions, animals adapt the timing of their resting
phases to physiological constraints and biotic external parameters. They often use polyphasic
patterns of activity (Bloch et al. 2013). Another driver of polyphasic activity is metabolism.
Herbivores using microbial fermentation, like voles and some ungulates, as well as small
endotherms, like shrews, require frequent bouts of foraging to meet their metabolic
requirements, and cannot afford to interrupt foraging for more than a few hours. They thus

spread short bouts of resting throughout the day and night (Hazlerigg and Tyler, 2019).

4.2 Where torest?

4.2.1 Resting site selection

Animals choose their resting sites according to their physical properties. They precisely select
habitat types, depending on species-specific requirements, and often use particular structures
such as burrows and cavities, sometimes creating these structures themselves. Resting sites are
notably characterized by their anti-predator and thermoregulatory properties (Larroque et al.
2015; Tisdale et al. 2018; Courbin et al. 2019). The amount of structural cover (Mysterud and Ims
1998), the possibility to sense approaching predators (Mohanty et al. 2022), the thermal
properties (Baghli and Verhagen 2005; Glass et al. 2021; Mohanty et al. 2022) and the density of
parasites (Hausfater and Meade 1982; Schneider et al. 2013) are commonly assessed by animals
when selecting a resting site. As a result, the utilization of the habitat is commonly very different
between the active and the resting phases. For example, a surprising number of squamate species
select unstable perches specifically for sleeping, as an early warning system to detect approaching
predators, although they do not use these perches when active (Mohanty et al. 2022). Trade-offs

emerge from the diversity of constraints to resting site selection. Animals typically need to
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balance predator avoidance and thermoregulation when choosing where to rest. For example, an
Australian gecko (Oedura lesueurii) has been shown to trade thermal efficiency for safety
(Downes and Shine 1998), while wolverines (Gulo gulo) are willing to rest in more risky sites, to
gain a thermoregulatory benefit (Glass et al. 2021). For many species, the availability and quality
of resting sites are seasonally variable. When suitable resting sites are a limited resource,
memorizing their location can be advantageous to minimize travelling costs (Fei et al. 2022).
While the choice of a resting site is highly constrained for some species, it has fewer implications
for others, which can afford to be less selective, and animals with low thermal sensitivity and low
risk of being predated should be less specific in their choices. For example, ducks and shorebirds,
which have a good thermal insulation and ability to detect predators while at rest, thanks to group
resting and unihemispheric SWS, usually rest in relatively exposed conditions, both in terms of

thermal stresses and predation risk (Rattenborg et al. 2000; Dominguez 2003; Lima et al. 2005).

4.2.2  Fidelity to resting sites

Many animals re-use the same resting sites over time. Such fidelity to a resting site may be
useful when resting sites are rare, scattered, unpredictable, or when their quality is difficult to
assess. Resting site fidelity is expected to be enhanced when resting sites’ quality is stable over
time (Gerber et al. 2019; Kaiser and Kaiser 2021). When the availability of suitable resting sites
is low, competition may arise over high quality sites (Markham et al. 2016) and animals may have
to fight to maintain their fidelity to resting sites (Kondo and Downes 2007). On the other hand,
resting site fidelity enhances predictability, which might come at a cost in terms of predation risk
(Smith et al. 2007). The anti-predator quality of a resting site may thus decrease with increased

utilization rate (Markham et al. 2016).

4.2.3  Where to rest within the home range?

The choice of a resting site is always constrained by its connectivity with sites that enable
efficient activity, which is necessary for maintenance and survival. In particular, it may be
constrained by the distance to foraging sites (Génin 2010; Burger et al. 2020; Hocevar et al. 2021).
Animals with a strong dependency on specific foraging sites, must adjust their resting site
selection accordingly (Chapman et al. 1989; Janmaat et al. 2014), decrease their selectivity over
resting sites (Génin 2010), or travel more distance to commute between resting and foraging sites
(Courbin et al. 2019). For these species, resting site selection should be influenced by landscape
patchiness and resource distribution. Conversely, when resting sites are a limited resource, their
availability may determine the range of animal movements and distribution (Anderson 2000;
Barnett et al. 2012; Larroque et al. 2015). Considering resting and foraging in a framework of
landscape complementation (Dunning et al. 1992) would help to improve our understanding of

animals’ resting strategies, and how they affect landscape utilization and species distribution.
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Finally, territoriality influences where in its home range an animal should rest. Resting on the
edge of the defended area could help territorial defense through improved detection of
neighboring rivals or early access contested sites (Day and Elwood 1999; Singhal et al. 2007;
Mohanty et al. 2022), while resting near the core of the defended area could be beneficial by

allowing exclusive use of spatially aggregated resources (Smith et al. 2007).

4.2.4  Resting site selection and activity patterns

Animals spend important proportions of the 24-h cycle at rest, but their daily resting time is
either aggregated in one consolidated bout, or shared between many short bout (Bloch et al.
2013; Hazlerigg and Tyler 2019). As resting implies immobility, the choice of a resting site has
implications that last until the end of the resting phase. Therefore, the selection of a resting site
is a decision with long-lasting implications for monophasic animals, and is required frequently
for polyphasic species. Monophasic species must choose a single resting site each day, and remain
at this location for several hours, while environmental conditions such as temperature, weather,
and predation risk fluctuate. When they select a resting site, they must thus anticipate changing
environmental conditions, like weather conditions and predation risk. If a monophasic animal
selects a resting site with high risk of predator encounter, the risk it faces will be set high for a
long period. For monophasic species, resting site selection is a daily choice with crucial
implications that last for hours. On the other hand, polyphasic species organize their activity
pattern as an alternation of bouts of activity and resting throughout the 24-h cycle. These species
must select resting sites several times a day. Each of these choices should be less critical than in
monophasic species, due to the lesser time spent at rest in each occasion. However, the selection
of a resting site may be spatially more constrained in polyphasic species, as their pattern of
activity allows less time to travel between resting sites and foraging grounds. These species
should thus depend on reliable and accessible resting sites. This might be particularly true for
small polyphasic animals like shrews, for which high metabolic needs likely increase the need to
find good quality, thermally efficient resting sites (Halle 2006). The influence of activity patterns

on resting site selection has, however, not been thoroughly investigated so far.

4.3 With whom?

4.3.1 The benefits of resting in groups

Gregarious animals do not rest independently of each other: many tune when and where they
rest to benefit from resting together. Social resting is frequently used for thermoregulation, in
both endotherms (Gilbert et al. 2010; Eppley et al. 2017) and ectotherms (Mohanty et al. 2022),
as huddling reduces heat loss. Resting in a group also has the potential to reduce predation risk
through predation dilution effect (Lima et al. 2005), and increased vigilance (Gauthier-Clerc et al.

1998; Lanham and Bull 2004). In addition, the potential for asynchronous vigilance enables less
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individual vigilance when resting aggregations are larger (Bidner et al. 2018; McBlain et al. 2020),
which may benefit mixed-species groups too. Resting in groups thus increases both the quantity
of resting time, and its quality, through a reduced need for vigilance, and increased thermal
defenses. The outcome of social resting, however, might yield unequal benefits for individuals in

the group, depending on their position within the resting aggregation (Dominguez 2003).

4.3.2  Social aspects of resting

Social dynamics also continue during resting periods, and influence when and where animals
rest (Smeltzer et al. 2022). The time spent resting along with conspecifics affects social bonds
(Silk et al. 2003). Social animals thus invest resting time to enhance their social relationships and
hierarchical situation, which may indirectly improve their reproductive success and survival. The
social dynamics during resting times are getting more and more attention from ecologists as it is
now possible to track several individuals from a social group at the same time (Loftus etal. 2022).
Social parameters influence details about how animals sleep, such as the spatial location within
the group, and the social status of neighbors. These fine-scale parameters also have the potential
to affect safety, thermic conditions, and the risk of being disturbed while at rest, which in turn
affect the quantity and quality of resting (Anderson, 1998; Loftus et al. 2022). The influences of
sociality on resting behavior are multiple and complex, and would require a specific focus to be
treated properly (see Smeltzer et al. 2022), which is why they are not discussed further in this

review.

5 Unknown effects of anthropization

The globally increasing pressure humans put on ecosystems affects animal behavior through
a variety of pathways. Animals respond to direct disturbance, habitat destruction, landscape
fragmentation, light and noise pollution, alteration of communities’ compositions, and increased
temperature by modifying their behavior. Obviously, just like any other behavior, resting is
concerned. In general, however, very little is known about how anthropic pressures affect how
animals rest, and what consequences this may have on individual fitness, and species abundance
and distributions. The effects of anthropization on resting are likely to interact between each
other and with their effects on other behaviors. As a result, making predictions on the
consequences of the anthropic disruptions of resting is certainly challenging. Nevertheless, here,
we explore some of the pathways through which human activity, at local or global scales, may

interfere with animals’ resting behavior.
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5.1 Direct anthropic disturbances

5.1.1 Shifts in vigilance levels

As human presence in all landscapes increases, animals are ever more likely to be disturbed
by people while at rest. Obviously, animals resting in areas relatively accessible to people are
most at risk. Direct anthropic disturbances disrupt resting by increasing vigilance level. McBlain
et al. (2020) described how oystercatcher (Haematopus ostralegus) reduce sleeping time and
increase vigilance in the presence of people, and even more when along with dogs. Human
presence near animals’ resting sites stimulates high-awareness resting behaviors such as quiet
wake, at the expense of sleep, thus potentially initiating sleep debt. In the case of persistent
disturbances, this might have important drawbacks on performance during subsequent activity
(Kolbe et al. 2021). A disturbed animal may decide to abandon its resting site, either because the
disturbance is perceived as a true threat, or because maintaining an elevated vigilance level
would be too costly (Dukas and Clark 1995; Gauthier-Clerc et al. 1998; Tworkowski and Lesku
2019). Such a reaction can have lasting effects, as demonstrated with experimental disturbances
on resting bears (Ursus arctos), which altered their behavior for several days after an encounter
with humans at the resting site (Ordiz et al. 2013). The costs of flights from resting sites include
increased energy expenditure, predation and thermal risk, and displacement away from sites
suitable with subsequent activity. In addition, animals giving up on resting time following
anthropic disturbance are not necessarily able to compensate with delayed resting, which may

induce more costs, related to sleep deprivation (Kaburu et al. 2019).

5.1.2  Shifts in activity patterns

Some animals proactively adjust when they rest to reduce the risk of direct anthropic
disturbances. As human activity is most intense during daytime, an efficient way for animal to
reduce disturbance when resting would be to rest at night. However, it is well established that
the opposite most often occurs, as animals prefer to reduce human encounters during their phase
of activity (Gaynor et al. 2018), and therefore expose their resting to human disturbance. This
kind of adjustment has been observed in a number of large herbivores and predator species
(Shukla et al. 2021). Resting is indeed an efficient anti-predator strategy, as it reduces the risk of
human encounter. Animals preferentially exposing their resting phase to human disturbance
highlights that the effective cost of anthropic disturbance (accounting for the rate at which they
occur) is generally lower for resting than for active behaviors. Nonetheless, for animals that are
generally active diurnally in the absence of anthropic pressure, daytime resting may have
physiological consequences related to increased vigilance and altered thermic balance. These

effects, however, remain largely unexplored.
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5.1.3  Spatial avoidance

Animals usually adjust their temporal patterns of activity to reduce the costs of anthropic
disturbances of active phases. To lower the risk they face of encountering people while resting,
animals may modify the spatial organization of their resting phases. The fear of the human super-
predator leads to spatial avoidance in general (Nickel et al. 2020; Corradini et al. 2021), and the
location of resting sites are commonly impacted (Wam et al. 2012; Wittemyer et al. 2017; Belotti
et al. 2018; Suraci et al. 2019; Weinberger et al. 2019). If areas free of disturbances become too
rare, the lack of quiet and safe resting sites could drive population decline, even in landscapes

where food is available, and movements are unrestricted (Beale 2007).

5.2 Landscape modification and fragmentation

5.2.1 Availability of resting habitat

Besides increasing the risk of disturbance at resting sites, anthropization also affects the
availability of resting sites altogether, through habitat destruction. Numerous microhabitats and
structures that are needed by animals for resting are rare of absent in anthropized landscapes,
many species struggle to find where to rest (Weinberger et al. 2019; Torretta et al. 2022). A good
example of such a constrain imposed by anthropization on resting behavior is the global decline
of tree cavities and hollows due to deforestation, forest management, and urbanization (Remm
and Lohmus 2011; Le Roux et al. 2014). These structures represent a limited resource, and are
essential to many birds, mammals and reptiles not only to breed, but also to rest on a daily basis
(Blakely et al. 2008; Lutermann et al. 2010), thus shaping home range sizes and species
distribution (Martin and Martin 2007; Manning et al. 2013). In managed forests, agricultural
lands, and urban environment, species that depend on tree cavities for resting are expected either
to restrict their distribution to the areas with most resting sites, or to increase home range sizes,
thus increasing energetic costs. Where suitable resting sites are lacking, animals may use
alternative sites of lower quality, if possible. For example, while many lizards favor unstable
perches for resting to increase their chances to sense approaching predators (Mohanty et al.
2022), such perches lack in some agricultural landscapes, thus forcing them to use riskier perches
(Bors et al. 2020). The lack of suitable structure for resting has been shown to affect population
sizes (Taylor et al. 2016), and could be an important constraint on species persistence in
anthropized landscapes (Weinberger et al. 2019). For non-territorial species, competition over

resting sites might also arise from limited availability (Markham et al. 2016).

The disappearance of potential shelters in anthropized landscapes is well described, and
studies generally acknowledge that it may affect species distribution by compromising both
reproduction and resting. However, almost all the examples cited in the literature focus on

reproduction (Lowry et al. 2013; Manning et al. 2013; Sarkar and Bhadra 2022). The
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consequences of the reduction of resting sites’ on species abundance and distribution, however,
is almost never studied in details. In contrast to most anthropized landscapes, urban
environments provide unusually high densities of suitable resting sites to some species (Sarkar
and Bhadra 2022). Medium-sized carnivores like stone martens (Martes foina), raccoons (Procyon
lotor), and opossums (Didelphis virginianus) use manmade structures to rest even in densely
populated cities (Bateman and Fleming 2012), which favors their expansion into urbanized areas.
Reptiles also make use of artificial structures to find shelter in urban areas (Koenig et al. 2001),
and their abundance in cities may depend on the availability of such structures (de Andrade
2020). In some cases, urban environments may support unusually high densities of certain
species, due to the profusion of resting sites (Lowry et al. 2013; de Andrade 2020). However, the
disparity in resting site availability to different species may alter community structures in

anthropized landscapes.

5.2.2  Constraints on movements

The need to rest is susceptible to constrain importantly the movements of animals living in
fragmented landscapes. In areas where the spatial layout of habitats used for foraging and resting
is altered, animals may be compelled to landscape complementation (Dunning et al. 1992), and
their need to move may increase. In fragmented anthropized landscapes, many animals are forced
to travel more to get to foraging sites (Podgorski et al. 2013; Torretta et al. 2022), with increased
energetic costs, and risks linked with transit (like collisions with vehicles). This adds to the many
constraints imposed by anthropization on animal movement (Tucker et al. 2018). Increased
commuting time linked with landscape fragmentation is expected to lead to a reduction of resting
time. This of course should have drawbacks that remain poorly understood. Polyphasic species
might be particularly at risk as they need to travel more often from foraging grounds to resting

sites.

5.3 Noise and light pollution

5.3.1 Lightpollution

Artificial lights at night (ALAN) are an important characteristic of anthropization in populated
areas, but also in industrial complexes and along some roads. Their effects may extend well away
from the light sources, notably through the effect of skyglow (Gaston and Sanchez de Miguel
2022). ALAN are susceptible of affecting how animals rest through a variety of pathways. In
nocturnally resting birds and reptiles, exposure to ALAN has been linked with sleep disruption
(Aulsebrook et al. 2021; Mohanty et al. 2022), sometimes leading to impaired performances
during wake (Taufique and Kumar 2016; Kolbe et al. 2021). Raap et al. (2016) described sleep
disruption by ALAN in great tits (Parus major), followed a sleep rebound. Kolbe et al. (2021)

observed a lower arousal threshold and impaired performance during subsequent activity in
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Anolis lizards exposed to ALAN, compared to animals sleeping in dark conditions (Kolbe et al.
2021). For many animals moonlight increases the risk of predation (Prugh and Golden 2014).
ALAN could thus decrease the anti-predator quality of artificially lit resting sites, thus stressing
animals to select more secure, darker resting sites. If ALAN reduces the quality of resting sites,
animals might be expected to avoid resting in exposed areas (Dominoni et al. 2014). However,
such a behavioral adjustment could drastically reduce the availability of resting sites, with
potentially cascading effects on other behaviors. Besides, avoiding ALAN exposure during resting
might simply be impossible to some animals, due to the wide spread of anthropic lightings. The
decline of resting quality might thus be unavoidable to some animals living close to people, with
unknown effects on their fitness. In addition, it seems some animals are unable to adjust their
resting sites selection to ALAN (Kolbe et al. 2021), or even preferentially select artificially lit
roosts (Ulgezen et al. 2019), despite physiological costs. These effects illustrate the fact that ALAN
are a new feature in most animals’ environments, and predictions on their effects on animals’

resting behavior are hard to make.

5.3.2  Noise pollution

Anthropized landscapes are also characterized by anthropogenic noise pollution. Ambient
noise levels have been shown to alter activity patterns in some urban populations (Fuller et al.
2007; Dominoni et al. 2020), and are thus expected to influence resting behavior to some extent.
Besides, exposure to environmental noise impairs sleep quality, with potential physiological
drawbacks (Kight and Swaddle 2011; Grunst et al. 2023). Animals are expected to exhibit
increased vigilance when exposed to anthropogenic noise, and particularly so if those noises are
sudden and unexpected, or associated to a real threat (e.g. dog barks). Many animals certainly
able to easily habituate to noise pollution, especially when sounds are heard continuously and
not associated to any threat (see Fradin and Chamaillé-Jammes 2023), but even background
noise, harmless in itself, may decrease the chances to hear an approaching threat, thus decreasing
the quality of a resting site (Bojarska et al. 2021). As a consequence, animals should generally
account for the anthropogenic soundscape when selecting resting sites, and avoid noisy areas.
The effects of noise pollution on resting, however, are mostly unknown and are likely to interact
with ALAN and direct disturbances, to contribute to a general pattern (Dominoni et al. 2020):
animals living closest to human settlements are more likely to suffer from a low availability of
good quality resting sites, and frequent disruption of resting behavior. Species that are able to
adjust their behavior, by finding alternative resting sites or habituating to these constrains are

likely to be favored in these contexts (Lowry et al. 2013).
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5.4 Alterations of communities

5.4.1 Introduction of predators and competitors

Anthropized landscapes are associated with altered animal communities, with important
effects on animals’ resting behavior. In some cases, the introduction of exotic species generates
intense competition over resting site (Cole et al. 2005). For example, the rose-ringed parakeet
(Psittacula krameri) which is invasive across Western Europe, competes over tree cavities with a
number of native birds and bats, that use them both for nesting and resting (Mori et al. 2017).
The extent to which this affects species abundances however is unknown. Extreme predator
densities occurring in cities is also susceptible of affecting how animals rest in urban landscapes.
Duarte and Young (2011) have shown that urban marmosets (Callithrix penicillata) strongly
modify their selection of resting site accordingly to the density of cats in the neighborhood.

Similar adjustments could be expected from many small urban animals.

5.4.2  Predator depletion

Besides, human-dominated landscapes are often characterized by the lack of large predators
(Woodroffe 2000). Prey species that, as a consequence, experience a reduced predation pressure
could therefore afford to be less selective on safe resting sites, which may possibly compensate
the lack of available resting sites in these landscapes. In addition, the release of predation
pressure could allow prey species that normally time their activity to avoid predation to shift
their activity pattern (Shores et al. 2019). That, however, would require habituation to human

presence from them.

5.5 Increased temperature

Resting is often used in response to adverse environmental conditions, which include harsh
temperatures. Consequently, global warming is certainly expected to disrupt animals’ resting
patterns. Ambient temperature affects the quality of sleep (Harding et al. 2019), as well as when
and where animals rest (Rattenborg et al. 2017; Mohanty et al. 2022), and the total amount of
time spent at rest (Dewasmes et al. 2001). Levy et al. (2019) and DeGregorio et al. (2015) have
proposed that some diurnal animals might adjust to increased summer temperatures by shifting
to a nocturnal activity pattern. While changes in activity patterns in response to environmental
stimuli have been documented in a wide diversity of species (Levy et al. 2019), such a shift would
imply resting under the hottest conditions, with costs that are currently unknown and should be
investigated. Animals with the ability to rest in thermally buffered sites (e.g. burrows) could be
the most likely to express such behavioral shift (Moore et al. 2018). An increase in the selection
of cool resting sites under increased temperatures should be observed in a number of species,

and has been described in reindeer (Rangifer tarandus) in Svalbard (Williamsen et al. 2019). Such
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adjustments could produce more competition over resting sites, especially where suitable resting
sites are already low. Warmer temperatures may directly affect the quality of resting time in some
animals. Flesch, Rosen, and Holm (2017) predict that increased temperatures due to global
warming should lead to metabolic costs in resting ectotherms, with important drawbacks on
subsequent activity. As temperatures keep increasing, animals’ ability to cope with change
through behavioral adjustments will decrease. Extreme weather events should become the most
important pathways through which temperature could affect resting behavior. During heatwaves,
animals should increase resting time, possibly at the expense of other activities. Species capable
of using daily torpor flexibly in response to unpredictable and severe weather events are
predicted to stand better chances of survival during extreme events (Geiser and Turbill 2009;
Nowack et al. 2017). However, most of the effects that climate change might have on animals

through the disruption of resting remain unknown.

6 Conclusions

(1) Resting often represents substantial proportions of animals’ time budgets and yet has

received little attention from ecologists.

(2) Resting strategies are highly variable between species and individuals, and often show a

great plasticity, although they are shaped by a diversity of constraints.

(3) Decision making related to resting behavior has crucial implications for energy balance,

thermoregulation, predator avoidance, and use of the landscape.

(4) Anthropization greatly influences where, when, and how animals rest, which could have

important consequences on individual fitness, and species abundance and distribution

(5) To date, the effects of anthropization on resting behavior seem to have been overlooked by

ecologists.

(6) Considering all inactive behaviors occurring on a daily basis together under the term of

“resting” would enable facilitated large-scale monitoring though accelerometry.
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1 Une espece charismatique de la faune Européenne

Le sanglier (Sus scrofa) est natif de la zone paléarctique, ou il est largement répandu dans une
grande diversité d’environnements : forét boréales, garrigue Méditerranéenne, haute montagne,
etc. (Figure 1). En Europe tempérée, il figure parmi les plus grands animaux terrestres. Le sanglier
présente un dimorphisme sexuel important, avec un poids compris entre 50 et 130 kg pour les
males, et entre 30 et 80 kg pour les femelles (appelées « laies »). La taille du sanglier est tres

variable selon les régions et les conditions environnementales.

C’est une espece opportuniste et omnivore, dont le régime alimentaire, remarquablement
variable selon les saisons et les environnements, est trés largement déterminé par la disponibilité
alimentaire (Schley and Roper 2003; Ballari and Barrios-Garcia 2014). Le sanglier consomme des
éléments végétaux variés (fruits, feuilles et racines), des champignons, et une grande diversité de
proies animales (lombrics, arthropodes, reptiles et amphibiens, petits oiseaux et mammiféeres,
etc.), ainsi que des ceufs et des charognes. La base de son alimentation comprend toujours un
élément végétal riche en énergie, et disponible en grande quantité (Schley and Roper 2003). Il
s’agit généralement de fruits forestiers (glands, faines, noisettes), mais dans les zones agricoles,
ceux-ci peuvent étre complémentés ou remplacés par une grande diversité de plantes cultivées
(céréales, légumineuses, pommes de terre, etc.) (Schley and Roper 2003; Herrero et al. 2006;
Fournier-Chambrillon et al. 2014). La consommation de produits agricoles est fortement
influencée par la disponibilité des fruits forestiers, qui fluctue selon les saisons, et selon un cycle
pluriannuel de fructification de masse (glandées, fainées). Dans certains cas, les dégats agricoles
occasionnés par les sangliers peuvent étre importants (Schley and Roper 2003; Barrios-Garcia

and Ballari 2012).
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Figure 1. Le sanglier, un animal omniprésent. (a) Carte de la répartition du sanglier dans le monde,

adapté de Lewis et al. (2017) et Barrios-Garcia et Ballari (2012). (b) La diversité des habitats ou vit

le sanglier : montagnes, marais, foréts tempérées, garrigues méditerranéennes, etc.

Le sanglier est un animal social. Les femelles vivent en groupes matrilinéaires composés d'une
laie dite meneuse, accompagnée d’autres femelles adultes et de jeunes des deux sexes (Kaminski

etal. 2005; Poteaux et al. 2009). Les males sont solitaires pendant la majeure partie de I'année et
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rejoignent les groupes familiaux en automne pour la période du rut (Maselli et al. 2014). Les traits
d’histoire de vie des sangliers sont surprenants pour des mammifeéres de leur taille : une laie peut
se reproduire pour la premiere fois dés la premiere année (Servanty et al. 2009), et produit en
moyenne entre quatre et six petits par portée (Focardi et al. 2008). A titre de comparaison, une
femelle d’'ongulé (non-suidé) de taille similaire produit moins de trois petits par portée, a partir
de sa deuxieme ou troisieme année (Focardi et al. 2008; Servanty et al. 2009). Méme si les
marcassins naissent généralement a la fin de l'hiver, ou au printemps, des mises bas sont

régulierement observées a toutes les périodes de 'année (Malmsten et al. 2017).

2 Un animal controversé

Le sanglier géneére aujourd’hui de fortes tensions sociales et suscite de nombreux débats. Ceux-
ci concernent en particulier les dégats matériels occasionnés par les sangliers (dégats agricoles,
collisions routieres, dégradation des espaces verts publics et privés...), et les risques sanitaires
qu'ils peuvent représenter pour I'étre humain et pour les animaux domestiques. Il existe aussi
d'importantes controverses autour des moyens mis en ceuvre pour limiter les populations de

sangliers : chasse, piégeage pour destruction, etc.

Les tensions liées au sanglier sont exacerbées par la récente croissance démographique de
I'espéce sur l'ensemble de son aire de répartition. Entre 1960 et 1980, les populations
Européennes de sangliers ont connu une forte augmentation, supérieure a 100% (Saez-Royuela
and Telleria 1986), et leur croissance continue depuis les années 80 (Massei etal. 2015). L’espéce
a également recolonisé certains pays d’ou elle avait disparu, comme le Royaume-Uni, la Suéde, la
Finlande et'Estonie (Veeroja and Mannil 2013; Wilson 2013; Markov et al. 2022). Cette explosion
démographique spectaculaire, permise par la fécondité exceptionnelle du sanglier et ses
capacités de dispersion, a été déclenchée par une combinaison de facteurs externes. La déprise
agricole et le reboisement dans certaines régions, l'intensification de 1'agriculture dans d’autres,
le nourrissage artificiel, et I'augmentation de la fréquence des glandées exceptionnelles liée au
changement climatique ont simultanément augmenté la disponibilité des ressources alimentaires
(Massei et al. 2015; Touzot et al. 2020). Par ailleurs, la mortalité de I'espéce, et en particulier des
jeunes individus, a été réduite par le manque de prédateurs naturels (en particulier le loup gris,
Canis lupus), la prévalence des hivers doux, et certaines pratiques conservatrices de gestion,
comme par exemple le tir sélectif des males (Bieber and Ruf 2005; Vetter et al. 2020).
L’'importance de ces différents facteurs dans 'augmentation des populations de sangliers est en
revanche difficile a évaluer. Cette dynamique démographique s’est accompagnée de I'expansion
de l'aire de répartition du sanglier (Apollonio et al. 2010), ainsi que de la colonisation de

nouveaux habitats ou cette espéce était rare ou absente, et en particulier de paysages fortement
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urbanisés ou dominés par I'agriculture (Cahill and Llimona 2004; Keuling et al. 2009; Podgorski
et al. 2013). Naturellement, 'augmentation des populations de sanglier s’est aussi accompagnée
d’'une augmentation des dégats agricoles (Massei et al. 2011), qui sont localement devenus
considérables (Bobek et al. 2017). En France, par exemple, les compensations financiéres pour
les dégats agricoles liés au sanglier sont passées de 2,5 a 32,5 millions d’euros par an entre 1973
et 2008 (Massei et al. 2015). Il y a donc un appel a urgemment diminuer les densités de sangliers
(Barrios-Garcia and Ballari 2012; Keuling et al. 2016), et ce dans un contexte ou les chasseurs
sont de moins en moins nombreux, et la chasse elle-méme est de plus en plus critiquée et
questionnée (Mathevet and Bondon 2022; Vajas et al. 2023). La chasse récréative représente le
facteur de mortalité le plus important pour les sangliers en Europe (Massei et al. 2015; Quirds-
Fernandez et al. 2017). Dans les pays du Sud de I'Europe, et en particulier dans les régions
Méditerranéennes, le sanglier est chassé lors de battues, ou des « piqueurs », avec I'aide des
chiens, rabattent les sangliers vers l'extérieur d’'une enceinte, autour de laquelle sont posté les

« tireurs ». Plus au Nord, la chasse a I'affut ou a 'approche est souvent privilégiée.

3 La flexibilité comportementale du sanglier

Le sanglier fait preuve d'une grande flexibilité dans son comportement spatial (Keuling et al.
2008a). Son aptitude a effectuer des déplacements importants a I’échelle du paysage lui confére
une grande capacité d’ajustement aux conditions environnementales. Les connaissances
concernant le comportement spatial du sanglier ont été synthétisées par Morelle et al. (2015),
selon le cadre de I’écologie du mouvement proposé par Nathan et al. (2008). Selon Nathan et al,,
le déplacement d'un organisme dans I'espace résulte de I'interaction entre une série de facteurs
intrinséques a l'organisme et les conditions environnementales. Les facteurs intrinseques
influencant le déplacement d'un animal peuvent étre décomposés entre les capacités de
navigation, les capacités motrices, et la motivation (qui est influencée par des facteurs

physiologiques et psychologiques, comme la faim et la peur).

3.1 Navigation

La navigation dans I'espace chez le sanglier dépend largement de son excellent sens de
l'olfaction (Croney et al. 2003; Morelle et al. 2015), ainsi que d’'une bonne mémoire spatiale
(Mendl et al. 2010; Gieling et al. 2011). Ainsi, le sanglier utilise des points de reperes paysagers
et apprend aupres de ses congénéres pour créer une carte mentale de son environnement
(Dardaillon and Beugnon 1987; Morelle et al. 2015), et revisiter régulierement les mémes sites
d’alimentation et de repos (Spitz and Janeau 1990; Spitz and Janeau 1995). Il semble tenir compte
de signaux magnétiques pour I'orientation de son corps, ce qui suggere que le champ magnétique

terrestre pourrait aussi contribuer a 'assemblage de cette carte mentale (Cerveny et al. 2017).
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Lorsqu'’il se déplace, le sanglier est donc capable de prendre en compte des éléments distants,

qu'’ils soient disponibles a sa perception ou stockés en mémoire, dans ses prises de décision.

3.2 Motricité

Le sanglier est un animal de grande taille dont les capacités motrices sont importantes (Figure
2). ll parcourt quotidiennement entre 2 et 17 km, avec des variations selon le sexe, la saison et la
disponibilité alimentaire. Le déplacement quotidien moyen est d’environ 4 km (Spitz and Janeau
1990). Ses modes de déplacement sont de deux types : le mode de transit, rectiligne et rapide, et
le mode de fourragement, plus sinueux et lent (Allwin et al. 2016). Le sanglier est assez
sédentaire, et il parcourt quotidiennement une proportion importante de son domaine vital
annuel (Podgoérski et al. 2013; Morelle et al. 2015), qui couvre souvent plusieurs centaines
d’hectares. L’étendue de ce domaine vital est influencée par la saison, I'age, et la structure sociale
(Keuling et al. 2008a), mais aussi par les perturbations anthropiques, et notamment la chasse
(Boitani et al. 1994; Maillard and Fournier 1995; Calenge et al. 2002; Laguna et al. 2021). Le
sanglier vit dans une grande diversité de paysages, et ajuste sa mobilité en fonction de son
environnement. Par exemple, les sangliers vivant en milieu urbanisé ont tendance a occuper des
domaines vitaux plus restreints, mais a se déplacer davantage chaque jour pour trouver leur
nourriture (Podgdrski et al. 2013). Le sanglier utilise les éléments paysagers linéaires, tels que
les fossés, les haies, et les ripisylves, pour se déplacer sur de longues distances dans les paysages

agricoles, tout en restant a couvert (Thurfjell et al. 2009).

(b)

Figure 2. Déplacements d’un sanglier dans son domaine vital des Gorges du Gardon, pendant (a)
deux jours, (b) 15 jours, (c) 104 jours. Les cercles roses et bleus correspondent respectivement aux
points GPS enregistrés pendant l'activité et le repos. La ligne pointillée représente le trajet de
I'animal. Les bdtiments sont représentés en gris foncé, les villages en gris clair, les routes en brun, et

les blocs forestiers en vert.
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3.3 Motivation

Le sanglier se déplace pour se reproduire, s’alimenter, pour échapper a ses prédateurs et pour

rejoindre les sites de repos favorables.

Son cycle reproductif influence différemment les déplacements des males et des femelles
(Spitz and Janeau 1990). De maniere générale, les males, qui sont solitaires, se déplacent plus que
les femelles. Cette tendance est amplifiée entre 'automne et I'hiver, lors du rut (Cavazza et al.
2023). A cette période, les males cessent d’étre solitaires, mais se déplacent davantage, et
occupent des domaines vitaux plus grands, afin de cotoyer plusieurs groupes sociaux et
augmenter leur succeés reproducteur (Johann, Handschuh, Linderoth, Heurich, et al. 2020;
Cavazza etal. 2023). Al'inverse, les femelles, qui vivent au sein des groupes sociaux toute I'année,
réduisent leurs déplacements et la surface de leur domaine vital lorsqu’elles sont accompagnées

de juvéniles (Iacolina et al. 2009; Cavazza et al. 2023).

Une autre préoccupation majeure du sanglier, et qui influence fortement ses déplacements, est
I'acquisition de nourriture. Le sanglier alloue une proportion importante de son temps au
fourragement. Du fait de son régime alimentaire opportuniste, il doit se déplacer plus ou moins
en fonction de la disponibilité alimentaire. Certaines ressources, comme les fruits forestiers
(glands, faines, chataignes), sont concentrées dans I'espace. D’autres modes de fourragement,
comme |'exploitation des champs cultivés, impliquent davantage de déplacements (Keuling et al.
2009). La disponibilité de la ressource alimentaire la plus abondante dans un environnement
donné et a une saison donnée affecte donc fortement la facon dont le sanglier utilise 'espace. On
observe ainsi des déplacements saisonniers des domaines vitaux, liés a la disponibilité
alimentaire. Par exemple, les sangliers fréquentent régulierement les champs cultivés en été,
lorsque les cultures sont a maturité, et retournent généralement dans les foréts en automne, pour
profiter de la fructification des chénes, hétres et autres arbres (Morelle et al. 2015). Bisi et al.
(2018) ont montré que la taille du domaine vital des sangliers augmente fortement les années de
faible production de fruits forestiers. Lorsqu’une ressource alimentaire est abondante localement
a une période donnée, le sanglier peut 'exploiter intensément en adoptant un patron de
déplacement stéréotypé, caractérisé par des aller-retours entre les sites de repos et

d’alimentation (Keuling et al. 2009).

La volonté d’échapper aux prédateurs (ainsi qu'aux chasseurs) influence également les
déplacements du sanglier. Par exemple, Gordigiani et al. (2021) ont constaté que le sanglier peut
ajuster son activité au cycle lunaire, réduisant ses déplacements lors des nuits les plus claires,
probablement pour réduire le risque de prédation par le loup gris (Canis lupus). Cependant, dans

une grande partie de I'Europe, le loup gris, seul prédateur notable du sanglier, est absent, ou peu
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abondant (Kuijper et al. 2014; Massei et al. 2015). C’est I'étre humain, a travers la chasse, qui
représente la principale cause de mortalité chez le sanglier (Toigo et al. 2008; Keuling et al. 2013;
Massei et al. 2015). Par ailleurs, I’étre humain non-chasseur, bien qu’'inoffensif pour le sanglier,
est aussi a 'origine, par sa seule présence dans les espaces ou vit 'animal, de perturbations
fréquentes qui peuvent modifier son comportement (Stillfried et al. 2017; Olejarz et al. 2023).
Ainsi, I'étre humain fagonne un paysage de la peur qui structure fortement les déplacements du
sanglier (Tolon et al. 2009; Stillfried et al. 2017). Dans les habitats ou la présence humaine est
réduite, le sanglier est régulierement actif de jour. Au contraire, lorsque la présence humaine est
importante, il est exclusivement nocturne (Podgoérski et al. 2013; Ohashi etal. 2014), et se déplace
davantage. Ainsi, le sanglier est capable d’ajuster son rythme d’activité au risque de dérangement
ou de prédation percu. Le sanglier ajuste également son comportement aux périodes de chasse.
De maniere générale, il sélectionne des zones ou la végétation est plus dense pendant la saison de
chasse (Laguna et al. 2021). L’effet de la période de chasse sur les déplacements du sanglier
dépend de nombreux facteurs, et notamment du type de chasse pratiqué. Certains auteurs ont
documenté une augmentation des déplacements pendant les périodes chassées (Maillard and
Fournier 1995; Laguna et al. 2021). D’autres au contraire, ont trouvé une réduction du domaine

vital et des déplacements totaux (Tolon et al. 2009; Thurfjell et al. 2013).

4 Un modele pour étudier le repos en milieu anthropisé

4.1 Un modele de flexibilité

Le sanglier vit dans des environnements tres contrastés. Il est rencontré tout le long du
gradient d’anthropisation, depuis les hautes montagnes et les foréts les plus reculées, jusqu’aux
grands bassins agricoles et aux zones péri-urbaines. Comme nous l'avons vu, sa flexibilité
comportementale est un atout majeur pour occuper des milieux diversifiés, et persister dans les
milieux les plus anthropisés. En effet, le sanglier est capable de comportements drastiquement
différents en fonction des conditions: il peut modifier son régime alimentaire de facon
spectaculaire en fonction de la disponibilité en ressources. Son rythme d’activité peut aussi
changer du tout au tout, oscillant entre des patrons temporels radicalement différents : nocturne,
crépusculaire ou diurne, en réponse aux variations du risque de prédation, ou de dérangement.
De plus, il est capable d’ajuster ses modes de déplacement a la structure du paysage, et au niveau
d’anthropisation. Ainsi, il peut parcourir des distances plus importantes, et plus rapidement,
lorsque I'environnement présente a la fois une résistance au déplacement, et des ressources
alimentaires diffuses, impliquant donc des déplacements plus efficaces, comme c’est le cas dans

les milieux urbanisés.

81



SECOND AXE INTRODUCTION

Quotidiennement, le sanglier alterne entre une phase d’activité et une phase de repos. Cette
derniere représente une proportion importante du temps journalier, et implique une série de
prises de décisions, qui sont susceptibles de laisser place a de la flexibilité. Ainsi, des choix tels
que celui de I'habitat utilisé lors de la sélection des sites de repos, celui de leur disposition dans
le paysage, entre eux et par rapport aux sites d’alimentation, et celui de 'organisation temporelle
des phases de repos, sont autant de parameétres qui peuvent permettre au sanglier de s’ajuster
aux contraintes de son environnement. La flexibilité du comportement de repos pourrait ainsi
participer a la persistance du sanglier dans des milieux particuliéerement stressants, comme les
zones urbanisées, ou fortement chassées. Le sanglier, vivant dans des environnements aux
niveaux d’anthropisation variés, et présentant une stupéfiante capacité a ajuster son
comportement aux contraintes de son environnement, présente des caractéristiques appropriées

pour étudier les effets de I'anthropisation sur le comportement de repos.

4.2 Stratégie de repos du sanglier

Le temps de sommeil journalier a été estimé a environ 7,8 h chez les porc domestique, et a
10,6 h chez le sanglier en milieu naturel (Campbell and Tobler 1984; Mortlock et al. 2022). La
phase de repos compléte, qui comprend les phases de sommeil ainsi que des phases de veille
calme, occupe plus de la moitié du cycle journalier : entre 12 et 14 h de repos journaliers sont
généralement rapportées (Sodeikat and Pohlmeyer 2007; Podgérski et al. 2013). La durée totale
du repos quotidien ne dépend pas du taux d’anthropisation (Podgorski et al. 2013; Olejarz et al.
2023). En revanche, le patron temporel d’alternance des phases de repos et d’activité présente
des spécificités locales. De maniere générale, on observe un patron d’activité monophasique, et
peu affecté par la variation saisonniere et latitudinale de la durée du jour (Lemel et al. 2003;
Brivio et al. 2017). Dans les milieux anthropisés, les sangliers sont exclusivement nocturnes, et
n’entrent en activité qu’aprés que le coucher du soleil (Sodeikat and Pohlmeyer 2007; Brivio et
al. 2017). Dans les milieux plus naturels, le sanglier peut présenter des rythmes d’activité variés
(Boitani et al. 1994; Russo et al. 1997; Podgoérski et al. 2013; Ikeda et al. 2019). L'utilisation d'un
rythme d’activité en particulier ne fixe pas seulement les conditions environnementales pour la
phase active, mais expose également la phase de repos a des conditions spécifiques. En effet, les
qualités d’'un site de repos, en termes de thermorégulation, de risque de prédation et de
dérangement, varient entre le jour et la nuit. Ainsi, par exemple, un sanglier actif de nuit expose
sa phase de repos a des conditions diurnes, ce qui implique des températures plus élevées, un
risque de dérangement par les activités humaines plus important, mais vraisemblablement un
risque moindre de prédation naturelle. Le site de repos doit donc étre choisi en fonction de ces

conditions spécifiques.
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En théorie, le sanglier connait peu de contraintes spécifiques pour la sélection de ses sites de
repos (Allwin et al. 2016). Pour se reposer, il s’allonge dans un lit qui consiste en une simple
dépression creusée dans la terre, souvent au pied d'un arbre, ou d’'un rocher. Il peut y ajouter des
éléments végétaux qui en améliorent l'isolation thermique. Les lits sont généralement choisis
dans les zones ou la végétation est la plus dense possible (Maillard et al. 1995; Said et al. 2012).
En dehors des zones forestieres, le sanglier se repose dans les lieux ou il trouve une végétation
suffisamment dense, telles que les ripisylves et les roselieres, mais aussi les haies, les parcs et les
jardins, en particulier lorsque le sous-bois y est dense. En milieu agricole, les champs peuvent
aussi étre utilisés pour le repos (Keuling et al. 2009; Allwin et al. 2016). Les femelles et les jeunes
se reposant ensemble, au sein des groupes familiaux, il est probable qu’ils aient besoin d'un

espace plus conséquent pour se reposer, comparé a un male solitaire.

Un méme lit peut ne servir qu'une seule fois, ou étre réutilisé a de nombreuses reprises. Le
sanglier garde en mémoire la localisation et les caractéristiques des sites de repos qu’il a déja
utilisé, et lorsqu’ils sont favorables, il revient régulierement s’y reposer. Cette tendance a la
réutilisation des sites de repos peut dans certains cas mener a des patrons d’activités stéréotypés,
avec des allers-retours entre un site de repos et un ou plusieurs sites d’activité (Boitani et al.
1994; Morelle et al. 2015). La réutilisation d’un site de repos peut avoir lieu d'un jour sur I'autre,
mais elle peut aussi tout a fait étre différée a plusieurs mois d’intervalle. Les sangliers
entretiennent donc de véritables réseaux de sites de repos qui quadrillent leur domaine vital.
Parmi ces sites de repos, certains sont utilisés fréquemment, parfois de facon saisonniére, et
d’autres sont occasionnels. Les facteurs qui poussent un sanglier a réutiliser ou non un site de
repos sont certainement liés a ses qualités physiques, comme son potentiel de thermorégulation,
mais aussi a sa localisation dans le paysage, qui influence le risque de dérangement, ainsi qu’a sa
position par rapport aux sites d’alimentation utilisés (Sodeikat and Pohlmeyer 2007). La chasse
influence également la sélection des sites de repos par le sanglier. Ainsi, une augmentation de la
distance entre sites de repos successifs est souvent observée pendant la saison de chasse
(Maillard and Fournier 1995; Sodeikat and Pohlmeyer 2007; Scillitani et al. 2010). Une telle
réponse pourrait diminuer la prédictibilité de la position du sanglier, et ainsi agir comme une
stratégie anti-prédation. Pourtant, en dehors de ces quelques effets liés a la chasse, la dynamique
spatiotemporelle d’'utilisation des sites de repos par le sanglier, et en particulier son interaction
avec les activités humaines, reste mal connue. De maniere générale, les facteurs qui influencent
la prise de décision relative a la sélection des sites de repos par le sanglier demeurent, par de

nombreux aspects, inexplorés.
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5 Objectifs du second axe

Dans ce second axe de ma these, nous nous intéressons au sanglier comme objet d’étude, pour
approfondir plusieurs questions relatives a I'influence de I'activité humaine sur le comportement
de repos. Cette espéce présente des caractéristiques intéressantes pour étudier les effets de
I'anthropisation sur le repos animal, et en particulier ceux liés au risque de dérangements directs
et a I'altération du paysage. Les deux études suivantes (chapitres 2 et 3) s’appliquent a décrire la
dynamique spatiale de 'utilisation des sites de repos par le sanglier a deux échelles différentes.
Dans un premier temps, nous nous focalisons sur une échelle locale, celle de la région des
Garrigues languedociennes, dans le Sud de la France, pour analyser la stratégie de repos du
sanglier dans un contexte unique, homogéne, et bien maitrisé. Dans un second temps, nous
prenons une perspective plus globale, en étudiant des populations de sanglier réparties a travers
I'Europe entiére. Dans les deux cas, l'objectif est de comprendre les mécanismes par lesquels

I'anthropisation affecte I'aspect spatial de la stratégie de repos chez cette espéce.

5.1 Objectifs du chapitre 2

Dans le premier volet du second axe de cette thése, nous cherchons a caractériser la stratégie
de repos du sanglier en réponse au risque de dérangement par les activités humaines, et a en
évaluer l'efficacité. Pour cela, nous examinons 'utilisation du paysage par le sanglier lors du
repos, avec pour objectif de caractériser l'influence du risque de dérangement par les activités
humaines. Le comportement spatial du sanglier est bien s{ir contraint par la chasse, mais dans les
milieux fortement anthropisés, il peut également étre influencé par la présence humaine non liée
a la chasse. Nous cherchons a évaluer la fréquence des dérangements liés ou non a la chasse en
fonction du type de site de repos sélectionné, afin d’estimer l'efficacité de la stratégie
d’ajustement comportemental dans la réduction du risque de dérangement par les activités
humaines. Enfin, nous tentons d’estimer l'importance des conséquences directes des
perturbations du repos, en termes de distances parcourues lors des mouvements de fuite
potentiels. Nous utilisons une méthode basée sur un suivi spatial et accélérométrique,
complémenté par quelques enregistrements audios. Dans cette étude, nous nous cantonnons a
deux populations de sangliers du Sud de la France, pour en décrire le comportement spatial a fine

échelle.

5.2 Objectifs du chapitre 3

Dans le second volet du second axe de cette these, nous nous intéressons a l'interaction entre
la sélection de I'habitat pour le repos et l'utilisation du paysage lors des phases actives. L’objectif
est de comprendre comment la localisation des sites de repos dans le paysage peut contraindre

l'utilisation de son domaine vital par un individu. En particulier, nous cherchons a caractériser
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I'influence de 'anthropisation et du couvert forestier sur la capacité du sanglier a se déplacer de
facon non contrainte entre les sites utilisés pour le repos et pour I'activité. Nous nous plagons
pour cela a une échelle spatiale plus globale, en étudiant des sangliers répartis a travers I'Europe
entiere, et appliquons une méthode utilisant une mesure de centralité issue du domaine de
I'analyse des réseaux. Le comportement de repos n’a jamais été décrit chez le sanglier a une
échelle aussi large. Nous profitons donc de cette opportunité pour estimer l'influence de
I'anthropisation sur la stratégie spatiale de repos du sanglier, afin de participer a la
caractérisation des mécanismes comportementaux qui permettent a cette espece de persister

avec un succes certain dans une grande diversité de milieux, anthropisés ou non.
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Mateériel & méthodes

Dans les deux études qui composent le second axe de cette thése (chapitres 2 et 3) nous nous
intéressons au comportement de repos du sanglier, par une approche basée sur le suivi
télémétrique d’animaux sauvages. Dans cette section matériel et méthodes, je présente le travail
de terrain qui a été nécessaire a I'acquisition des données utilisées dans ces deux chapitres, je
décris le contenu des données récoltées, et j'expose les méthodes générales qui ont été utilisées

pour l'analyse.

1 Sites d’étude

Au cours de cette thése, nous avons capturé des sangliers dans trois sites d’études distincts de
la moitié sud de la France (Figure 1). Deux de ces sites font partie de la méme unité géographique,
et sont trés similaires : les Gorges du Gardon (43.93°N ; 4.38°E) et la zone du Pic Saint-Loup
(43.74°N ; 3.88°E). Chacun de ces deux sites est situé a une dizaine de kilometres au nord d'une
ville majeure (Nimes, pour les Gorges du Gardon et Montpellier pour le Pic Saint-Loup), et
constitue une zone rurale relativement peuplée. La densité de population moyenne y est de 280
habitants par km?, regroupés dans des villages et de petites villes. Coincés entre le massif des
Cévennes et la mer Méditerranée, ces deux sites font partie de la région des « Garrigues
languedociennes ». Cette région Méditerranéenne calcaire, aux étés chauds et secs et aux hivers
doux, est caractérisée par une végétation xérophyte et par la culture de la vigne. Elle a été
largement faconnée par le pastoralisme et 'agriculture, pratiqués par ses populations humaines
depuis le Néolithique, puis par I'exploitation du bois (Martin 1987). Au cours des siecles, les foréts
de chénes vert et de chénes blanc ont graduellement laissé place a une végétation arbustive tres
ouverte, appelée garrigue, d’ou le sanglier est devenu rare ou absent (Martin 1987; Raynal 2020).
Depuis la révolution industrielle, le pastoralisme et le déboisement ayant diminué, la forét est en

partie revenue, refermant la garrigue, et favorisant le retour du sanglier (Maillard et al. 1995).
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Dans les Gorges du Gardon comme la zone du Pic Saint-Loup, 'abondance des sangliers est
aujourd’hui fortement décriée en raison des dommages occasionnés, en particulier sur la vigne.
Les battues au sanglier y sont pratiquées de facon intense, et la saison de chasse y est
régulierement allongée par arrétés préfectoraux. Par ailleurs, la croissance démographique
récente et le peuplement des zones rurales périphériques aux villes y ont accentué les conflits

entre humains et sangliers.

(b)

Greno?lsg

Massif des Ecrins 0%;»\
. Gorges |

(c) (d)

Figure 1. Présentation des sites d’étude. (a) Situation géographique des trois sites d’étude en France,
les villes de Montpellier, Nimes, et Grenoble étant signalées pour indication. (b) Vallée encaissée
typique du site du Massif des Ecrins. (¢ & d) Paysages naturel et agricole de la région des Garrigues

languedociennes, représentatifs des sites du Pic Saint-Loup et des Gorges du Gardon.

Le troisieme site, le Massif des Ecrins (44.90°N ; 5.95°E), situé dans les Alpes, est tres différent
des deux premiers. Comprenant les vallées de la Bonne et de la Malsanne, dans le Valbonnais, en
Isere, il est a cheval sur la zone coeur du Parc National des Ecrins. Son point le plus bas est situé a
800 metres au-dessus du niveau de la mer, et les montagnes avoisinantes, aux versants abruptes,

culminent au-dela de 3000 métres. Le climat, montagnard, est caractérisé par des hivers froids et
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longs, avec d’'importants épisodes neigeux, et des étés doux. La densité de population y est faible
(environ 21 habitants par km?) et 'agriculture trés réduite, mais les alpages y sont nombreux. La
cohabitation avec le sanglier dans le Valbonnais est conflictuelle en raison des dégats agricoles
occasionnés par cet animal, et de la présence du Parc National des Ecrins, au cceur duquel la
chasse est interdite, et qui est accusé de constituer une zone refuge ou les sangliers se multiplient
(Mounet 2007). Hors de la zone cceur du Parc National, la chasse en battue est pratiquée sur ce

site, mais de fagon réduite en comparaison de la situation des deux sites du Sud de la France.

Les sangliers du Massif des Ecrins et des Gorges du Gardon, étaient depuis 2018 I'objet d'un
projet de recherche qui questionnait I'utilisation de I'espace par cette espéce dans un contexte de
lisiere entre zones chassée et non-chassée. En effet, la chasse est interdite toute I’année dans la
zone cceur du Parc National des Ecrins, et au printemps dans trois zones distribuées le long du
Gardon, et concernées par des arrétés préfectoraux de protection de biotope, dans les Gorges du
Gardon. Des captures de sangliers étaient donc déja pratiquées dans ces deux sites d’étude, et une
certaine quantité de données était déja disponible dés le début de cette thése. C’est la raison pour
laquelle ces deux sites ont été sélectionnés pour le travail de terrain a réaliser, bien que ma thése
s’'inscrive dans un cadre différent de celui du projet qui y était initialement mené. Le troisiéme
site d’étude, le Pic Saint-Loup, a été sélectionné pour ses similitudes avec celui des Gorges du
Gardon, permettant d’analyser les données des deux sites de fagon simultanée, ainsi que pour la

proximité géographique avec la ville de Montpellier, facilitant la logistique des captures.

2 Captures

Sur les trois sites d’études, les sangliers ont été capturés dans des cages-pieges (Encadré 1).
Les cages étaient montées a des emplacements stratégiques, choisis pour leur isolement par
rapport aux routes et aux lieux fréquentés par les passants, et ou le passage de sangliers était
avéré. Il s’agissait le plus souvent de terrains privés, avec I'accord du propriétaire. Nous avons
utilisé du goudron végétal pour attirer les sangliers, et du mais sec pour les inciter a entrer dans
les cages. Chaque session de captures était organisée sur une semaine complete, au niveau d'un
site d’étude (parfois deux simultanément). Lors de ces sessions, entre une et six cages étaient
armées le lundi, et refermée le vendredi. Chaque matin, les cages étaient inspectées soit par le
passage d’un agent, soit par I'intermédiaire d'un piege photographique, pour vérifier la présence

d’un animal.
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Encadré 1. Cages de capture et de contention.

Nous avons utilisé des cages de deux formats : les plus grandes (a) avaient une surface au sol
de 7 m? pour 2 m de haut, et une porte de type battante. Les plus petites (b), de dimensions

variables (souvent 2 m? au sol pour 1 m de haut) étaient équipée d’une porte tombante.

Les cages de plus petit format avaient un succes de capture plus faible que les grandes, mais
laissaient moins d’espace a I'animal capturé pour prendre de I'élan et frapper les parois. C’est la
raison pour laquelle nous les avons progressivement privilégiées. Pour réduire le stress de
I'animal et le risque de blessure, en particulier dans les grandes cages, un filet de camouflage
pouvait étre accolé aux parois, et un buisson ou autre obstacle naturel étre positionné a l'intérieur
de la cage. Une cage de contention (c) était parfois utilisée pour manipuler 'animal (d), lorsqu’il

ne dépassait pas 60 kg.
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Comme pour d’autres projets de suivis télémétriques de sangliers (Torres-Blas et al. 2020), le
succes de capture était relativement bas (voir les détails des captures réalisées dans le Tableau
1). Bien que l'effort de capture n’ait pas été formellement quantifié, plusieurs sessions d'une
semaine étaient souvent nécessaires a la pose d'un collier. Cela était au moins en partie dii au
caractére méfiant des sangliers, qui consommaient le mais laissé a I'extérieur des cages, mais sans
y entrer. Par ailleurs, en de nombreuses occasions révélées par piege photographique, les laies se
montraient vigilantes aux abords de la cage et reniflaient 'air pendant que les marcassins
s’alimentaient et se faisaient piéger. Les marcassins étant trop petits pour recevoir un collier, ces
déclenchements qu’ils occasionnaient réduisaient fortement l'efficacité de nos sessions de
capture. Ce comportement observé lors des visites par des groupes familiaux pourrait expliquer
le 1éger biais observé vers les males dans nos captures (63%). En effet, les males étant le plus
souvent solitaires, ils pouvaient étre piégés sans que des marcassins ne déclenchent la fermeture
prématurée de la cage. Dans le massif des Ecrins, le succés de capture était particulierement
faible, probablement pour des raisons liées a la démographie du sanglier dans la région, a la
disponibilité alimentaire, ainsi qu'a I'’espacement temporel entre les sessions de captures, imposé
par les contraintes logistiques, et qui ne permettait pas une habituation des sangliers a

'agrainage.

Une fois en cage, les sangliers visuellement estimés a au moins 40 kg étaient équipés d’'une
boucle auriculaire d’identification et d’'un collier de suivi télémétrique, suivant I'une des deux
méthodes suivantes: lorsque cela était possible, 'animal était transféré dans une cage de
contention, et le collier lui était passé directement, a travers les barreaux (Encadré 1). Cette
méthode était surtout efficace pour des individus ne dépassant pas 60 kg. Lorsque la méthode par
contention était impossible, ou jugée trop difficile, une anesthésie était réalisée, au moyen d’un
mélange de tiletamine (3 mg/kg), de zolazepam (3 mg/kg) et de xylazine (0.3 mg/kg), administré
directement dans la cage de capture au moyen d’un pistolet hypodermique a air comprimé. Apres
la manipulation, 'effet de la xylazine était inversé par I'administration d’'une dose d’atipamezol
(0.03 mg/kg). Cette méthode, plus risquée pour I'animal (trois cas de mortalité), n’était réalisée
gqu’en cas de nécessité. Dans tous les cas, le temps de manipulation était réduit au maximum afin

de limiter le stress de I'animal.

Les colliers étaient équipés d'un systéme de relargage automatique, programmeé pour faire
tomber le collier de 'animal apres une période de deux, trois, six, ou quatorze mois, selon le
modele. Nous pouvions ainsi ajuster la durée du suivi télémétrique selon la taille de I'animal,
prévenant ainsi tout risque de lésion cutanée ou d’étouffement liés a la croissance de I'animal
porteur d’un collier. Un signal VHF émis par le collier permettait sa localisation et récupération

apres son relargage. Les sociétés de chasses locales étaient tenues au courant de nos activités. Il
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n’était pas demandé aux chasseurs de se comporter différemment en présence d'un animal
porteur de collier. De fait, douze colliers sur les 36 déployés ont été récupérés par lI'intermédiaires
de chasseurs, apreés le tir de I'animal étudié. Par ailleurs, deux colliers ont été récupérés a suite de
la collision de I'animal avec un véhicule, et un autre apres le déces inexpliqué de I'animal. Parmi
les autres colliers, onze se sont décrochés automatiquement par le déclenchement du systéme de
relargage, cinq sont tombés prématurément, et deux ont cessé de fonctionner et n’'ont jamais été

retrouves.

Le tableau suivant (Tableau 1) synthétise le résultat des activités de terrain effectuées, en
recensant les individus équipés de colliers GPS avant, et au cours de la these. Les individus dont
le suivi n’a pas dépassé une durée d’'un mois sont signalés indépendamment, car les données

correspondantes sont souvent trop laconiques pour étre utilisées dans les analyses.

Suivis disponible avant la thése
Massif des Ecrins Gorges du Gardon Pic Saint-Loup Tous sites
>1mois | <1mois | >1mois | <1mois | >1mois | <1mois | >1mois | <1mois
avec activité 2 0 7 1 1 0 10 1
sans activité 0 1 2 2 0 2 2 5
Suivis obtenus pendant la these
Massif des Ecrins Gorges du Gardon Pic Saint-Loup Tous sites
>1mois | <1mois | >1mois | <1mois | >1mois | <1mois [ >1mois | <1mois
avec activité 2 0 6 1 5 1 13 2
sans activité 0 1 0 1 0 1 0 3
Tous suivis disponibles
Massif des Ecrins Gorges du Gardon Pic Saint-Loup Tous sites
>1mois | <1mois | >1mois | <1mois | >1mois | <1mois | >1mois | <1mois
avec activité 4 0 13 2 6 1 23 3
sans activité 0 2 2 3 0 3 2 8

Tableau 1. Détail, par site d’étude et selon la durée du suivi, du nombre de sangliers équipés de

colliers, avec ou sans accélérometre. Les animaux de moins de 40 kg, qui n’ont pas recu de collier

GPS, ne sont pas comptabilisés.

92




SECOND AXE MATERIEL & METHODES

3 Suivi télémétrique
3.1 Apportde la télémétrie a I’écologie

Comme nous l'avons vu dans le premier axe de la thése, ’étude du comportement animal a
connu une révolution lorsque 'avancée technologique a permis d’équiper des animaux avec des
instruments de télémétrie (Wilmers et al. 2015). De nombreux comportements sont trop rares
pour que l'on puisse espérer les étudier par observation directe. D’autres, au contraire, sont si
fréquents, ou si étendus dans le temps, que leur quantification n’est rendue vraiment possible que
par 'automatisation de la prise de données. Enfin, comme les animaux sauvages se déplacent,
fréquentent souvent des lieux ou il est impossible de les suivre, et modifient leur comportement
lorsqu’ils se sentent observés, I'étude du comportement en milieu naturel par observations
directes est, dans de nombreux cas, vouée a I’échec. C’est pourquoi le « bio-logging », c’est-a-dire
le déploiement d’instruments de mesure autonomes directement sur des animaux vivants, est
devenu un champ méthodologique incontournable dans I'étude du comportement animal dans
des conditions naturelles. Pour étudier le comportement de repos chez le sanglier, cette approche

semble indispensable.

3.2 GPS

Nous avons déployé des colliers de suivi télémétriques utilisant le « Global Positioning
System » (GPS), un systéme utilisant la trilatération de signaux émis par des satellites pour
calculer avec précision une position a la surface de la Terre. Sur nos sites d’études du Pic Saint-
Loup et des Gorges du Gardon, nous avons estimé que 95% des points GPS avaient une erreur
GPS inférieure a 45 m (et inférieure a 13 m pour 50% des localisations). Dans le massif des Ecrins,
I'erreur GPS observée était plus importante, car les hautes montagnes environnantes diminuaient
le nombre de satellites visibles par les colliers, réduisant ainsi la précision des calculs de position.
Néanmoins, la précision des localisations dans le Massif des Ecrins était aussi inférieure a 50m
dans la majorité des cas, bien que les points aberrants étaient plus fréquents. Chaque collier GPS
calculait une position toutes les 30 minutes. Etant donnée les échelles spatiales et temporelles qui
correspondent aux déplacements des sangliers, la précision spatiale et la fréquence
d’échantillonnage utilisées étaient largement suffisantes pour identifier avec finesse les sites de

repos utilisés, et les lieux visités lors des phases d’activité (Figure 2).
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Figure 2. (a & b) Déplacements d’un sanglier dans son domaine vital des Gorges du Gardon, pendant
(a) deux jours, (b) 15 jours. Les cercles roses et bleus correspondent respectivement aux points GPS
enregistrés pendant l'activité et le repos. La ligne pointillée représente le trajet de I'animal. Les
bdtiments sont représentés en gris foncé, les villages en gris clair, les routes en brun, et les blocs
forestiers en vert. (c & d) Activité mesurée sur les périodes considérées respectivement en (a) et en

(b). Le patron d’activité monophasique et nocturne est clairement visible.

3.3 Activité

En plus du GPS, une proportion importante des colliers déployés étaient équipés d'un
accélérometre 3D. Celui-ci enregistrait, toutes les cinq minutes et selon trois axes orthogonaux,
une valeur correspondant a la moyenne de 1'accélération du collier mesurée a une fréquence de
8 Hz. Cette mesure de I'activité du collier, donnée sur une échelle allant de 0 a 255, renseignait
directement le taux de mouvement de I'animal, et ce indépendamment de sa trajectoire, et a une
échelle temporelle bien plus fine que celle utilisée par le GPS. Un accéléromeétre étant peu sujet
aux erreurs de mesures, il constitue un outil extrémement précis pour identifier les phases de
repos et d’activité chez les mammiféres (Brivio et al. 2017). Lorsqu’un animal était au repos
complet sur un intervalle de temps de cinq minutes, la valeur d’activité correspondante était
nulle, ou trés faible. Au contraire, lorsque 'animal était en mouvement, I'activité mesurée était
importante (supérieure a 80). Les valeurs d’activité intermédiaires (entre 40 et 80) étaient rares,
ce qui permettait une distinction nette entre deux modes dans la distribution des valeurs
d’activité (Figure 3). Les données d’activité permettaient ainsi une identification fiable de

I'organisation temporelle du comportement de repos (exemple Figure 2).
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Figure 3. Distribution bimodale des valeurs d’activité mesurée pour huit individus suivis par

télémétrie dans les Gorges du Gardon. Le seuil de 40, séparant les deux modes, est indiqué par une

ligne rouge pointillée.

3.4 Euroboar

Les données que nous avons récoltées sur les trois sites d’étude mentionnés plus haut ont été

partagées a la communauté scientifique du réseau Euroboar. Cette initiative, qui fait partie de

Euromammals (https://euromammals.org/, Urbano et al. 2021), est un projet collaboratif de

partage des données issues de suivi télémétriques de sanglier en Europe entiére, et qui est

régulierement augmenté par de nouvelles données. Au moment de I'écriture de cette these,

Euroboar compte 51 institutions réparties entre 24 pays d’Europe (Figure 4).
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Figure 4. Carte des institutions participant au réseau Euroboar (Septembre 2023, carte réalisée par

Kévin Morelle).

Ce réseau centralise et maintient la plus grande la base de données spatiales concernant le
sanglier : en ne considérant que les individus dont la durée du suivi télémétrique dépasse un
mois, on comptabilise plus de 4,2 millions de points GPS issus de 520 sangliers, répartis entre 49
sites d’études, et 13 pays différents. Les fréquences d’échantillonnage utilisées par les
collaborateurs impliqués dans Euroboar varient entre un point GPS toutes les 4 heures, et un
point GPS toutes les 5 minutes. Cependant, environ 73% des données Euroboar correspondent a
un échantillonnage d’au moins un point par heure, et environ 90% du jeu de données
correspondent a un échantillonnage d’au moins un point toutes les deux heures (Tableau 2).
Parmi ces sangliers, 205 ont été suivis pendant plus de six mois, et 103 pendant plus d’'un an. En
plus des données GPS, des données actimétriques structurées comme celles que nous avons
récoltées dans nos trois sites d’étude (décrites plus haut, en 3.3) sont aussi disponibles a travers

Euroboar, pour 157 individus.

Partager ses données avec Euroboar donne acces a 'ensemble des données disponibles a
travers le réseau pour développer des analyses. Un tel jeu de données est un outil puissant pour
étudier les tendances comportementales générales du sanglier, a I'échelle continentale. Bien sfr,

étant donnée la disparité de sites d’études représentés dans Euroboar, chacun ayant ses
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spécificités, ce jeu de données n’est pas adapté a toutes les questions de recherche concernant le
comportement spatial du sanglier. Les réponses comportementales d'un animal a la structure de
son habitat (et des activités humaines) a fine échelle, sont souvent mieux appréhendées a une
échelle locale. En revanche, les données issues de Euroboar représentent une excellente
opportunité d’étudier la fagon dont le comportement du sanglier varie en fonction des gradients

d’anthropisation a I'échelle de I'Europe.

fréquence d'échantillonnage

. 5 15 30 60 120 180 240 360 420 autres
(minutes)

pourcentage du suivi
(tous individus confondus)

Tableau 2. Découpage du temps de suivi total (obtenu par concaténation des données GPS issues de
Euroboar) en fonction de la fréquence d’échantillonnage utilisée. Les périodes de plus de 480
minutes (8 heures) sans point GPS sont exclues de ce calcul. La colonne « autres» réunit les
fréquences d’échantillonnage inférieures a 480 minutes et représentant moins de 1% du jeu de

données.

3.5 Méthodes de classification du comportement

Dans les deux chapitres du deuxiéme axe de cette theése nous avions besoin d’identifier les sites
de repos utilisés, chaque jour, par les sangliers. Grace au GPS, nous avions accés a 'ensemble des
lieux visités par les sangliers, et donc aux endroits précis ou le repos avait eu lieu. Cependant pour
pouvoir identifier les sites de repos, il était nécessaire de segmenter les trajets dans le temps,
pour classifier les localisations entre repos et activité. Il est possible, a partir des données GPS
uniquement, d’avoir acces a la composante temporelle du repos : il faut pour cela utiliser un
modele de Markov caché (« hidden Markov model » ou HMM; voir McClintock and Michelot
2018). Appliqué au comportement animal, un HMM est un modele selon lequel la vie d'un individu
peut étre découpée en un certain nombre de modes comportementaux, chacun caractérisé par la
ou les distributions des valeurs d’une ou plusieurs variables observables (Figure 5). A chaque
observation de I'animal, un certain nombre de métriques sont associées, et permettent de calculer
les probabilités que I'individu soit dans chacun des états comportementaux possibles, en fonction
de son état lors de 'observation précédente. Appliqué a un trajet GPS, I'approche standard par
HMM considére chaque localisation comme une observation de I'animal, et utilise la distance
parcourue lors du pas suivant, et I'angle imprimé entre les pas précédant et suivant, pour associer
une probabilité que l'animal soit dans chaque état comportemental possible, a chaque
observation. Le nombre d’états comportementaux possibles, et leur interprétation en termes de

biologie, sont définis par l'utilisateur. Tant que la fréquence d’échantillonnage est suffisamment

97



SECOND AXE MATERIEL & METHODES

élevée, les HMM sont généralement tres efficaces pour identifier les phases de repos et d’activité
sur le trajet d’'un animal, car ces deux modes comportementaux présentent des caractéristiques
tres contrastées, en termes de disposition géométrique des points successifs. Le repos est associé
a des distances parcourues trés faibles, et a des angles aigus, car les points successifs lors d'une
phase de repos sont disposés aléatoirement autour de la vraie position de I’animal, dans une zone
définie par 'erreur du GPS. Les phases d’activité, elles, correspondent a des distances beaucoup

plus grandes, et a des angles plus ouverts.

Observations

Etatcaché ------{ S;-1 — S¢ |—{ St41 f----- >

Figure 5. Illustration du principe du HMM appliqué au comportement animal, adaptée de Michelot
et al. (2016). Les états S représentent I'état comportemental dans lequel I'animal se trouve aux
instants t-1, t et t+1. L’animal étant impossible a observer en continu, son état comportemental ne

peut étre inféré que ponctuellement, au travers de métriques extraites lors des observations Z.

Néanmoins les HMM présentent aussi des limites. D’abord, un comportement actif ayant lieu
de maniere tres localisée peut étre confondu avec le repos. Certains comportements actifs du
sanglier sont stationnaires ou quasi-stationnaires (notamment lorsqu’il s’alimente ou se bauge),
et ces comportements peuvent avoir lieu a proximité des sites de repos (Morelle et al. 2015). [l y
a donc un risque que certaines positions GPS ne correspondant techniquement pas a du repos
soient classifiées comme tel par un HMM. Par ailleurs, étant donné qu'un HMM utilise des
métriques calculées a partir de positions successives chacune séparée de la précédente par 30
minutes, les phases comportementales courtes ne peuvent pas étre détectées. Il est donc possible
qu'un HMM identifie deux phases de repos distinctes, séparées par une période d’activité de
moins de 30 min, et ayant eu lieu dans deux endroits différents, comme une seule. Inversement,
une phase de repos ayant duré moins de 90 min, et donc représentée par deux points GPS
seulement, connait le risque de ne pas étre identifiée correctement par un HMM. De méme, les
points GPS situés dans les périodes de transition entre les phases de repos et d’activité peuvent
étre mal identifiées par un HMM, biaisant ainsi I'estimation du temps total consacré au repos. La

méthode de classification des localisations par HMM est donc une méthode simple et efficace,
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particulierement utile quand seul le trajet GPS de I'animal est disponible, mais elle peut manquer
de précision pour décrire avec finesse le comportement de repos, et en particulier son aspect

temporel.

4 Reéalisations annexes

4.1 Suivi acoustique

Au cours de cette these, nous avons également déployé des microphones sur certains colliers
GPS. L’objectif de ce suivi était de permettre I'identification d’évenements de chasse et d’autres
perturbations d’origine anthropique subis par les sangliers lors du repos. Neuf sangliers ont regu
un microphone programmé pour enregistrer un signal acoustique continu sur une période d'un
mois. Malheureusement, plusieurs de ces dispositifs ont cessé de fonctionner apreés seulement
quelques jours, probablement a cause d’infiltrations d’eau dans les boitiers. La durée des
enregistrements récoltés ne nous a pas permis d’approfondir cet aspect autant que nous l'aurions
voulu. Nous avons cependant utilisé les données disponibles pour tenter de déterminer les causes
des relocalisations diurnes que nous avons identifié grace aux données GPS et actimétriques, dans

le chapitre 2.

4.2 Dérangements expérimentaux

En paralléle du suivi télémétrique, nous avons réalisé un protocole de dérangements
expérimentaux sur les sangliers équipés de colliers GPS. L’objectif était de décrire les réactions
possibles d'un sanglier a I'approche d’'un étre humain. Nous voulions notamment évaluer la
distance parcourue lors d’une relocalisation provoquée par un dérangement non lié a la chasse,
afin de mieux comprendre I'effet des perturbations humaines sur le comportement de repos du
sanglier. Pour réaliser un dérangement expérimental, j’identifiais un sanglier au repos grace aux
données GPS transmises en direct par satellite, et je m’en approchais autant que possible, en
signalant ma présence par la voix. Le dérangement était considéré comme valide si je parvenais
a une distance inférieure a dix meétres de la position initiale du sanglier. Pour des raisons
techniques et logistiques, je n’ai pas pu répéter ce protocole un nombre satisfaisant de fois
(seulement 19 tentatives dont 13 dérangements valides, le sanglier ayant quitté le site de repos
longtemps avant l'expérience dans six cas). Pourtant, cette expérience a contribué a me
familiariser avec le comportement de repos du sanglier, et m’a aidé a concevoir les enjeux liés aux

perturbation anthropiques du repos chez cette espéce.
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Résumé : Dans les milieux fortement impactés par les activités humaines, de nombreux

animaux choisissent d’étre actifs de nuit, afin d’éviter les dérangements. En adoptant cette
stratégie, ils augmentent toutefois le risque d'étre dérangés lorsqu'ils se reposent pendant la
journée. Pour réduire ce risque, ces animaux pourrait augmenter leur sélectivité envers les lieux
ou ils se reposent. Grace a un suivi spatial et actimétrique, nous avons étudié I'ajustement
comportemental du sanglier (Sus scrofa), en termes de sélection et de réutilisation des sites de
repos, en fonction du risque de dérangement par I'étre humain. Nous avons évalué la probabilité
qu'un sanglier change de site de repos en journée, afin d'évaluer |'efficacité de la stratégie de
repos de ces animaux dans la réduction du risque de rencontre avec I'étre humain, au cours du
repos diurne. Nous avons tenté d'identifier la cause de certains de ces déplacements diurnes, a
'aide d'enregistrements audio. Nous avons constaté que, tant qu’ils avaient acces a un couvert
végétal important, les sangliers n'évitaient pas spécifiquement de se reposer preés des villages ou
des routes, c'est-a-dire 1a ou le risque de dérangement était le plus élevé. De maniére générale, la
probabilité pour un sanglier d’étre dérangé lors du repos était faible, méme proche des villages.
Plus un site de repos était situé proche d’'un village, plus il avait tendance a étre visité de maniere
répétée. Ces résultats suggérent que pour le sanglier, se concentrer sur quelques sites de repos
familiers et slirs est une stratégie efficace pour se reposer sans risque de dérangement dans les

milieux anthropisés.

Mots clés : activités humaines, anthropisation, patrons d’activité, sélection de I'habitat, sommeil

Photographie : Daniel Maillard 101
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Hogs sleep like logs:
wild boars reduce the risk of anthropic
disturbance by adjusting where they rest
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Abstract: Many animals living in anthropized landscapes try to avoid encountering people by
being active at night. By doing so, however, they risk being disturbed while at rest during the day.
To mitigate this risk, diurnally resting species may be highly selective about where they rest.
Here, we used GPS and activity sensors to study how wild boars (Sus scrofa) might adjust their
resting site selection and revisitation patterns to the risk of disturbance by people. We evaluated
the probability of daytime relocation to assess the efficacy of wild boars' resting strategy in
reducing the risk of human encounter while at rest. We attempted to identify the cause of some
relocations using audio recordings. Generally, we found that wild boars did not specifically avoid
resting near villages or roads, i.e. where the risk of encountering people is higher, if they could
find sites with suitable vegetation cover. The risk of disturbance by people was low, even near
villages. Resting sites located close to villages were visited more repeatedly than those located
further away, suggesting that focusing on a few familiar and quiet resting sites was a successful

strategy for resting undisturbed in an anthropized landscape.

Keywords: activity pattern, anthropization, habitat selection, human activities, sleep
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1 Introduction

Resting is a crucial daily requirement for all animals. It serves various purposes such as energy
conservation (Riede, van der Vinne, and Hut 2017; Glass et al. 2021), thermoregulation
(Lutermann et al. 2010), and predator avoidance (Lima et al. 2005). Additionally, rest
encompasses sleep, which is essential for neuro-physiological homeostasis (Schmidt 2014;
Freiberg 2020). To meet physiological requirements and integrate ecological constraints, such as
predation risk, animals allocate a significant proportion—often more than half—of their daily
time budget to resting, which takes place at specific resting sites (Campbell and Tobler 1984;
Siegel 2009; Ungurean et al. 2020). These sites may vary in quality, and in particular may offer
different levels of safety (Markham, Alberts, and Altmann 2016; Burger et al. 2020). Thus, resting
site selection can be fine-tuned to minimize the risk of predation or disturbance, and the need for

daily rest is likely to have an important influence on how animals use the landscape.

In many environments, animals are facing increasing anthropic pressures that can impact their
resting behavior (Gaynor et al. 2018; Wilson et al. 2020). It is well documented that many species
modify their activity patterns in response to human pressures, and tend towards nocturnality to
avoid being active during the day, when the intensity of human activity is highest (Gaynor et al.
2018). Such a response to anthropisation, however, exposes resting behavior to higher risks of
disturbances by people. When at rest, animals may be subjected to both targeted (e.g., hunting)
and untargeted (e.g., outdoor sports) disturbances, and could be expected to adjust their resting
strategy—and in particular where they rest—to minimize the risk of being disturbed. Indeed,
some species have been shown to fine-tune their selection of resting sites to the perceived level
of risk of anthropic disturbances. For instance, wolves have been demonstrated to select more
concealed resting sites after an encounter with people (Wam et al. 2012), and to proactively
choose to rest farther from human infrastructures (Bojarska et al. 2021). Similarly, elephants
have been observed returning more often to preferred resting sites, when ranging outside
protected areas (Wittemyer et al. 2017). However, despite a few documented examples such as
these, our overall understanding of adjustments of resting site selection and revisitation rate to
the risk of disturbance by people remains limited. Additionally, we are not aware of any study
having quantified the actual success of such adjustments in reducing the likelihood of being
disturbed. Generally, there is very little information about how frequent anthropic disturbances

of resting animals are in the wild.

One species that offers great opportunities to learn more about these adjustments is the wild
boar (Sus scrofa). It is a widespread species that can be found to survive and exploit even the most

anthropized landscapes (Stillfried et al. 2017). When living near people, wild boars could
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naturally be subjected to non-targeted disturbances (e.g., by walkers and dogs being walked).
Additionally, as a commonly favored game species, wild boars are subject to hunting. Wild boars
are known for their great behavioral flexibility and are able to adjust their patterns of activity to
various factors including the season, the food availability (Keuling et al. 2008b; Brivio etal. 2017),
but also the risk of human encounter (Ohashi et al. 2014; Johann, Handschuh, Linderoth,
Dormann, and Arnold 2020; Rosalino et al. 2022). Although they can be readily active during the
day where human densities are low (Podgorski et al. 2013), they become more nocturnal when
they live near people (Podgorski etal. 2013; Ikeda et al. 2019), and when they are hunted (Keuling
et al. 2008b; Johann, Handschuh, Linderoth, Dormann, and Arnold 2020). Most outdoors
activities—including recreational hunting—occur during the day. By switching to a
predominantly nocturnal pattern of activity in human-dominated landscapes, wild boars chose to
expose their resting phase to a higher risk of anthropic disturbance. This likely is a successful
strategy for risk mitigation, as resting is a well-known and efficient anti-predator strategy (Lima
et al. 2005). However, this also means that the daily choice of a resting site is critical for
minimizing the risk of encountering people. When nocturnal, wild boars are monophasic sleepers,
and usually remain at rest for the entire daytime period. This implies that the choice of a specific
resting site, made in the early morning, determines the exposure of the animal to the risk of
disturbance for the rest of the day. The decision-making process for choosing a resting site has
several components, offering several opportunities to adjust to the risks imposed by people. For
example, wild boars could adjust where they rest in the landscape (e.g., distance to
infrastructures, habitat types), and how they use their network of potential resting sites, coming
back to some more often. It is well known that anthropic pressures can shape the spatial behavior
of wild boars (Tolon et al. 2009; Stillfried et al. 2017), and several studies have investigated how
their use of resting sites varies with the risk of being hunted (Maillard and Fournier 1995;
Sodeikat and Pohlmeyer 2007; Scillitani, Monaco and Toso 2010; Said et al. 2012). However,
studies rarely considered the risk of disturbances unrelated to hunting, despite their potential

importance in anthropized landscapes (Marzano and Dandy 2012).

Here, we present a study of the resting strategy of wild boars living in a rural Mediterranean
landscape in the South of France. Using activity and GPS data collected on collared animals, we
examined how wild boars modify their resting site selection in response to the risk of anthropic
disturbance. This includes the assessment of (i) the potential avoidance of areas where meeting
people is more likely (i.e. close to villages and roads), and (ii) the selective re-use of previously
visited sites, depending on their location in the landscape with regards to the risk of being
disturbed. We also estimated, across the landscape, (iii) how frequently wild boars engaged in a

significant and potentially costly relocation to a secondary site, and attempted, when possible, to
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identify the cause of these relocations using audio recordings. Overall, our study provides insights
into the effectiveness of behavioral adjustments in reducing the risk of disturbance of rest by

animals living in anthropized landscapes.

2 Materials & methods

2.1 Study Sites

We studied wild boars in the Gorges du Gardon (43.93°N; 4.38°E) and the Pic Saint-Loup areas
(43.74°N; 3.88°E), in southern France. Both sites are very similar, the landscape forming a mosaic
of agricultural lands, densely vegetated patches (shrublands and forests), and villages, covering
38%, 48%, and 11% of the land in the Gorges du Gardon area, and 55%, 29%, and 12% in the Pic
Saint-Loup area, respectively. The altitude is ~100m. Vineyards make up most of the agricultural
lands. The natural vegetation patches are mostly Mediterranean garrigues, with thick understory
and dominated by dense evergreen oak (Quercus ilex) or Aleppo pine (Pinus halepensis) tree
stands. Villages have hundreds to a few thousand inhabitants, and the general population density
is approximately 280 inhabitants/km?, with some isolated houses also spread throughout the
landscape. Both sites are located about ten kilometers away from a large city (Nimes for the
Gorges du Gardon area, Montpellier for the Pic Saint-Loup area). Wild boars are mostly hunted in
drive hunts involving an average of twenty hunters (usually between ten and forty) and about
three to fifteen hounds. The open season for drive hunt lasts from the 15t of August to the end of
February or March, depending on the year and the study area. In addition to the risk induced by
hunting, wild boars could potentially be disturbed, at both study sites, by agricultural and
recreational outdoors activities (e.g., biking, hiking, dog-walking, etc.). The lack of natural
predators in the study areas guarantees that human activity represents the only potential risk of
disturbance for resting wild boars. Part of the Gorges du Gardon area is a densely vegetated
military zone where public access is denied, although recreational hunting of wild boars is
allowed. The military activities, however, are likely to represent a source of disturbance for the
wild boars, even though we could not evaluate how the level of human disturbance could differ

within and out of the military zone.

2.2 Captures and tracking

From 2018 to 2022, we captured wild boars with corn-baited traps, using a protocol approved
by the ethical committee of the French Ministry of Research (APAFIS#20279-
2019041522576537v3). We immobilized them either with a small immobilization box, or
through anesthesia, using a combination of tiletamine (3 mg/kg), zolazepam (3 mg/kg) and
xylazine (0.3 mg/kg), and using atipamezol (0.03 mg/kg) to reverse xylazine at the end of the
operations. We equipped 22 animals weighing more than 40kg with a GPS collar. The collars
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acquired a GPS location every 30 minutes, and a measure of activity level (hereafter ACT) every
5 minutes. ACT was calculated as the average of 8Hz acceleration measurements over three
orthogonal axes, and was available to us on a dimensionless scale ranging from zero (indicating
no movement of the collar over the 5-minute interval) to 255. As values were highly correlated
between axes, we only used the ACT data corresponding to the anteroposterior axis. We
recovered two collars after the animals had been Killed by a collision with a vehicle, six after the
animals had been shot by local hunters, nine through the activation of the collars’ remote drop-
off system, and five after they had fell off the animals prematurely. Out of these five collars, three
dropped less than fifteen days after deployment and we excluded the corresponding animals from
the study. After a capture, a wild boar can display reduced activity levels for several days (Brogi
et al. 2019). After visual inspection of the patterns of activity, we chose to exclude the first three
days following each capture from the analyses, which resulted in survey periods averaging 126
days long (SD=53). The activity profiles of the animals clearly showed that most of them were
nocturnally active, and rested each day across the daylight hours, in one consolidated bout
(example in Figure 1a). Only two animals were significantly active during the day during parts of
their survey period and were excluded from the analysis to focus only on daytime resting
strategies. Seventeen animals (twelve males and five females) remained in our final dataset. Two
males and two females had been using extensively the military zone. No pair of collared animals
moved together as part of the same sounder. Due to the very limited movement data from females,
we excluded them from the analyses. As male and female wild boars generally have different
spatial ecology (Said et al. 2012; Morelle et al. 2015), this avoided a possible bias in our analyses,
which can be interpreted as describing the behavior of male wild boars. Note however that
exploration of the female data did not suggest that their behavior differed largely from that of
males, with regard to aspects investigated here (Appendix 1). Also, for brevity, we hereafter refer

to the animals studied in the analyses as “wild boars,” without specifying their sex each time.

2.3 Data preparation

2.3.1 When did resting occur?

To study where wild boars rested, we first needed to determine when they rested each day.
Upon visually examining their activity patterns (Figure 1a), it was evident that wild boars
consistently divided their 24-hour cycle between an inactive phase (primarily resting with some
occasional activity) and an active phase (during which they could occasionally rest). To recover
the start and end times of these inactive phases, we first classified each 5-minute period as
“resting” (ACT < 40) or “active” (ACT > 40; see Appendix 2 for details). This allowed us to identify
a continuous inactive phase spanning the daytime hours each day, separated from the previous

and next inactive phases by an active phase. During this process, we disregarded the short bouts
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of activity that occurred between long-lasting “resting” bouts, which were irrelevant for the
description of the large-scale pattern of activity. The resulting patterns closely matched those

anticipated based on visual inspection (see Appendix 2).
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Figure 1. (a) Example of the activity pattern of a wild boar. The color codes for the value of the ACT
variable (blue = low activity; red = high activity). The black circles indicate the start and end times
of the inactive phases. The yellow dots indicate the times of sunrises and sunsets. (b) Example of a
wild boar’s relocation during an inactive phase. The black dashed line represents the trajectory
linking GPS fixes (pink and blue circles). The animal first rested in (1) and then relocated to spend
the rest of the inactive phase in (2). (c) Example of the resting site revisitation pattern of a wild boar.
The daily resting locations (black crosses) are clustered into resting sites (red circles). In (b) and (c),
buildings are represented in dark grey, villages in light grey, roads in brown, and densely vegetated

patches in dark green.

2.3.2  Where did resting occur?

We used the GPS data to determine where the wild boars rested during each inactive phase.

Usually, the entire inactive phase was spent at a single location. On some occasions, however, the
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wild boars would start resting in one place and then move to another location to spend the rest
of the inactive phase (example in Figure 1b). To identify such relocations, we looked for any
substantial movements recorded in the ACT data during the inactive phases. We compared the
mean GPS position of the animal before and after the high ACT values, and if those locations were
more than 100 meters apart, we considered that the animal had relocated. See Appendix 2 for

more details.

Throughout their lives, wild boars tend to return to rest at sites where they have rested before.
To test whether this behavior could be affected by where the animals rested in the landscape, we
first had to identify where their resting sites (hereafter called RS, example in Figure 1c) were
located. We did so by calculating the mean of the GPS positions of each inactive phase. We ignored
in this process the GPS locations acquired after a relocation happened, so that the positions of the
RSs reflected the choices made by the wild boars at the end of their active phase, to select a place
where to settle for the day. We then performed a hierarchical clustering analysis on these mean
GPS positions, using an average linkage, to define clusters that were more than 50 meters apart.
All the locations that fell within the same cluster were considered to be revisitations of the same

RS.

2.3.3  Environmental variables

Our study sites could be coarsely partitioned between villages, agricultural lands, and densely
vegetated areas. Wild boars rarely rested inside villages, and when they did so, they always stayed
at the outskirts, in the transitional zones between villages and agricultural lands. To simplify, we
characterized the vegetation cover of each RS as a binary variable, indicating whether it was
located within a densely vegetated patch or not, at a large scale. We used the CORINE Land Cover
(2018) data to identify large patches of dense vegetation, that we distinguished from villages and
agricultural lands scattered with small thickets and hedgerows. We considered that a wild boar

could rest either inside, or outside densely vegetated patches. See Appendix 3 for more details.

Then, we used OpenStreetMap (OSM) to calculate the distance of each RS to two features

associated with higher risks of human disturbance: villages and roads. We laid out the road

» o« ”

network by combining the “motorway,” “trunk,” “primary,” “secondary,” and “tertiary” road
categories from OSM. This way we excluded the residential roads, the roads with very low traffic,
and the forest tracks, along which anthropic activity was infrequent. We also used OSM data to
determine the edges of villages. To do so, we applied a buffer of 50 meters around OSM'’s
polygonal layer for buildings and merged the polygons that overlapped after this operation. This
allowed us to identify villages as clusters of buildings closer together than 100 meters. We then
shrunk the obtained polygons with a buffer of -50 meters, so that their edges matched the edges

of the villages’ peripheral buildings. Any such polygon larger than 1.5 hectares was considered a
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village and visual inspection confirmed the adequacy of this approach. We calculated the
distances of each RS to the nearest road, and village edge (with negative distances indicating

locations inside villages).

Finally, we associated each visit of a RS to the status of the hunting season the day it occurred.
Drive hunting is the primary hunting technique for wild boars in the study areas, and the only one
that targets resting animals. Therefore, we defined the hunting season (HS) based on the dates of
the open season for drive hunting (see section 2.1). Drive hunts were only permitted on “hunting
days” (Wednesdays, Saturdays, Sundays, and bank holidays). During the non-hunting season
(NHS), drive hunts were prohibited, except with a specific authorization from the local authority,
concerning a negligible number of hunts. We did not account for the Covid-19 lockdowns because
they never affected the hunting patterns during the periods in which we monitored the animals.
Although lockdowns may have reduced the probability of untargeted disturbances, in our study

this only affected 28 days for four animals.

2.4 Data analysis

2.4.1 Habitat selection for resting sites

We investigated how the selection of RSs by wild boars varied with vegetation cover and
proximity to villages and roads. We estimated this selection within the home ranges of the
animals, defining the home range as the contour of the 90% utilization distribution, estimated
with a standard kernel density approach, from GPS locations collected during the active phase.
For each used RS of each wild boar, we drew one thousand random locations in the wild boar’s
home range and considered these locations to be available RSs. For both used and available RSs,
we extracted the dominant vegetation type (open = 0; densely vegetated = 1) and the distance to
roads or villages. We then fit a standard resource selection function (RSF) using a generalized
linear mixed model (GLMM), using the type of location (used vs. available) as response variable
and a binomial distribution for errors. Predictor variables included an interaction between
vegetation type and distance to roads and an interaction between vegetation type and distance
to villages. We also included individual animal identities nested within study sites as random
intercepts. We also expected the hunting season to influence how wild boars selected RSs.
However, a non-negligible proportion of the RSs had been visited during both the HS and the NHS
(10% of all RSs), so that we could not simply include the hunting season in the RSF as a predictor
variable. We thus decided to run two separate models: one with the RSs visited at least once
during the HS, and one with the RSs visited at least once during the NHS. We then calculated
selection ratios as a metric of habitat selection following Chamaillé-Jammes (2020). A selection
ratio above one indicates selection, and a value below one indicates avoidance. We estimated the

fit of the RSF models using the now well-established k-fold cross-validation approach proposed
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by Boyce et al. (2002). This approach uses the Spearman-rank’s correlation as the model’s
performance metrics. For each model, we used 5 folds, 10 bins of RSF scores, replicated the
calculations 20 times, and reported the average Spearman-rank correlation and its standard

error. See Boyce et al. (2002) for details on the approach.

2.4.2  Resting sites’ revisitation rate

Some RSs were preferred and visited more often than others. We investigated how the
proximity of villages and roads influenced the frequency of visits to RSs. We did so by fitting a
GLMM on the number of visits to each RS, using a zero-truncated Poisson regression that
contained the same predictors as our RSF analysis: the vegetation cover in interaction with the
distances to roads, and to villages. The length of the survey period could naturally influence the
number of times a RS was visited (but does not have to, as a wild boar could also use new RSs as
the survey progresses), and we therefore included this variable (log-transformed to account for
the link function of the Poisson regression) in the model as a control variable. Finally, we included
individual animal identities, nested within study sites, as random intercepts. As for the habitat
selection analysis, we fitted one model for the NHS and one for the HS. The marginal Nakagawa'’s

R? was used as a measure of model fit (Nakagawa and Schielzeth 2013).

2.4.3 Relocation events

We used relocation events to gain insight into how often wild boars are disturbed while at rest.
We modeled the probability of a wild boar to relocate as a binary (0 = no relocation; 1 =
relocation) response variable using a binomial GLMM. The predictor variables were an
interaction between vegetation type and the distance to roads, an interaction between vegetation
type and the distance to villages, and a season variable accounting for the risk of being hunted.
We expected that the relocation probability was influenced not only by the HS being open or
closed, but also by whether the day was actually a hunting day or not. Therefore, we used a 3-
category variable coding for “HS and hunting day,” “HS and non-hunting day” and “NHS.” This
differed from the analysis of habitat selection of RSs above, in which we implicitly studied
proactive adjustments of resting behavior to human activity and assumed that there could be a
seasonality linked to hunting in wild boars’ behavior, without accounting for hunting days. In
addition to the predictor variables, we included individual animal identities, nested within study
sites, as random intercepts. We also modeled the distance traveled between RSs each time a
relocation event occurred using a similar model and the same predictor variables. The marginal

Nakagawa’s R? was used as a measure of model fit.
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244 Audio data extraction and analysis

Six of the collars, deployed on four males and two females, had an audiologger (Latorre et al.
2021), i.e. an autonomous microphone, which recorded an average of 16 days (SD = 9) of
continuous audio data after capture. We used this data to gain insight into what exactly happened
right before relocations occurred. In particular, we looked for sounds that could attest
disturbances by people. Even though the females were excluded from the main analysis, we
considered the audio data from both sexes, because we did not expect sex to influence the nature
of the possible causes of relocations, and because the amount of relocation events for which we
had audio data was low. Nine relocation events occurred during a period with audio monitoring,
with an average distance traveled of 170 meters (maximum = 317m). For each relocation event,
we precisely identified the moment the wild boar stopped resting (a sharp rise in ACT) and
extracted the audio from 40 minutes prior to this moment to 5 minutes after. This way, we
ensured that the extract started while the wild boar was resting and quiet, and ended after it had
started to relocate. For each of those “relocation” audio tracks, we also extracted one “control”
track, recorded at the same time of day but on a different date. Tracks are available in Appendix
4. We randomly sorted all tracks, listened to them while viewing the corresponding spectrogram,
and noted any sounds that could be identified, focusing specifically on sounds related to human
activities (e.g., motor sounds, dog barks, human voices, gunshots) that could have interrupted the
resting of wild boars. Of course, this approach might have missed some disturbances if they
occurred silently or if the wild boars were able to detect danger and relocate before any sound
could be picked up by the microphone. However, a sensitivity trial we conducted under realistic
conditions suggested that the microphones were sensitive to even faint distant sounds: we placed
amicrophone in the vegetation, facing the ground, and spoke in a calm voice several meters away
from it. We were able to identify normal speech both in the audio recording and in the
spectrogram when the experimenter stood as far as 30m away from the microphone, facing it

(20m when facing the opposite direction).

3 Results

3.1 Timing and duration of inactive phases

The wild boars studied spent most of their time at rest. On average, 58.5% (SD = 4.4) of their
time budgets corresponded to the inactive phase, which typically started at the last hours of the
night, and spanned throughout daytime (examples in Figure 1a and Appendix 2). Activity patterns
were mostly synchronized with sunset times throughout the year. The end of the inactive phase

occurred within 30 minutes around sunset in 44% of cases (and within 90 minutes in 80% of
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cases), whereas it started within 30 minutes around sunrise in only 24% of cases (and within 90

minutes in only 53% of cases).
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Figure 2. Estimation of the selection ratio for resting sites by wild boars during the non-hunting
season (a) and the hunting season (b), for different distances to roads and villages. Selection for
densely vegetated patches is represented in a dark green, solid line. Selection for non-densely
vegetated patches is represented in a yellow, dashed line. A selection ratio above one indicates that
sites are selected, and a selection ratio below one indicates that sites are avoided. Lightly-colored

ribbons show the 95% confidence intervals.
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Variable 3 SE z-value p-value

Model: Selection ratio for resting sites during the non-hunting season

Intercept -8.04 0.24 -33.20 <0.001
inside densely vegetated patches 1.29 0.29 4.45 <0.001
d(road) 1.28 0.31 4.10 <0.001
d(village) -0.32 0.24 -1.34 0.18
inside densely vegetated patches x d(road) -1.26 0.35 -3.58 <0.001
inside densely vegetated patches x d(village) 0.45 0.25 1.77 0.08

Model: Selection ratio for resting sites during the hunting season

Intercept -7.34 0.21 -35.44 <0.001
inside densely vegetated patches 0.89 0.26 3.46 <0.001
d(road) -0.12 0.37 -0.31 0.75
d(village) -0.13 0.21 -0.62 0.53
inside densely vegetated patches x d(road) -0.27 0.40 -0.67 0.5
inside densely vegetated patches x d(village) 0.16 0.23 0.70 0.48

“d(village/road)” stands for “distance to the closest village/road.”

Table 1. Parameters and statistics for the models estimating the selection ratio for resting sites
during the non-hunting season and the hunting season. The 5-fold cross-validation performance
scores (Spearman-rank correlations) of the models are respectively 0.61 #+ 0.16 s.e. and 0.72 + 0.14

S.e.

3.2 Patterns of resting site selection

3.2.1 Habitat selection for resting sites

As expected, wild boars favored resting in dense vegetation patches and generally avoided
resting at sites that were in more open habitats (Figure 2; Table 1). During the NHS, the proximity
of roads or villages had no effect on the selection of sites by wild boars, as long as they were in
dense vegetation (Figure 2a; Table 1). Sites in more open vegetation were avoided when they
were close to roads, but this avoidance disappeared, maybe shifting to a selection, when they
were far from roads (Figure 2a; Table 1). Note however the large confidence intervals, caused by
the fact that little data were available for those sites, that are rare in the landscape. During the HS,
wild boars also did not adjust their selection to the distance to the closest village (Figure 2b; Table
1). In contrast to the NHS, they however did select more strongly sites located close to roads when
they were in dense vegetation (Figure 2b; Table 1). The proximity of roads had no effect on the
selection of sites in more open vegetation, and they were always avoided in this season (Figure

2b; Table 1).

3.2.2  Resting sites’ revisitation rate

Wild boars regularly revisited RSs (51% were visited more than once), and some were visited

more often than others (Figure 1c). RSs located close to villages were frequently revisited during
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the NHS, and significantly more often than those located further away, irrespectively of whether
they were in dense vegetation or not (Figure 3a; Table 2). Except the control variable of the length
of the survey period, no other predictors were influential on the number of visits to RSs, during
the NHS (Table 2). During the HS, we found significant effects of the type of vegetation—and its
interactions with the distances to villages and roads—on the number of visits to RSs during the
HS (Table 2). Note however that the predicted number of visits to RSs remained low during the
HS, except far from roads and outside densely vegetated patches, where the confidence intervals

are large, due to limited data and little availability of the habitat (Figure 3b).

Variable 3 SE z-value p-value

Model: Number of visits to resting sites non-hunting season

Intercept -1.17 0.73 -1.60 0.11
d(village) -0.49 0.19 -2.57 0.01
d(road) -0.09 0.20 -0.43 0.67
inside densely vegetated patches 0.05 0.15 0.32 0.75
log(length of the survey period) 0.63 0.16 3.88 <0.001
inside densely vegetated patches x d(village) 0.12 0.20 0.59 0.55
inside densely vegetated patches x d(road) 0.29 0.21 1.36 0.17

Model: Number of visits to resting sites hunting season

Intercept -0.40 0.64 -0.63 0.53
d(village) -0.34 0.18 -1.85 0.06
d(road) 0.36 0.22 1.64 0.1
inside densely vegetated patches -0.48 0.17 -2.77 <0.01
log(length of the survey period) 0.35 0.14 2.41 0.02
inside densely vegetated patches x d(village) 0.43 0.20 2.11 0.03
inside densely vegetated patches x d(road) -0.55 0.26 -2.12 0.03

“d(village/road)” stands for “distance to the closest village/road.”

Table 2. Parameters and statistics for the models estimating the number of visits to resting sites
during the non-hunting season and the hunting season. The model’s R are respectively 80% and

39%.
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Figure 3. Estimation of the number of Visits to resting sites over a 6-month period, during the non-
hunting season (a) and the hunting season (b), for different distances to roads and villages. The
estimation for the resting sites located inside densely vegetated patches is represented in a dark
green, solid line. The estimation for the resting sites located outside those patches is represented in

a yellow, dashed line. Lightly-colored ribbons show the 95% confidence intervals.

3.3 Relocations

The probability that a relocation occurred during the inactive phase was very low during the
NHS (0.08; 95% CI [0.05-0.11]; Figure 4a; Table 3). Although the probability of relocation
remained relatively low in the HS, it did increase two-fold during the hunting days of the HS (0.17;
95% CI [0.11-0.27]; Figure 4a; Table 3). Besides, when a relocation happened during the NHS, the
distance traveled was virtually always less than 500 meters (Figure 4b). Indeed, almost all the

few long-distance relocations (17 out of 21 of the relocations > 500 meters) happened during the
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HS (Figure 4b). When the animal was initially resting in dense vegetation patches, neither the
distance to the closest village, nor the distance to the closest road affected the probability of a
relocation (Figure 4c; Table 3), or the distance traveled on relocations when they occurred (Table
3). When the animal was initially resting outside dense vegetation patches, there were a few
significant effects of distance to the closest village or road on the probability of relocation and on
the distance traveled, that were likely not biologically relevant (small effect or large confidence
interval) and possibly caused by the low sample size in this condition (Table 3). Note however
that the R? of both models were very low (Table 3), indicating that a large part of the variability
in both the probability of relocation and the distance travelled on relocations was not explained,

neither by hunting, nor by the other variables considered in the models.

Variable ) SE z-value p-value

Model: Probability of relocation

Intercept -2.96 0.34 -8.66 <0.001
d(village) -0.15 0.41 -0.36 0.72
d(road) 1.20 0.44 2.69 <0.01
inside densely vegetated patches 0.29 0.37 0.77 0.44
during HS out of hunting days 0.51 0.25 2.08 0.04
during HS and hunting days 0.82 0.25 3.25 <0.01
inside densely vegetated patches x d(village) 0.46 0.43 1.07 0.29
inside densely vegetated patches x d(road) -1.59 0.51 -3.09 <0.01

Model: Distance of relocation (km)

Intercept -1.44 0.25 -5.77 <0.001
d(village) 0.51 0.27 1.92 0.05
d(road) -0.41 0.28 -1.48 0.14
inside densely vegetated patches -0.23 0.25 -0.92 0.36
during HS out of hunting days 0.18 0.15 1.16 0.25
during HS and hunting days 0.54 0.17 3.22 <0.01
inside densely vegetated patches x d(village) -0.42 0.28 -1.50 0.13
inside densely vegetated patches x d(road) 0.71 0.33 2.18 0.03

“d(village/road)” stands for “distance to the closest village/road.”

Table 3. Parameters and statistics for the models estimating the probability and the distance of

relocations. The models’ R? are respectively 6% and 16%.

In all the nine audio tracks extracted from before relocations and the nine control tracks, the
wild boars could be heard resting quietly, usually snoring, breathing calmly and grooming.
Although we could hear vehicles passing at close distance in two control tracks, the wild boars
did not seem to react to those sounds. In 8 extracts corresponding to a relocation, we could hear

the wild boars walking away, without any disturbance being identifiable in the audio. In the ninth
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extract, which was recorded on a Sunday during the HS, we could clearly identify a hunting event
by the barks of a pack of dogs and a gunshot, right when the wild boar started to move away
(Appendix 4). We did not hear any other potential disturbance linked to human activity in the

selected extracts.

4 Discussion

Resting is an important part of an animal’s life, both in duration and function. Yet, our
knowledge of the flexibility of animals’ resting behavior remains limited. In particular, we know
little about how animals adjust their resting behavior to the risk of human disturbances, how
often actual disruptions of resting phases occur, and how animals respond to them. The wild
boars we studied allocated more than half of their time budget to resting, mostly during daytime,
and thus preferred to be exposed to anthropic disturbances when resting compared to when
foraging. This pattern has been observed in other populations of wild boars (Brivio et al. 2017;
Johann, Handschuh, Linderoth, Dormann, and Arnold 2020; Rosalino et al. 2022) but also in a
variety of other species (Gaynor et al. 2018) living in anthropized landscapes. We questioned
whether wild boars tried to minimize the risk of being disturbed through resting site (RS)

selection, and in such a case, whether they were successful.

As expected, wild boars always favored resting under the cover of densely vegetated patches,
which is certainly the best way to reduce the risk of being disturbed. Additionally, we expected
the selection of RSs to vary with the risk of encountering people. Surprisingly, however, we did
not find any effect of the proximity of villages on the selection of RSs. As resting near villages is
undoubtedly associated with costs and benefits, linked to both resource acquisition and safety,
these must probably offset each other so that there is no net advantage of selecting to rest near
or far from a village. The fact that the proximity of villages did not affect habitat selection for RSs
however contrasted with the strong effect it had on the fidelity to RSs, during the NHS. When they
were not at risk of being hunted, wild boars came back to rest at the same spot more often when
itwas close, or even within, a village. We tentatively suggest that predictably quiet places, suitable
for resting, are rare near villages, and that wild boars rely heavily upon them. This effect
disappeared during the HS, as revisitations of RSs were less frequent, maybe because wild boars
avoid being predictable when they are actively being sought by hunters. Our study shows that the
need to find suitable RSs does not prevent wild boars from exploiting areas with high degrees of
proximity with people, as they can compensate a general increased probability of disturbance by
selecting more intensely some specific RSs that they know are safe. This plasticity in wild boars’
resting strategy is certainly critical to explain their success in subsisting, and sometimes thriving,

in a wide diversity of habitats, even those heavily urbanized (Stillfried et al. 2017).
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Figure 4. (a) Estimation of the probability of relocation during the hunting season and hunting days

(Wednesdays, Saturdays, Sundays, and bank holidays), during the hunting season and non-hunting

days, and during the non-hunting season. (b) Distribution of the distances traveled during

relocations, according to hunting periods (same categories as in (a)). (c) Estimation of the

probability of a relocation, during the non-hunting season, according to the distance to the closest

village and to the closest road. The estimation for the resting sites located inside densely vegetated

patches is represented in a dark green, solid line. The estimation for the resting sites located outside

those patches is represented in a yellow, dashed line. Lightly-colored ribbons show the 95%

confidence intervals
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The effect of roads on wild boars’ RS selection was more complex. During the NHS, wild boars
selected to rest in densely vegetated patches irrespectively of their distance to roads. In contrast,
wild boars avoided resting outside densely vegetated patches only close to roads, and they
selected, or at least were neutral to, such sites if they were far from roads. This could be because
the risk of being disturbed was lower there. However, note that areas outside densely vegetated
patches and far from roads are rare in the landscape, leading to large confidence intervals that
warrant caution in interpretation. Wild boars’ response to the proximity of roads changed during
the HS, as they selected densely vegetated sites more strongly when they were close to roads, and
did not select sites in more open vegetation even far from roads. We argue that this could reflect
a proactive strategy of wild boars to minimize hunting risk. Hunters tend to focus their effort
away from main roads as they make hunting dangerous for people and dogs. Areas near roads are
thus safer than elsewhere, and exposure in the open, far from roads is likely particularly unsafe

for a wild boar during the HS.

Resting strategies that involve behavioral adjustments to the risk of disturbances by people,
as demonstrated here for wild boars, have been documented before (Scillitani et al. 2010;
Wittemyer et al. 2017; Bojarska et al. 2021). Previous studies however rarely evaluated how
successful these adjustments were at reducing this risk. We addressed this gap by studying the
probability of wild boars relocating during their resting phases, a possible indicator of
disturbance, depending on the location of the RSs. Our results generally suggest that the RS
selection strategy of wild boars was effective in keeping the probability of being disturbed low,
even in places where chances of meeting people is high. Wild boars rested at all distances from
villages, and yet the probability of them relocating during the inactive phase was just as low close
to villages than several kilometers away from them. This supports our assertion that, close to
villages, wild boars use particularly quiet spots where encounters with people are unlikely, and

re-use them over time. They could thus rest in anthropized landscape with perhaps little cost.

Of course, not all disturbances may lead to a relocation. It is well known that wild boars may
hide rather than flee when hunted (Scillitani et al. 2010; Thurfjell et al. 2013), and wild boars may
sometimes be disturbed and not leave their RS. We actually observed this response in 62% (8 out
of 13) of the experimental disturbances that we led on resting wild boars (personal observations).
Although any disturbance can affect the ‘quality’ of resting (e.g., through sleep deprivation),
keeping quiet in response to an untargeted disturbance is likely a good strategy, as it avoids the
costs and risks associated with relocating. Besides, non-targeted disturbances are often short-
lived, and will only reduce resting time marginally. Additionally, in our study, the wild boars
remained inactive for 14 hours per day on average, which was longer than the total sleep time

previously recorded in domestic pigs (7.8 hours) (Campbell and Tobler 1984) and in free-ranging
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wild boars (10.6 hours) (Mortlock et al. 2022). This suggests that the wild boars were unlikely to
suffer harmful reductions of resting time due to anthropic disturbances. In some cases, wild boars
might not even respond to a stimulus that we would have assumed stressful for them. For
instance, upon opportunistically listening to the rest of the audio data, we heard a dog barking
from what seemed like a close distance, but the wild boar did not react and continued to snore
calmly throughout the event (Appendix 4). This extract supports the hypothesis that resting wild
boars show little sensitivity to untargeted disturbances. Given the low frequency of relocations,
and the little impact expected from disturbances that do not entice relocations, it seems safe to
conclude that wild boars, in our study area, are little affected by human activity during resting.
Unsurprisingly though, this was less true during the hunting season as hunting is a significant
source of targeted disturbance for wild boars in this landscape. The probability of relocation was
highest during hunting days of the HS, and long-distance relocations (> 1km) were virtually only
observed during these days. These could correspond to actual hunts, with dogs chasing the animal
over large distances. The moderately greater probability of relocation in non-hunting days of the
HS might reflect a higher responsiveness of wild boars to even non-targeted disturbances, during
the HS. However, it is important to note that the low explanatory power of the models suggest
that the fact that the hunting season was open did not substantially change the causes or
consequences of relocations, and therefore the relocation patterns of wild boars. It likely only
added the possibility that a hunting event would sometimes cause some long-distance relocation.
Of course, not all relocations may have been a response to a disturbance. In 9 out of 10 audio
extracts collected at the onset of a relocation, the animal could only be heard resting quietly and
snoring, before leaving the area for no apparent reason. It is possible that we did not hear a person
or a dog that was nearby, which the wild boar would have smelt, or heard, and reacted to. It is
also possible that the wild boar simply woke up and left for a new area for a different reason (e.g.,
weather change). If such natural daily movement occur during the inactive phase, this would
strengthen our general interpretation that people rarely disturb wild boars once they have

selected a RS.

In conclusion, our study shows that wild boars are efficient at exploiting areas near people,
while still finding suitable sites where to rest. They do so by selecting sites with high cover, by
responding to the proximity of human presence in ways that can change with the hunting season,
and by revisiting preferentially the safest sites near human settlements. It is apparently a
successful strategy, as they rarely have to relocate far away in response to a disturbance, apart
when targeted by hunting. As more and more habitats become subject to anthropisation, the need
to find suitable sites where to rest is likely to become a constraint for a variety of animal species.

In such circumstances, species with a high behavioral and ecological flexibility are likely to be
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favored, in particular through the adjustment of their resting patterns. Although successful
temporal adjustments of activity patterns in response to human pressure had been extensively
described (Lowry et al. 2013; Gaynor et al. 2018) , our study shows that resting site selection is

another efficient way for animals to avoid encounters with people.
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Appendices

Appendix 1. Selection of resting sites by the females

We could collect only very limited data from female wild boars. We tracked only five females,
of which two did not provide data during the NHS. They rested mostly inside densely vegetated
patches, and extremely few resting sites were located out of them: nine during the HS and two
during the NHS. In addition, few resting sites were located far from a road or close to a village. It
is well known that male and female wild boars generally differ in their use of space, habitats, and
responses to anthropic pressures (Said et al. 2012; Morelle et al. 2015). Considering that, it did
not seem relevant to include the females in the analysis without accounting for the effect of sex.
Fitting models with the data from both sexes and considering sex as a fixed effect was impossible,
due to the low amount of data from females. This is why we fitted models on the males’ and the

females’ data separately. Here we provide information about the exploration of the females’ data.

We used the method described in section 2.4.1 of the main text to fit a resource selection
function (RSF) to the females’ data. As with the males, we fitted a GLMM, using the type of resting
site (used vs. available) as a response variable and a binomial distribution for errors. We used the
vegetation cover (inside or outside densely vegetated patches) in interaction with the distances
to roads and to villages as predictor variables. We also included individual animal identities
nested within study sites as random intercepts. As with the males, we fitted this model
independently for the HS and the NHS. Finally, we the converted RSF scores into selection ratios

for interpretability.

During the NHS, the lack of data made it impossible to draw any conclusion on the selection of
resting sites by females. We fitted the model on only three individuals, with two resting sites
observed outside densely vegetated patches and two observed further than a kilometer from a
road. This explains the large confidence intervals outside densely vegetated patches, as well as

the avoidance that we observed far from roads (Figure S1a; Table S1).

During the HS, more data was available, although the overall amount remained limited. The
results were similar to those obtained for the males (Figure S1b; Table S1). The selection ratio for
sites outside densely vegetated patches was globally similar to the one observed for the males.
However, we found a significant effect of the interaction between the type of vegetation and the
distance to roads, while it was not significant in males. Once again, however, the low amount of

data for females outside densely vegetated patches made it complicated to interpret this result.
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Figure S1. Estimation of the selection ratio for resting sites by female wild boars during the non-
hunting season (a) and the hunting season (b), for different distances to roads and villages. Selection
for densely vegetated patches is represented in a dark green, solid line. Selection for non-densely
vegetated patches is represented in a yellow, dashed line. A selection ratio above one indicates that
sites are selected, and a selection ratio below one indicates that sites are avoided. Lightly-colored

ribbons show the 95% confidence intervals.
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Variable 3 SE z-value p-value

Model: Selection ratio for resting sites during the non-hunting season (females)

Intercept -10.42 1.56 -6.70 <0.001
inside densely vegetated patches 3.68 1.61 2.28 0.02
d(road) 2.55 2.18 1.17 0.24
d(village) 0.26 1.00 0.26 0.79
inside densely vegetated patches x d(road) -4.91 2.23 -2.20 0.03
inside densely vegetated patches x d(village) 0.60 1.02 0.59 0.56

Model: Selection ratio for resting sites during the hunting season (females)

Intercept -9.91 0.87 -11.45 <0.001
inside densely vegetated patches 3.33 0.90 3.70 <0.001
d(road) 1.85 0.58 3.18 <0.01
d(village) 0.48 0.50 0.97 0.33
inside densely vegetated patches x d(road) -2.29 0.62 -3.71 <0.001
inside densely vegetated patches x d(village) -0.34 0.51 -0.66 0.51

“d(village/road)” stands for “distance to the closest village/road.”

Table S1. Parameters and statistics for the models estimating the selection ratio for resting sites by
females, during the non-hunting season and the hunting season. The 5-fold cross-validation
performance scores (Spearman-rank correlations) of the models are respectively 0.58 + 0.18 s.e. and

0.53 +0.13 s.e.

Appendix 2. Identification of resting patterns

Identification of the inactive phases

From visual inspection of the activity data, we inferred that, in our study area, the wild boars
were nocturnal. The distribution of activity values (ACT) was bimodal for all individuals, with one
mode around zero - corresponding to resting - and one mode between 80 and 240 - corresponding
to activity (three examples in Figure S2a-b-c). We chose a threshold value (ACT = 40) to separate
those activity values in two groups such that the least frequent values of activity, i.e. those
between 10 and 80, were mostly classified as “activity.” We thus kept the “resting” category as
constrained as possible. All the individuals considered in the analysis showed a clear nocturnal
pattern of activity, with one sequence of low values of activity spanning throughout daytime -
sometimes starting a little before sunrise - and one sequence of high values of activity spanning
quite precisely from sunset to the start of the next sequence of inactivity, in the morning (three

examples in Figure S2d-e-f).
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Figure S2. Patterns of activity of three wild boars. (a-b-c) Distribution of the raw ACT values, for
three individuals from our study. (d-e-f) Temporal patterns of activity of the animals presented
respectively in (a), (b) and (c). Each date (by rows) is divided into 5min slots that are colored
according to their level of activity, ranging from blue (ACT = 0) to red (ACT = 255). The yellow dots
indicate, for each date, the times of sunrise and sunset. Times are in local time, which includes

daylight savings (note the discontinuities in sunrise and sunset times).

Based on the observed temporal patterns of activity, we considered that each 24-hour cycle
could be divided into two continuous phases: the active and the inactive phase. We identified the
time boundaries of these phases by applying the same treatment to each animal’s activity data.
We first applied a threshold on the raw activity data (one example in Figure S3a) to obtain a
binary time series with values being either “active” (ACT > 40) or “resting” (ACT < 40) behavior,
each value corresponding to a 5min time slot (Figure S3b). Many short sequences of “active”
behavior were typically spread across what would be the inactive phase, i.e. during the day, and
conversely, some short “resting” sequences existed within what would be the “active” phase, i.e.
during the night. We therefore simplified the time series by smoothing out the short sequences
that we considered irrelevant for the determination of the time boundaries of “active” and
“inactive” phases. We did so by iteratively switching the category (“resting” or “active”) of the
shortest sequence in the time series, until the shortest sequence in the entire time series was 1

hour long (Figure S3c). Five minutes time slots with intermediate activity values (between 10 and

125



SECOND AXE CHAPITRE 2

80) were rarely consecutive. For that reason, the outcome of the last processing step was robust
to the choice of a different threshold value to identify “active” and “resting” behaviors. Finally, we
determined the times of the starting and ending of the “inactive” and “active” phases, so that they
matched as closely as possible the pattern observed visually on the raw data (Figure S3d-e-f). We
used the following three rules to attribute each sequence of the time series to one or the other
phase: (i) All sequences of “resting” behavior overlapping daytime, and (ii) all sequences of
“active” behavior spanning entirely within daytime were considered part of the inactive phase. In
addition, (iii) whenever a sequence of “resting” behavior restricted to nighttime lasted more than
1.5h, and was separated from the rest of the “inactive” phase by an “active” sequence less than
1.5h long, both the “resting” and the “active” sequences were added to the “inactive” phase. The
result of this last step closely matched the pattern expected by visual inspection of the raw data

(Figure S3d).

Identification of the resting sites

After having determined the start and end times of the daily inactive phases, we used GPS data
to identify where resting had occurred each day. Often, resting occurred at a single resting site’
throughout the inactive phase (example in Figure S4a). In some instances, however, wild boars
did move from an initial resting site, to settle in a secondary resting site, during the inactive phase,
in what we called a “relocation” (example in Figure S4b). Relocations would obviously be
associated with important values of ACT. To identify them, we compared the location of the
animal before and after the bouts of activity that we considered sufficiently “active” to be
considered a “possible relocation” (hereafter PR, see Figure S4c). We considered a PR whenever
a continuous “active” bout reached a cumulative ACT value of at least 100. Between PRs, the ACT
signal was too low for the animal to have possibly traveled from one resting site to another. We
compared the mean GPS positions before and after the first PR of each inactive phase. If they were
further apart than 100m, we considered that a relocation had occurred. If not, we discarded the
PR and applied the same method to the next PR in the inactive phase. Once we had identified all
the relocations, we estimated the exact location of the different resting sites to be the average of

the GPS positions recorded during the inactive phase, between each relocation (Figure S4c).
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Figure S3. Visual description of the steps taken to determine the timing of the “inactive” phases. (a)
Temporal pattern of activity of one wild boar, as raw data. The scale used is the same as in Figure
S2. (b) Result of the application of a threshold on the time series of raw data, to distinguish “active”
(ACT > 40, in red) and “inactive” (ACT < 40, in light blue) behaviors. (c) Result of the smoothing
processing step applied to the time series shown in (b). (d), (e) and (f) respectively show how the
start and end times of the “active” and “inactive” phases (black circles) fit on the time series

presented in (a), (b) and (c). The yellow dots indicate, for each date, the times of sunrise and sunset.
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Figure $4. Identification of the relocations. (a) Trajectory of a wild boar (dashed line), including an
inactive phase with no relocation, and thus a single resting site (1). (b) Trajectory of a wild boar
(dashed line), including an inactive phase with a relocation, in which the animal traveled from a
primary resting site (1) to a secondary resting site (2). In (a) and (b), buildings are represented in
dark grey, villages in light grey, roads in brown, and densely vegetated patches in dark green. (c)
Method of identification of the relocations. We focus on a theoretical trajectory, spanning across one
inactive phase, and represented spatially in (1). The associated time series of “active” and “resting”
bouts is represented in (2a). The colors of the dots indicate groups of GPS locations that were
acquired during the same resting bout. During the inactive phase, between the potential relocations
(PR), the distances (dist) between mean GPS positions (mean(lon, lat)) are calculated. Whenever
dist exceeds 100m, we consider that the PR corresponds to a relocation. This method enables the

identification of RS1 and RS2, two resting sites that were visited during the inactive phase (2). The

first PR did not correspond to a relocation, but the second one did.
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Appendix 3. Identification of densely vegetated patches

We retrieved spatial information on vegetation cover from CORINE Land Cover 2018
(https://land.copernicus.eu/pan-european/corine-land-cover/clc2018). The following list
shows the categories that we included in the definition of “densely vegetated patches”, together

with the percentage of the land they occupied in our study area:
- Broad-leaved forest (14.5%)
- Coniferous forest (2.4%)
- Mixed forest (4.4%)
- Sclerophyllous vegetation (12.7%)
- Transitional woodland-shrub (4.1%)
- Land principally occupied by agriculture, with significant areas of natural vegetation (3.6%)
- Natural grasslands (2.2%)
- Moors and heathland (0.3%)

Although usually associated with low vegetation, the “natural grasslands” and the “moors and
heathland” categories corresponded, in our study area, to areas of regrowth, offering suitable
vegetation cover for wild boars to hide. This is why we considered relevant to group them

together with taller vegetation layers in this study.

Appendix 4. Sound extracts

All the sound extracts mentioned in the paper are available for listening at the following
address: https://doi.org/10.5281/zenodo.7660803. The tracks that were extracted from 40
minutes before to 5 minutes after a relocation was initiated are labelled as “relocation”. The tracks
labelled as “control” were extracted at the same time of day as the “relocation” tracks, but on
different dates, when relocations did not occur. We also make available an additional track,
corresponding to a dog barking, with the wild boar not reacting to it. It was identified upon

opportunistic listening of the dataset.
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Chapitre 3

Résumé : Pour de nombreuses espéces animales, le repos et I'activité se déroulent dans des
lieux distincts, parfois éloignés entre eux. Les animaux étant limités dans la distance qu'ils
peuvent parcourir chaque jour, la disposition des sites de repos et d’alimentation peut
contraindre les individus dans leur utilisation du domaine vital. Dans les paysages anthropisés,
les sites de repos adéquats sont souvent rares et dispersés, et les déplacements sont
généralement restreints. Dans ce contexte, certains déplacements entre sites de repos peuvent
devenir impossible a effectuer au cours d’une seule phase d'activité. Il est donc attendu que
certains sites de repos deviennent centraux dans les patrons de déplacement, en servant d’étapes
lors des déplacements dans le domaine vital. Dans cet article, nous avons testé cette hypothese
en étudiant les sites de repos et d’activité de sangliers (Sus scrofa) répartis a travers I'Europe
entiere. Nous avons construit des réseaux de déplacement pour étudier la contribution des sites
de repos a la connectivité des domaines vitaux. Nous avons comparé la centralité des zones
utilisées pour le repos et pour I'activité, afin de définir un indice de contribution des sites de repos
a cette connectivité, et d’évaluer les effets du niveau d'anthropisation et de la couverture arborée
sur la valeur de cet indice. Nous avons constaté que les sangliers vivant dans des domaines vitaux
peu boisés structuraient davantage leurs déplacements en fonction de leurs sites de repos. L’effet
du niveau d'anthropisation sur la centralité des sites de repos était plus difficile a interpréter.
Cependant, le degré de colinéarité entre cette variable et la couverture arborée suggere que les
sangliers vivant dans des paysages anthropisés dépendent davantage de quelques sites de repos
importants pour circuler dans leur domaine vital. Dans les paysages anthropisés, ou les sites de
repos représentent souvent ressource limitée, leur disposition dans le paysage peut jouer un role

crucial en influencant les capacités de déplacements des animaux.

Mots clés : couvert forestier, empreinte anthropique, patrons d’activité, réseaux de déplacement,

sanglier, sommeil
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The contribution of resting sites to the
connectivity of animals’ movement networks
along a gradient of anthropization

Gustave Fradin?, collaborators from Euroboar?, Simon Chamaillé-Jammes?

1. CEFE, Université de Montpellier, CNRS, EPHE, IRD, Montpellier, France

2. Prospective coauthors who shared Euroboar datasets are listed at the end of the chapter

Abstract: For many animal species, resting and activity happen in distinct sites, that may be
located far apart in the landscape. As animals are limited in how far they can travel each day
between resting and foraging sites, the spatial layout of those sites may impose constraints on
how animal may use their home range. In anthropized landscapes, suitable resting sites are often
scarce and dispersed, and movements are generally more constrained than in natural landscapes.
In this context, animals may not be able to travel between any pair of resting sites in one single
phase of activity. Some resting sites may thus become central in animals’ movement patterns,
serving as “stepping-stones” to allow them to travel between different sectors of their home
range. In this paper, we tested this hypothesis by investigating the resting site selection and
movement patterns of wild boars (Sus scrofa) living across Europe, along a wide gradient of
anthropization level. After a brief description of the patterns of utilization of resting sites by the
wild boars, we constructed movement networks to investigate the contribution of resting sites to
connecting different parts of the home ranges together. We calculated the ratio of betweenness
centrality of the areas used for resting and for activity, and evaluated the effects of anthropization
level and tree cover on that ratio. We found that wild boars living in little forested home ranges
had movement patterns that were more structured around the sites that they used for resting.
Although the effect of the anthropization level was not clear, the amount of collinearity between
this variable and the amount of tree cover suggested that wild boars living in anthropized
landscapes must be more reliant on a few important resting sites to move across their home
range. In anthropized landscapes, where resting sites are sometimes a limited resource for many
animals, their spatial layout may play a crucial role in allowing animal movements across the

landscape.

Keywords: activity patterns, human footprint, movement networks, sleep, tree cover, wild boar
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1 Introduction

The choice of a daily resting site is a crucial recurring decision for many animals. When they
select a place where to rest, animals determine the risk of predation that they will face while in
maybe their most vulnerable state (Lima et al. 2005), and usually for a long period of time
(Campbell and Tobler 1984). In addition to the risk of being predated upon, the location of a
resting site influences the probability of any disruption of resting—including anthropogenic
ones—to occur. Therefore, it may set the level of vigilance required during the resting phase,
which in turn may affect the quality of sleep, with potential physiological drawbacks (Tisdale et
al. 2018; Olejarz et al. 2023). Equally importantly, animals are constrained, both in terms of motor
skills and navigation, in their capacity to travel from one resting site to the next (Nathan et al.
2008). This means that the location of a resting site may impose restrictions on where the
subsequent active phase may occur, and where the next resting site to be used may be (Génin
2010; Janmaat et al. 2014). Landscape characteristics, such as permeability to movement and
resting sites’ availability, are key drivers of the distances and path animals may move across, to
go from one resting site to the next. Consequently, the resting sites and the areas used for activity,
such as the preferred foraging grounds, are connected between each other, through movement,
in ways that may depend on motion capacity and environmental features. Resting sites might thus
bear a more or less important position in the whole movement patterns of animals, depending on

how they connect activity sites with each other.

As anthropization increases and intensifies worldwide, suitable resting sites become rare in
altered landscapes, and large and medium-sized animals increasingly struggle to find where to
rest (Bateman and Fleming 2012; Weinberger et al. 2019). The risk of encountering people
participates to the reduction of resting sites’ suitability for these animals (Wam et al. 2012;
Wittemyer et al. 2017; Bojarska et al. 2021). In addition, the spatial distribution of potential
resting sites—i.e. how they are spatially laid out between each other and with the areas used
during activity—may be altered in anthropized landscapes, compared to undisturbed ones. The
capacity to find suitable resting sites, and to travel from them and to the foraging grounds, and
vice-versa, constitutes an important constraint on how animals may use the landscape. Transit
from resting sites to foraging sites is expected to prove harder in anthropized landscapes, where
animals’ movements in general are reduced (Tucker et al. 2018). Being able to adjust where to
rest, and how to organize movement patterns between resting sites and activity sites, may thus
be a crucial advantage for animals to live in human altered environments (Candolin et al. 2023;
Gilbert et al. 2023). Yet, how animals move within their home ranges according to the spatial
layout of their resting sites has, to our knowledge, never been investigated with respect to the

level of anthropization.

133



SECOND AXE CHAPITRE 3

(a) Low anthropization (b) High anthropization

Figure 1. lllustration of the expected movement pattern of an animal using one type of habitat for
resting (blue circles), and another type of habitat for activity (pink dashed lines). The pattern of
movements between resting sites is expected to be less structured in a little anthropized landscape
(a), than in a highly anthropized landscape (b). Green and white patches represent two types of
habitat, with green habitats being suitable for resting. Villages and isolated buildings are added in

panel (b), compared to panel (a).

In this manuscript, we hypothesize that animals living in barely anthropized landscapes
should be little constrained in their movements and selection of resting site, and thus should
travel from and to resting sites in a rather unstructured way (as illustrated in Figure I1a).
Conversely in anthropized landscape, where resting and foraging sites are rarer, and transit from
one to the other is more constrained, resting sites should become important in connecting home
ranges’ sectors together (Figure 1b). We tested this prediction by studying the wild boar (Sus

scrofa) as model species, at the scale of the European continent.

In Europe, wild boars occupy a wide diversity of landscapes, along the widest possible gradient
of anthropization. They equally thrive in remote forests, swamps and mountains, across
agricultural areas, at the fringes of cities and even within them (Massei et al. 2015). The success
and current geographic and demographic expansion of this species is in great part attributed to
its impressive behavioral flexibility, and capacity to adjust to environmental constraints. Wild
boars have been shown to modify their displacement rate and home range size to the level of
anthropization, and to the risk of anthropic human disturbance (Sodeikat and Pohlmeyer 2007;
Podgorski et al. 2013; Stillfried et al. 2017). They also adjust both their temporal patterns of
activity (Podgérski et al. 2013; Johann, Handschuh, Linderoth, Dormann, and Arnold 2020) and
where their rest (Maillard and Fournier 1995; Fradin and Chamaillé-Jammes 2023) to avoid

encounters with human.
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Specific needs in terms of resting site selection are low in wild boars, but sufficient vegetation
cover is required for concealment (Spitz and Janeau 1995), and wild boars frequently revisit
resting sites that they have previously visited (Boitani et al. 1994; Morelle et al. 2015). Their
resting behavior is thus spatially structured, and is constrained by the availability and spatial
distribution of the areas where resting is possible. In addition, the spatial layout of their resting
sites in the landscape might also constrain their movement patterns. Wild boars frequently re-
utilize the same path and areas for transit and foraging (Morelle et al. 2015), and their movement
patterns may be structured by important resting sites, foraging sites and/or corridors used for
transit. When anthropization is low, animals should be able to travel quickly and rather linearly
between foraging areas. In this context, resting sites should only be selected for their intrinsic
qualities, and in particular for their safety. As anthropization increases and constrains
movements, animals should increasingly struggle to move from one foraging area to the next.
Then, wild boars could select resting sites not only for their safety, but also to use them like
“stepping-stones”, to move across their home range. The relative importance of the resting sites,
compared with the sites used for activity, in the connectivity of the animals’ movement patterns

might thus be affected by anthropization.

In this article, we studied wild boars’ behavior across the European continent to shed light on
how wild boars utilize their resting sites and move between them, along a wide gradient of human
activity levels. After studying how tree cover and anthropization levels affect resting site selection
and revisitation patterns, we used the betweenness, a metric of centrality calculated from
movement networks, to test whether the contribution of resting sites to the connectivity of

animals’ movement patterns increases as anthropization increases.

2 Materials & methods

2.1 Data preparation

2.1.1 GPS data preparation

Movement data sets were collected through Euroboar, the European collaborative initiative
for research on wild boars’ movement ecology, as part of Euromammals
(https://euromammals.org/; Urbano et al. 2021). These data were supplemented with additional
tracking data collected by two local hunting federations from Southern France (Fédérations
Départementales des Chasseurs du Tarn et de la Haute-Garonne), and by the CEFE-CNRS research
unit, Montpellier, France. We subsampled the GPS tracks to a resolution of one location every 60
min and we linearly interpolated missing locations whenever data gaps were isolated and not
exceeding 150 min. Some animals had been tracked only every 120 min for parts, or all, of their

tracking period. Instead of interpolating these data every 60 min, we generated a second dataset,
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with GPS locations subsampled to one location every 120 min, and linearly interpolated

whenever data gaps did not exceed 150 min, to complement the data sampled every 60 min.

Many animals from Euroboar were part of the same social group and stayed together for parts,
or all, of their tracking period. To ensure tracks’ independence, we discarded one individual per
dyad that had spent more than 10% of their tracking period in close proximity (50 m). Besides,
studying the dynamics of resting sites’ utilization only makes sense for stationary behavioral
phases, over stable home ranges. We computed the net square displacement of each animal to
identify any non-stationary use of the landscape, and trimmed the portions of the GPS tracks
corresponding to the animal remaining more than 15 km from the first (or the last) location in

the survey, always keeping the longest stationary phase available.

2.1.2 When did the wild boars rest?

Although most individuals were exclusively nocturnal, a non-negligible proportion of them
was not. To identify when the wild boars were at rest each day, we classified the GPS data between
two behavioral modes: activity and resting. To do so, we used the succession of step lengths and
turning angles calculated from the GPS tracks to associate a behavioral mode to each GPS location,
with a Hidden Markov Model (HMM; Michelot et al. 2016). We did this independently for the data
sampled every 60 min, and for the data sampled every 120 min, so that whenever 60min-sampled
data was lacking, we could use the categorization obtained from the 120 min sampled data to fill
the gaps. The relevance of the categorization between behavioral states could be visually
validated using actimetric data, which was available from Euroboar for 26% of the individuals

(Appendix 1).

2.1.3  Where did the wild boars rest?

As revealed by both the HMMs' output and the actimetric data, the wild boars consistently
exhibited monophasic activity patterns (Appendix 1). This means that they organized each 24-
hour cycle between one active phase and one resting phase, although these phases could
sometimes be scattered with short bouts of respectively inactivity and activity. For each animal
and each date, we identified a single resting site (hereafter RS), that corresponded to the location
where the animal had been spending most (if not all) of its resting phase. The method we followed

is described in more detail in Appendix 1.

2.1.4  Summary of the data available

The survey periods available in the dataset were extremely variable (ranging from one
month to three years). Animal movement networks’ metrics being sensitive to the duration of the
tracking period, we standardized the survey periods by splitting each wild boar’s data by month.

We thus considered separately each “individual-month”, in the network analysis. Because some
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gaps remained in the dataset despite the interpolation of the data, we could not identify a RS for
every date. We excluded any individual-month for which a RS could not be identified every single
day. We computed the monthly home ranges of each animal, defined as the contour of the 95%
utilization distribution, using a standard kernel density approach, estimated from the active GPS
locations. Four of them were disproportionately large, and obviously corresponded to non-
stationary phases that we had failed to exclude in the data preparation stage. We removed the
corresponding individual-months from the dataset. After this process, we were left with
~905,000 data points (~847,000 and 58,000 with the sampling frequencies of respectively 60
and 120 min) corresponding to 1340 individual-month. These corresponded to 275 wild boars
(162 females and 113 males), distributed between 50 populations from 13 countries (Figure 2a).
These data were collected between 2009 and 2022.
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Figure 2. (a) Sampling location of the wild boars (red circles) considered in the study. (b) Example
of a movement network corresponding to one individual wild boar’s monthly movements. Blue dots
represent resting sites’ locations while pink dots represent the GPS locations corresponding to
activity. The dashed grey line represents the animal’s path. The tiles correspond to the nodes of the
movement network obtained by laying the animal’s trajectory over a 100-m resolution raster grid,
as described in Bastille-Rousseau et al. (2018). The color of the tiles indicates their betweenness,

calculated with the R package moveNT (Bastille-Rousseau, 2023).

2.1.5 Environmental variables

Forest patches and dense vegetation in general are known to be favorable for resting wild

boars, and we thus expected tree cover to influence the spatial organization of the wild boars’
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RSs. We wused Copernicus’ high-resolution layer on tree cover density (TCD;
https://land.copernicus.eu/pan-european/high-resolution-layers/forests), a freely available
geographic layer derived from satellite imagery, at the European scale. TCD gives a percentage of
tree cover with a resolution of 100m, which allows taking into account even small patches of
forest, where wild boars may select RSs (Salvatori et al. 2022). We used the TCD layers available
for the years 2012, 2015 and 2018, to match more closely the conditions experienced by each
wild boar. In addition, we described the level of human activity in the landscapes in which the
wild boars rested, using the Human Footprint Index (HFI) map of 2009, downloaded from the
NASA/SEDAC website (Venter et al. 2018). This global proxy of the cumulative human pressure
on the environment, is given with a spatial resolution of 1 km? as a value ranging from 0
(untouched habitat) to 50 (heavily anthropized habitat), and accounts for multiple factors
including human population density, infrastructures, and landscape modification by agriculture

(Venter et al. 2016; Venter et al. 2018).

2.2 Spatial analysis of resting sites

2.2.1 Selection of resting sites

We first explored how the wild boars' selection of RSs was influenced by the TCD and the HFI.
We used one RS and one randomly selected active GPS location per day to represent landscape
use for respectively resting and activity. We simulated landscape availability by generating 10
random locations per used location, within the animals’ monthly home range, which we enlarged
with a 1 km buffer to include the habitats that were accessible but avoided by the wild boars. We
then used a resource selection function (RSF), fitted using a generalized linear mixed model
(GLMM) with a binomial distribution of errors. The response variable was the type of location
(used vs. available) and the predictors were the HFI, the TCD, the behavioral state (resting or
active), and the sex of the animal, all in interaction with each other. The individual’s identity and
the population were included as nested random intercepts. Selection ratios were then calculated,
following Chamaillé-Jammes (2020), to quantify habitat selection (selection ratio above one) and
avoidance (selection ratio below one). We used the k-fold cross-validation method described by
Boyce et al. (2002) for model fit assessment. This method uses the Spearman-rank's correlation
as the performance metric. We reported the average Spearman-rank correlation and standard

error obtained for 20 model replications, with 5 folds, and 10 bins of RSF scores.

2.2.2  Number of visits to resting sites

Wild boars often revisit the same places over time for resting. For each animal-month, we
evaluated how often the same area was used as a RS. We did so by laying out the RSs over a raster
grid of a resolution of 100 m, and counting the number of RSs within each cell. This resolution

fitted the scale of the RSs’ clusters across individuals by visual assessment (see a full justification

138



SECOND AXE CHAPITRE 3

of the choice of the raster grid resolution in Appendix 2). We explored the influence of HFI and
TCD on the number of visits to RSs by fitting a GLMM, utilizing a zero-truncated Poisson
regression. The response variable was the number of visits to a RS, and the predictors were the
TCD, the HFI, and the animal’s sex, all in interaction between each other. Individuals’ identities
nested within populations were incorporated as random intercepts. Model fit was evaluated

using the marginal Nakagawa's R2 (Nakagawa and Schielzeth 2013).

2.3 Contribution of resting sites to the connectivity of movement networks

2.3.1 Construction of the movement networks

For each individual-month, we constructed a movement network using the framework
developed by Bastille-Rousseau et al. (2018). We laid out the trajectories over raster grids of a
resolution of 100 m, and considered each cell containing GPS location as a node in the movement
network (see a justification of the choice of the raster grid resolution in Appendix 2). We
considered two types of nodes: the resting nodes, containing at least one RS, and the activity
nodes, not containing any RS. In these networks, the edges between nodes are defined by the
steps between GPS locations in the tracking data (see one example in Figure 2b). We calculated
the betweenness of each node by using the R package moveNT, developed by Bastille-Rousseau
(2023). This node-level metric corresponds to the number of shortest paths between two nodes
passing through a node of interest. It measures the importance of this node in the overall
connectivity of the network (Jacoby et al. 2012). We assessed the relative importance of the RSs,
compared with activity sites, in the movement networks’ connectivity. To do this, we calculated
the ratio of the mean betweenness of the resting nodes over the mean betweenness of the activity
nodes, in each network. This resulted in an index of contribution of the RSs to movement

networks’ connectivity (hereafter called RSs’ contribution to connectivity).

2.3.2  Analysis of the drivers of resting sites’ contribution to connectivity

We used a GLMM to evaluate the effect of landscape variables on the RSs’ contribution to
connectivity. As predictor variables, we used the overall levels of anthropization and tree cover
experienced by each individual-month. These were expressed as the mean value of respectively
HFI and TCD, within the monthly home range, which we enlarged with a 1 km buffer to account
for the habitats that were accessible but avoided by the wild boars. We considered these two
variables in interaction with the sex. Exploration of the data revealed that the home range size
had a strong non-linear relationship with RSs’ contribution to connectivity, so we incorporated is
as an additive polynomial predictor in the model. Finally, we considered the population and
individual identities as nested random intercepts. We evaluated the fit of the model by using the

marginal Nakagawa's R2 (Nakagawa and Schielzeth 2013).
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3 Results

3.1 Selection of resting sites

All the possible combinations of HFI and TCD were available within the dataset, and the
animals made some use of this wide diversity of habitats, both for resting and activity (see details
in Appendix 3). As expected, wild boars’ sensitivity to TCD for habitat selection was highly
dependent on the level of HFI (Figure 3; Table 1). At low HFI, wild boars showed virtually no
selection for sites with greater cover (selection ratio = 1), particularly during the active phase.
During resting, wild boars slightly selected for higher TCD, and avoided low TCD, even in the least
anthropized areas. At high HFI, during the active phase and even more during the resting phase,
wild boars strongly selected for areas with high TCD, and strongly avoided areas with low TCD
(Figure 3; Table 1). There was small but significant sex differences, selection for TCD being more

sensitive to HFI in males than in females (Figure 3; Table 1).

Variable 3 SE z-value p-value
Intercept -2.2898 0.0365 -62.7504 <0.001
Male -0.0302 0.0492 -0.6138 0.54
Resting -0.1747 0.0369 -4.7298 <0.001
HFI -0.0204 0.0017 -12.2685 <0.001
TCD -0.0002 0.0004 -0.4173 0.68
Male x Resting -0.0935 0.0603 -1.5505 0.12
Male x HFI 0.0067 0.0027 2.5148 0.01
Resting x HFI -0.0019 0.0020 -0.9321 0.35
Male x TCD 0.0007 0.0008 0.9678 0.33
Resting x TCD 0.0032 0.0006 5.5666 <0.001
HFI x TCD 0.0005 0.0000 17.1311 <0.001
Male x Resting x HFI -0.0029 0.0033 -0.8988 0.37
Male x Resting x TCD 0.0015 0.0009 1.6101 0.11
Male x HFI x TCD -0.0001 0.0000 -2.7457 <0.01
Resting x HFI x TCD 0.0000 0.0000 0.9305 0.35
Male x Resting x HFI x TCD 0.0001 0.0001 1.9372 0.05

'Female' and 'Active’ are respectively the default sex and behavioral state. ‘Male' and 'Resting' are

the alternatives.

Table 1. Parameters and statistics of the model estimating the selection ratio for areas of varying
levels of tree cover density (TCD) and human footprint index (HFI). The 5-fold cross-validation

performance score (Spearman-rank correlation) of the model is 0.98 + 0.03 SE.
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Figure 3. Selection ratio for areas of increasing tree cover density as a function of the human
footprint index, for male and female wild boars, during resting and activity. Sites are selected for
when the selection ratio is above one, avoided when it is below one. Color ribbons show the 95%

confidence intervals.

3.2 Number of visits to a resting site

Over a month, the number of visits to a RS was dependent on the TCD and HFI at the site, and
on the sex of the animal (Figure 4; Table 2). At low HF]I, females mostly revisited the sites with the
lowest TCD (Figure 4). This pattern was reversed at high HFI, when females revisited sites with
high TCD more than those with lower cover (Figure 4). In contrast, the number visits to a RS by
males was not affected by the TCD or HFI level of this site (Figure 4). Note however that the
predictor variables included in the model (HFI, TCD and sex) poorly explained the variability
observed (marginal R* = 0.06; Table 2), which was mostly accounted for by individual’s and

population’s factors (conditional R? = 0.6; Table 2).
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Figure 4. Number of visits to resting sites as a function of tree cover density and human footprint

index, for male and female wild boars. Color ribbons show the 95% confidence intervals.

Variable 3 SE z-value p-value
Intercept 1.2063 0.0730 16.5353 <0.001
Male -0.6049 0.0945 -6.4041 <0.001
HFI -0.0150 0.0029 -5.0820 <0.001
TCD -0.0067 0.0007 -9.5789 <0.001
Male x HFI 0.0179 0.0044 4.0232 <0.001
Male x TCD 0.0040 0.0011 3.5460 <0.001
HFI x TCD 0.0002 0.0000 5.6869 <0.001
Male x HFI x TCD -0.0002 0.0001 -3.0091 <0.01

‘Female’ is the default sex. ‘Male' is the alternative.

Table 2. Parameters and statistics of the model estimating the number of visits to resting sites with
varying levels of tree cover density (TCD) and human footprint index (HFI). The conditional R? is 0.6
and the marginal R? is 0.06.

3.3 Contribution of the resting sites to movement network’s connectivity

The RSs’ contribution to connectivity was significantly lower for animals with large home
ranges compared to animals with small home ranges (Figure 5; Table 3). 1t was however generally
well above one, indicating that RSs serve as connectivity hotspots to move within the home range,
more than sites of activity. This was particularly true in home ranges that had little tree cover, for
which RS contribution to connectivity was greater (Figure 5; Table 3). An effect of the level of
anthropization was only noticeable through a tendency of the RS contribution to connectivity to
increase with HFI for females that had home ranges with important tree cover (Figure 5; Table 3).

We note however that the lack of statistical significance (at alpha = 0.05) of this pattern could be

142



SECOND AXE CHAPITRE 3

linked to the moderate correlation (Pearson's product-moment correlation = -0.59; Appendix 3)

observed between TCD and HFI values, which lead to inflated standard errors of the estimates.

Variable [ SE z-value p-value
Intercept 3.2684 0.4068 8.0349 <0.001
Male -0.7537 0.5584 -1.3499 0.18
mean HFI -0.0249 0.0203 -1.2286 0.22
mean TCD -0.0180 0.0071 -2.5202 0.01
(Home range size)1l -12.3769 1.4219 -8.7046 <0.001
(Home range size)2 7.8101 1.2317 6.3409 <0.001
Male x mean HFI 0.0298 0.0305 0.9744 0.33
Male x mean TCD 0.0162 0.0111 1.4587 0.14
mean HFI x mean TCD 0.0008 0.0005 1.8375 0.07
Male x mean HFI x mean TCD -0.0010 0.0008 -1.3176 0.19

'Female' is the default sex. ‘Male' is the alternative.

Table 3. Parameters and statistics of the model estimating the contribution of the resting sites’
contribution to connectivity for home ranges of varying levels of tree cover density (TCD) and human

footprint index (HFI). The conditional R? is 0.3 and the marginal R? is 0.11.

4 Discussion

For many animals, the decision about where to rest every day is constrained by the spatial
layout of suitable resting sites (RSs). In addition, where resting occurs itself constrains the
subsequent movements of an animal in the landscape. Anthropogenic pressures are susceptible
of affecting both where animals may rest, and where they may be active (notably foraging and in
transit) in the landscape, but overall tend to restrict daily movements (Tucker et al. 2018). This
should thus change the contribution of daily RSs to the overall connectivity of movements within
home ranges (Figure 1). Here we provided a test of this hypothesis, we believe for the first time.
We did so by leveraging a continental-scale movement database of a species that is found to thrive

across the full gradient of anthropization: the wild boar.

We first described how wild boars select their RSs according to the human footprint index
(HFI) and tree cover density (TCD). Interestingly, we found that in the areas not impacted by
human activity, while the wild boars slightly selected sites with higher TCD for resting, they used
the available TCD at random for activity. This supports the hypothesis that wild boars under low
anthropic pressure are little constrained in their use of the habitat and should be able to travel
unrestrictedly from and to RSs (like in Figure 1a). Unsurprisingly, in areas with high HFI, wild
boars strongly selected high TCD and avoided low TCD during activity, and even more strongly

during resting. This confirms, on a scale never investigated before, that wild boars adjust to the
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level of human pressure by seeking the cover of vegetation, and particularly so when they select
where to rest. Vegetation cover being rarer and more fragmented where human pressure is high,
wild boars are thus more constrained in how they can move around and where they can rest, in

anthropized landscapes.
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Figure 5. Resting sites’ contribution to connectivity as a function of the mean human footprint index
(HFI) and mean tree cover density (TCD) of the home ranges, for male and female wild boars. We
did not make predictions for home ranges with high HFI and high TCD, these being virtually non-

existent in the data.

Female wild boars were found to adjust their pattern of revisitation of RSs according to HFI
and TCD. In low HFI and high TCD, where suitable RSs are presumably commonplace, they rarely
revisited the same RSs. In low HFI and low TCD, where concealed spots are likely more sporadic,
females frequently came back to previously visited sites for resting. Where HFI was high, female
wild boars did not revisit frequently the sites with low TCD (that were avoided according to the
RSF), but often revisited the same spots for resting, within high TCD areas. This pattern of RS
revisitation suggests that where safe, concealed RSs are rare, female wild boars compensate this
scarcity by targeting well-known RSs to reuse over time. The males showed a different pattern of
RS revisitation, as they rarely came back to rest to previously visited RSs. This was probably
related to the fact that male wild boars travel across greater distances and have larger home
ranges compared to females, which means that they are more likely to come across new suitable
RSs. However, the males’ tendency to revisit RSs was not affected by HFI nor TCD, which cannot
be explained by their movement patterns only. We hypothesized that being solitary, male wild
boars may find concealment in even small patches of vegetation, where a female’s sounder would

simply not fit. This may explain how males, contrarily to females, manage to rest in areas with
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either low vegetation cover or high human pressure without relying on a small number of
frequently visited RSs. Nevertheless, male wild boars might adjust their RSs’ revisitation rate to
anthropic pressure on a finer scale than the 1 km? resolution of HFI, as they do in Mediterranean

France (Fradin and Chamaillé-Jammes 2023).

Wild boars manage to find RSs even in anthropized landscapes by selecting high TCD, and in
the case of females, by revisiting the same RSs over time. This flexibility is surely key to the ability
of this species to live across the widest gradient of anthropization. However, in anthropized
landscapes, selecting a reduced number of RSs possibly scattered between few suitable patches
surely increases the risk for the RSs spatial layout to constrain movement patterns. We used a
movement networks’ metric, the betweenness, to evaluate whether the importance of RSs in the
utilization pattern of the landscape differed between home ranges with contrasted overall levels
of anthropization. For each individual and each month, we compared the mean betweenness of
the areas with and without RSs, among those where we had observed the animal. As the
betweenness is an indicator of the importance of a given location in the overall connectivity of
movement networks in sedentary animals (Jacoby et al. 2012), this allowed us to evaluate the
importance of the areas used for resting in connecting, through the movements occurring
between them, the different sectors of home ranges (Wittemyer et al. 2019). The obtained ratio
(that we called RSs’ contribution to connectivity), was highly variable between individuals, but
always greater than one, indicating that the RSs were always more important to the connectivity

of the whole movement patterns than the sites where wild boars were active.

The size of the home range showed a strong negative correlation with the RSs’ contribution to
connectivity. We hypothesize that this was an artefact due to some long-distance transits
remaining in the dataset. Despite our efforts to exclude the individuals that we identified as non-
stationary, some of the large home ranges considered probably resulted from long-distance
transits that we failed to get rid of. Non-stationary use of the landscape should produce high
modularity in movement networks, with extreme betweenness in the nodes connecting the
modules together (Lopez-Calderdn et al. 2023). As these nodes are more likely to be frequented
during the animal’s movements, and thus to be active nodes, such movement patterns are
expected to have low RSs’ contribution to connectivity, and could explain the effect of home range

size on RSs’ contribution to connectivity.

We observed a slight but significant negative effect of the mean TCD on the RSs’ contribution
to connectivity. This means that for the wild boars living in highly forested landscapes, RSs were
less important in connecting different sectors of the home range together, than for the wild boars
living in landscapes with little forest. This result suggests that animals having access to enough

vegetation cover are able to move between RSs and foraging areas quite unrestrictedly, not
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requiring RSs to serve as “stepping-stones” to move across their home range. Conversely, when
vegetation cover is limited, wild boars are more constrained to rest at specific places in order to
connect, through their movement, different parts of the landscape. Such highly connected RSs
may be seen as bottlenecks in the movement patterns of the animals (Wittemyer et al. 2019). One
of the most important mechanisms through which anthropization affects the landscape is the
destruction and fragmentation of natural habitats, including forests, which explains the non-
negligible collinearity we observed between the mean TCD and mean HFI in the wild boars’ home
ranges. This suggests that the sensitivity of RSs’ contribution to connectivity to the amount of tree
cover in the landscape should be at least in part related to anthropic modifications of the

landscape.

Aside this effect of the amount of tree cover, we did not observe the expected effect of the mean
HFI on the RSs’ contribution to connectivity. Interestingly however, in females with highly
forested home ranges, it seemed that the level of anthropization was positively correlated with
the RSs’ contribution to connectivity. This trend suggests that the layout of females’ RSs may
structure how they use the landscape in ways that change in response to anthropic factors
unrelated with the amount of tree cover. This could maybe result from the effect of direct
anthropic disturbances, as these are known to affect females’ habitat selection more than that of
males (Said et al. 2012). The partial collinearity between mean TCD and mean HFI, which resulted
in inflated standard errors, could explain the lack of statistical significance for this interaction.
Besides, few individuals in the dataset had home ranges with high values of mean HFI, possibly

participating to hide an existing effect.

Overall, our results suggest that the RSs’ contribution to connectivity is affected by the level of
anthropization, mostly (but maybe not only) through the reduction of vegetation cover in
anthropized landscapes. The RSs’ contribution to connectivity being affected by the mean TCD in
the wild boars’ home ranges suggests that wild boars living in areas with little vegetation cover
may be the most constrained in their use of the landscape. We believe that low mean TCD
generally corresponds to fragmented habitats scattered with small patches of trees. In such
fragmented environments, the permeability of the landscape to large animals’ movements is
reduced (Gehring and Swihart 2003; Jayadevan et al. 2020; Mumme et al. 2023). Suitable RSs
might also be more sporadic, due to the increased proximity of any site to a forest edge. In such
conditions, the use of certain portions of the landscape could be restricted to the vicinity of
suitable RSs and movements across the landscape could be constrained by the spatial layout of

the RSs, which would act like “stepping-stones”.

Wild boars fine-tune their resting behavior in a variety of ways to adjust to the landscape they

live in. When they select resting sites, they adjust to locally high levels of anthropization by
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targeting patches with dense vegetation cover. Females also revisit suitable resting sites over
time in low vegetated or in anthropic landscapes, and such adjustments to human pressure also
probably occur in males, on a finer scale (Fradin and Chamaillé-Jammes 2023). Although we did
not find definitive evidence that the importance of wild boars’ resting sites in the connectivity of
their overall movement patterns depends on the level of anthropization (as hypothesized in
Figure 1), we have found that it is sensitive to the amount of vegetation cover in the home range.
The spatial layout of their resting sites seems to constrain more the wild boars’ movements when
they live in overall poorly vegetated areas, than when they have access to extensive vegetation
cover. As anthropization is often associated with a reduction of tree cover, it is however likely
that human activity indirectly affects how resting sites’ locations influence movement patterns,
in wild boars. More generally, in anthropogenic landscapes, and in particular where dense
vegetation is rare, the availability of suitable resting sites may be of crucial importance to allow

animals to use the wholeness of the landscape.
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Appendices

Appendix 1. Identification of resting sites

We used actimetric data, whenever they were available (26% of the wild boars), to visually
validate the relevance of the output of the HMMs fitted to the GPS data (the examples for five
individuals are provided in Figure S1). The level of similarities between the actograms (Figure
S1a;.syand the time series of behavioral modes identified by the HMMs (Figure S1b;.5) was always
very high, even when GPS data was mostly sampled every 120 min (e.g., Figure S1b4) or patchy
(e.g., Figure S1bs). For all the individuals, the pattern of activity was characterized by a clear
monophasic pattern. Most wild boars were strictly nocturnal (Figure S1a;z5s), but some exhibited
a diurnal lifestyle for durations that varied from a few days to a few months (e.g., Figure S1as.s).
This monophasic nature of the activity patterns allowed us to identify a single resting site, every

day, for each animal.

Figure S1 (next page). Temporal patterns of activity of five wild boars, the individuals being given
by rows (1-5). (ai.s) Patterns of activity observed from actimetric data. Each date (by rows) is
divided into 5min slots that are colored according to their level of activity, ranging from blue (ACT
= 0) to red (ACT = 255). (b1.5) Patterns of activity of the same individuals, resulting from HMMs
performed on GPS data with a 60 min (sometimes 120min) sampling rate. Light blue indicates
resting, and orange indicates activity. (ci.s) Same patterns as in (bi.s), with the GPS locations that
were identified as part of the daily resting site highlighted with a dark blue frame. The yellow dots
indicate, for each date, the times of sunrise and sunset. Times are in local time, which includes

daylight savings (note the discontinuities in sunrise and sunset times).
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Given the important variability, both inter- and intra-individuals, in the timings of the
transitions between active and resting phases, it was impossible to identify a time of the day that
would always correspond to resting. Neither could we consider that the daily resting site was the
place where most resting had occurred on each date, because this would have split any nocturnal
resting phase between different dates. To overcome the challenge of automatically identifying
daily resting sites, we had to use a more refined method. We observed that when the activity
pattern was diurnal—and thus when resting occurred during the night—resting always lasted a
few hours later than midnight (e.g., Figure S1bs.4). This ensured that the resting site used during
a nocturnal resting phase could be identified from the GPS locations acquired after midnight only.
This meant that the GPS locations acquired between the time of sunset and midnight were never
necessary to the determination of the location of any resting site. For each individual and each
date, to identify the daily resting site, we thus only considered the GPS locations labelled as
resting, that had occurred between midnight and the time of sunset (Figure S1c;.5). We used a
hierarchical clustering method with single linkage to classify them between clusters further apart
than 50m. For each individual and each date, we considered that the centroid of the cluster with

the most numerous GPS locations was the daily resting site.
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Appendix 2. Raster grid resolution

In this study, we laid out wild boars’ movement path over a raster grid for two purposes: to

quantify revisitations to resting sites, and to construct movement networks.

First, we evaluated how often an area was used for resting, based on the number of resting
sites within each cell of a raster grid. The resolution of the grid to be used was defined according
to the scale of aggregation of resting sites. This was variable between individuals. However, the
distribution of the distances between the resting sites used by each wild boar showed a clear
breakpoint around 100 m (Figure S2), suggesting that this was a biologically relevant threshold

to define resting site revisitation.

Number of pairs of resting sites

T T T T T T T T
0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500
Distance between resting sites (m)

Figure S2. Distribution of the distances between resting sites used by each wild boar in the study. A
red dotted line highlights the raster grid resolution used for the analysis. Grey dotted lines highlight

the other resolutions we tested.

We also used the raster grid to construct movement networks to calculate the betweenness
centrality of the areas used for resting and for activity, following the method described in Bastille-
Rousseau et al. (2018). The authors suggest that a relevant grid resolution to use is the median
step length in the movement paths (which in our case is 170 m). However, they also point out that
the network metrics are relatively stable to a variation in the raster grid resolution from the 25%
to the 75% quantile of the distribution of step lengths (which in our case correspond to a
resolution between 67 to 380 m). We therefore decided to use the same grid (resolution 100 m)
for both analyses, i.e. to quantify the number of visits to resting sites and to construct movement
networks. We checked that the results were not affected by the raster grid resolution by

performing the analysis with grid resolutions of 50 m, 150 m and 250 m (illustrated in Figure S3).
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Figure $3. Movement network of an individual wild boar laid out over a raster grid of varying
resolutions (50 m, 100 m, 150 m, and 250 m). Blue dots represent resting sites’ locations while pink
dots represent the GPS locations corresponding to activity. The dashed grey line represents the
animal’s path. The tiles correspond to the nodes in the movement network, as described in Bastille-
Rousseau et al. (2018). The color of the tiles indicates their betweenness, calculated with the R

package moveNT (Bastille-Rousseau, 2023).
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Variable 3 SE z-value p-value
Grid resolution: 50 m

Intercept 0.82 0.09 9.52 <0.001
Male -0.68 0.11 -6.40 <0.001
HFI -0.02 0.00 -4.84 <0.001
TCD -0.01 0.00 -7.87 <0.001
Male x HFI 0.02 0.00 4.19 <0.001
Male x TCD 0.00 0.00 3.43 <0.001
HFI x TCD 0.00 0.00 4.70 <0.001
Male x HFI x TCD -0.00 0.00 -2.73 <0.01
Grid resolution: 100 m

Intercept 1.21 0.07 16.54 <0.001
Male -0.60 0.09 -6.40 <0.001
HFI -0.01 0.00 -5.08 <0.001
TCD -0.01 0.00 -9.58 <0.001
Male x HFI 0.02 0.00 4.02 <0.001
Male x TCD 0.00 0.00 3.55 <0.001
HFI x TCD 0.00 0.00 5.69 <0.001
Male x HFI x TCD -0.00 0.00 -3.01 <0.01
Grid resolution: 150 m

Intercept 1.39 0.07 19.37 <0.001
Male -0.58 0.09 -6.27 <0.001
HFI -0.01 0.00 -4.79 <0.001
TCD -0.01 0.00 -9.65 <0.001
Male x HFI 0.01 0.00 3.04 <0.01
Male x TCD 0.00 0.00 3.61 <0.001
HFI x TCD 0.00 0.00 5.12 <0.001
Male x HFI x TCD -0.00 0.00 -2.34 0.02
Grid resolution: 250 m

Intercept 1.58 0.07 22.32 <0.001
Male -0.48 0.09 -5.31 <0.001
HFI -0.01 0.00 -2.98 <0.01
TCD -0.01 0.00 -8.76 <0.001
Male x HFI 0.00 0.00 0.72 0.47
Male x TCD 0.00 0.00 1.97 0.05
HFI x TCD 0.00 0.00 3.73 <0.001
Male x HFI x TCD -0.00 0.00 -0.56 0.58

'Female' is the default sex. 'Male' is the alternative.

Table S1. Parameters and statistics of four models estimating the number of visits to resting sites

with varying levels of tree cover density (TCD) and human footprint index (HFI), at four spatial
resolutions (50 m, 100 m, 150 m and 250 m). The conditional R? are respectively 0.52, 0.6, 0.68 and

0.78. The marginal R?are respectively 0.04, 0.06, 0.07 and 0.11.
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The total number of visits to resting sites increased constantly with increasing raster grid
resolution, which was expected by construction. However, the effects of sex, human footprint
index and tree cover density were identical for raster grid resolutions of 50 m, 100 m, and 150 m
(Figure S4; Table S1). In the case of males, model predictions suggested that when using a
resolution of 250 m, an effect of the interaction between the human footprint index and the tree
cover density could emerge. This effect, however, is similar to that observed in females and does
not change our interpretation of the results. These results show that a raster grid resolution of
100 m does not produce specific results compared to resolutions between 50 m and 250 m. Given
the distribution presented in Figure S2, 100 m seems like a relevant raster grid resolution to use

to quantify the number of visits to resting sites.
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Figure S4. Number of visits to resting sites as a function of tree cover density and human footprint
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Tree cover density (%) Tree cover density (%)

Human footprint index - - -

index, for male and female wild boars, calculated as the number of resting sites within each cell of
raster grids of varying resolutions (50 m, 100 m, 150 m, and 250 m). Color ribbons show the 95%

confidence intervals.

The results of the models on RSs’ contribution to connectivity suggest that, as in the sensitivity
analysis performed by Bastille-Rousseau et al. (2018), the value of a node’s betweenness
centrality (which was used to calculate RSs’ contribution to connectivity) was little affected by
the raster grid resolution (Figure S5; Table S2). The predictions of the models were similar when

using raster grid resolutions of 50m, 100 m and 150m, with significant negative effects of home
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range size and mean tree cover density. The effect of the mean tree cover density is not significant
anymore with a raster grid resolution of 250 m, but the trends in the model predictions are
similar, with a potential interaction between HFI and TCD in the females. Predictions for the
males are only slightly different with resolutions of 150 m and 250 m, but the results are overall
similar. These results show that constructing movement networks using a raster grid resolution
of 100 m does not produce specific results compared to resolutions between 50 m and 250 m. We
decided to stick to a resolution of 100 m for more coherence with the analysis on the

quantification of the number of visits to resting sites.
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Figure S5. Resting sites’ contribution to connectivity as a function of the mean human footprint
index (HFI) and mean tree cover density (TCD) of the home ranges, for male and female wild boars,
calculated from movement networks constructed with raster grids of varying resolutions (50 m, 100
m, 150 m, and 250 m). We did not make predictions for home ranges with high HFI and high TCD,

these being virtually non-existent in the data.

Table S2 (next page). Parameters and statistics of the model estimating the contribution of the
resting sites’ contribution to connectivity for home ranges of varying levels of tree cover density
(TCD) and human footprint index (HFI), at four spatial resolutions (50 m, 100 m, 150 m and 250 m).
The conditional R? are respectively 0.34, 0.3, 0.27 and 0.21. The marginal R? are respectively 0.11,
0.11, 0.09 and 0.06.
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Variable 3 SE z-value p-value
Grid resolution: 50 m
Intercept 3.22 0.44 7.30 <0.001
Male -0.51 0.59 -0.86 0.39
mean HFI -0.01 0.02 -0.68 0.49
mean TCD -0.01 0.01 -1.92 0.06
(Home range size)1l -12.72 1.48 -8.59 <0.001
(Home range size)2 8.46 1.28 6.62 <0.001
Male x mean HFI 0.02 0.03 0.54 0.59
Male x mean TCD 0.01 0.01 0.85 0.39
mean HFI x mean TCD 0.00 0.00 1.26 0.21
Male x mean HFI x mean TCD -0.00 0.00 -0.91 0.37
Grid resolution: 100 m
Intercept 3.27 0.41 8.03 <0.001
Male -0.75 0.56 -1.35 0.18
mean HFI -0.02 0.02 -1.23 0.22
mean TCD -0.02 0.01 -2.52 0.01
(Home range size)1l -12.38 1.42 -8.70 <0.001
(Home range size)2 7.81 1.23 6.34 <0.001
Male x mean HFI 0.03 0.03 0.97 0.33
Male x mean TCD 0.02 0.01 1.46 0.14
mean HFI x mean TCD 0.00 0.00 1.84 0.07
Male x mean HFI x mean TCD -0.00 0.00 -1.32 0.19
Grid resolution: 150 m
Intercept 3.01 0.42 7.24 <0.001
Male -1.07 0.57 -1.88 0.06
mean HFI -0.02 0.02 -0.83 0.41
mean TCD -0.02 0.01 -2.08 0.04
(Home range size)1l -11.14 1.46 -7.61 <0.001
(Home range size)2 6.75 1.28 5.28 <0.001
Male x mean HFI 0.04 0.03 1.25 0.21
Male x mean TCD 0.02 0.01 1.87 0.06
mean HFI x mean TCD 0.00 0.00 1.59 0.11
Male x mean HFI x mean TCD -0.00 0.00 -1.34 0.18
Grid resolution: 250 m
Intercept 2.95 0.60 4.92 <0.001
Male -0.21 0.81 -0.26 0.79
mean HFI -0.00 0.03 -0.12 0.9
mean TCD -0.01 0.01 -1.16 0.24
(Home range size)1l -12.73 2.16 -5.88 <0.001
(Home range size)2 8.93 1.93 4.64 <0.001
Male x mean HFI -0.01 0.04 -0.31 0.76
Male x mean TCD 0.01 0.02 0.59 0.56
mean HFI x mean TCD 0.00 0.00 0.60 0.55
Male x mean HFI x mean TCD -0.00 0.00 -0.32 0.75
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Appendix 3. Range of HFI and TCD values within data

The wild boars in this study had access to a wide range of human footprint index (HFI) and
tree cover density (TCD). All the possible combinations of HFI and TCD were available to them
(Figure S6). Highly anthropized areas (> 35) were less frequent within (and 1 km around) the
wild boars home range. Interestingly however, any TCD could be found within the highly

anthropized areas that were available to the wild boars.
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Figure S6. Availability and use by the wild boars of the possible range of HFl and TCD. (a) Represents
the use of the habitat for resting, and (b) represents the use of the habitat for activity. The random
points displayed in (a) and (b) correspond to the 10 random locations extracted per observed
location, to represent availability in the resource selection function. These points were extracted

within an area corresponding to the animal’s home range enlarged with a 1 km buffer.

The values of HFI and TCD available in the environment strongly depended on the individual-
month considered. Although the bottom end of the HFI range was well represented in the wild
boars’ home ranges (Figure S7), 75% animal-months did not have access to any area with a HFI
higher than 30. The mean HFI within the home range was higher than 20 in 14% individual-

months, and only exceeded 30 in 5% of the 1340 individual-months considered.
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Figure S7. Ranges of human footprint index across the wild boars’” home ranges. Each horizontal
line represents the home range of one individual-month. Colored dots highlight the minimum, mean

and maximum values of human footprint index across monthly home ranges, enlarged with a 1 km

buffer.

Wide ranges of TCD were much more frequently available within home ranges (Figure 58), and
most animals had both access to some areas with null TCD and some areas above 95% of TCD.
Many animals had access to large extents of both forested cover and unforested patches. For
example, 42% individual-months had a low TCD (< 10%) over at least 25% of their home range,
and a high TCD (> 50%) over 25% of their home range. Some individuals had mainly forested
home ranges: 8% individual-months had more than 90% of their home range covered with forest
(TCD > 50). Conversely, some animals had access to a particularly little amount of forest cover:
18% individual-months had more than 75% of their home range below a TCD of 50%. The mean

values of available TCD were very well distributed from 1% to 87% (Figure S8).

158



SECOND AXE CHAPITRE 3

Females Males

Upper
quartile

o Mean

Lower
quartile

Individual-months

T T T
0 25 50 75 100 0 25 50 75 100
Tree cover density (%)

Figure S8. Availability in tree cover density across the wild boars’ home ranges. Each horizontal line
represents the home range of one individual-month. Colored dots highlight the upper quartile, mean
and lower quartile of the distribution of tree cover densities across monthly home ranges, enlarged

with a 1 km buffer.

The mean HFI and mean TCD in the wild boar’s home ranges were negatively correlated
(Pearson's product-moment correlation = -0.59). This is not surprising as the amount of
landscape modification is one of the factors accounted in the calculation of the HFI. However, the
distribution of the combinations of mean HFI and mean TCD suggests that this correlation is only
strong for low HFI (<15). For the individuals with a mean HFI higher than 15, the correlation does
not seem to persist (Figure S9). Areas with mean HFI above 25 and mean TCD above 50 are not
represented in this dataset. Such areas do exist and are visited by wild boars (Figure 56), but they

never cover enough land to represent the mean conditions in a wild boars’ home range.
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Figure §9. Mean HFI and TCD in each individual-month’s home range, enlarged with a 1 km buffer.
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Discussion
générale

1 Résumé des chapitres et résultats

1.1 Contexte général

Ce travail de these a émergé du constat selon lequel malgré leur omniprésence dans la vie des
animaux, les comportements inactifs sont généralement peu étudiés en écologie. Ces
comportements sont pourtant essentiels mais aussi vulnérables face aux pressions d’origine
anthropique. Par ailleurs, leur flexibilité peut constituer un important levier pour I'ajustement
aux contraintes qui découlent de I'anthropisation. L’étude des facteurs influengant les stratégies
de repos, ainsi que leurs conséquences écologiques semble donc crucial pour comprendre et

anticiper les effets des activités humaines sur la biodiversité.

L’essor du bio-logging a permis aux chercheurs de documenter les aspects les plus cryptiques
du comportement animal (Wilmers et al. 2015), mais les études au sujet de I'inactivité demeurent
rares, et les impacts de 'anthropisation sur ces comportements sont presque systématiquement
oubliés (Candolin et al. 2023). Méme le sommeil, qui a recu le plus d’intérét parmi les
comportements inactifs, et dont la télémétrie a permis I'étude en milieu naturel (Rattenborg et al.
2017), demeure relativement peu étudié. En effet, méme lorsqu’elles sont menées en milieu
naturel et sur des espéces sauvages, les études portant sur le sommeil visent souvent a
comprendre sa fonction et son histoire évolutive (Reinhardt 2020; Ungurean et al. 2020; Lesku
and Rattenborg 2022). Ses implications écologiques sont, malgré quelques exceptions (Korstjens

etal. 2010; Mohanty et al. 2022), le plus souvent éludés, et les impacts de I'anthropisation ne sont
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quasiment jamais traités. De maniére générale en écologie, les comportements inactifs, ne sont
que rarement considérés comme un ensemble, malgré les nombreuses contraintes et

conséquences partagées.

1.2 Conclusions du premier axe

Dans le premier axe de cette thése, nous avons présenté une revue de littérature (chapitre 1)
dans laquelle nous soulignons I'importance du repos du point de vue de I’écologie. Nous y
avancons que dans ce domaine, le déficit d’études portant sur le sommeil et autres
comportements inactifs découle en partie des difficultés éprouvées pour distinguer ces
comportements entre eux. Nous proposons de définir le repos de maniére inclusive, en
regroupant tous les comportements inactifs qui alternent avec des comportements actifs selon
une cyclicité inférieure a 24 heures. Cette définition facilite I'étude de I'inactivité par télémétrie.
Bien que les comportements relevant du repos soient hétérogenes a plusieurs égards, ils
imposent ensemble une fixation prolongée dans I'espace. La nécessité de trouver des conditions
compatibles avec le repos contraint l'utilisation de I’espace et du temps. Par ailleurs, lorsqu’un
individu choisit oui, quand, et comment se reposer, il définit les conditions qui prévaudront durant
toute la phase de repos. Il est pour cela a la fois motivé et contraint par de nombreux facteurs
internes et externes, dont le métabolisme, les conditions environnementales, ou encore le risque
de prédation. Il est donc sensible aux altérations des conditions environnementales, et
notamment celles liés a I'anthropisation. En permettant la description des stratégies de repos, la
définition proposée a le potentiel d’aider a comprendre les conséquences écologiques des

perturbations des comportements inactifs.

Dans cette revue de littérature, nous avons détaillé les stratégies de repos employées par les
vertébrés terrestres, en décrivant les mécanismes par lesquels les contraintes physiologiques
(métabolisme, rythmes circadiens, régulation homéostatique du sommeil, etc.) et écologiques
(risque de prédation, conditions climatiques, disponibilité alimentaire, etc.) influencent ce
comportement. Nous avons résumé I’état actuel des connaissances au sujet des impacts possibles
de I'anthropisation sur le comportement de repos, et des ajustements de ce comportement en
réponse aux activités humaines. Comme nous I'avons souligné, de nombreuses lacunes existent
dans ce domaine, et avons proposé certains mécanismes que nous imaginons potentiellement
importants. De cet exercice, il ressort que les dérangements directs liés a la présence humaine
dans les espaces naturels et les modifications du paysage (notamment la fragmentation et la
destruction des habitats et des structures utilisées pour le repos) sont particulierement

susceptibles de perturber le repos animal, et de provoquer des ajustements comportementaux.
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1.3 Conclusions du second axe

Dans le second axe de cette these, nous avons utilisé la définition proposée dans le premier
axe pour étudier I'ajustement du comportement de repos du sanglier (Sus scrofa) en réponse a
I'anthropisation, avec une attention particuliére pour la dynamique spatiale d’utilisation des sites
de repos. Le sanglier vit et se multiplie dans des contextes extrémement variés, et tout le long du
gradient d’anthropisation. Grace a sa grande flexibilité comportementale, il s’Taccommode de
diverses pressions d’origine anthropiques, comme la modification du paysage et les
dérangements directs, qui comprennent la chasse et la présence d’étres humains non-chasseurs
dans les milieux naturels. Dans les chapitres 2 et 3, nous avons vu que le sanglier modifie son
comportement de repos en fonction du niveau d’anthropisation, notamment en ajustant le type

d’habitat sélectionné, ainsi que le nombre de visites a chaque site de repos.
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Figure 1. Niveau d’anthropisation (human footprint index,; HFI) et couvert forestier (tree cover
density ; TCD) moyens pour chaque individu-mois considéré dans le chapitre 3. Les individus-mois
dont les données ont aussi servi dans le chapitre 2 sont indiqués en bleu (Gorges du Gardon), et en

rouge (Pic Saint-Loup).

1.3.1 Echelles des variables environnementales utilisées

Dans les chapitres 2 et 3, nous avons décrit, a deux échelles différentes, la stratégie de sélection
des sites de repos en réponse a 'anthropisation, chez le sanglier. Dans le chapitre 2, nous avons
quantifié le risque de dérangement lors du repos en calculant précisément la distance de chaque
site de repos aux routes et aux villages, dans un paysage agricole anthropisé du sud de la France.

Dans le chapitre 3, nous avons également évalué I'impact de I'anthropisation sur la stratégie
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spatiale de repos du sanglier, mais a une échelle différente. Nous nous sommes intéressés a des
sangliers répartis sur le plus large gradient d’anthropisation possible, a travers I'Europe entiere,
et nous avons quantifié le taux d’anthropisation a I'échelle du km? en utilisant le « human
footprint index ». La couverture végétale associée a chaque site de repos était renseignée a
I’échelle de I'hectare, sous forme pourcentage de couverture forestiére, dans le chapitre 3, et de
maniere plus grossiére dans le chapitre 2, ol nous avons seulement caractérisé chaque site de
repos par son appartenance ou non a un patch de végétation dense. La Figure 1 présente les
caractéristiques environnementales des sites d’études utilisés dans le chapitre 2 selon les criteres

utilisés dans le chapitre 3.

1.3.2  Sélection des sites de repos

Les deux études du second axe de cette thése utilisent des variables différentes pour
caractériser I'anthropisation et le couvert forestier au niveau de chaque site de repos. Par une
description sous deux angles différents, elles donnent une vision d’ensemble sur I'impact de
I'anthropisation sur la stratégie d’utilisation des sites de repos par le sanglier. Dans le chapitre 3,
nous avons observé que, dans les environnements les moins anthropisés comme les zones de
montagnes ou les foréts les plus reculées, le sanglier ne montre pas de forte préférence pour les
couverts forestiers denses pour se reposer. Une telle préférence apparait cependant, et
s’intensifie a mesure que I'anthropisation augmente (chapitre 3). Ainsi, en sélectionnant les sites
ou la végétation est dense, le sanglier est capable se reposer au plus pres de I'étre humain. Dans
le sud de la France, le sanglier est indifférent a la proximité des villages lorsqu’il choisit ou se
reposer (chapitre 2). Il se repose ainsi réguliérement a quelques meétres des habitations, dans des
paysages qui pourtant lui offrent une grande variété de sites plus distants de I'activité humaine.
Tous les niveaux d’anthropisation existant a I'échelle de I'Europe sont utilisés par le sanglier pour
se reposer (chapitre 3). Le besoin de trouver des sites adéquats ne 'empéche donc pas d’utiliser

les zones ou le risque de dérangement est grand lors de ses phases de repos.

1.3.3  Réutilisation des sites de repos

Cette capacité a se reposer méme au plus pres des humains vient de l'utilisation du couvert
végétal par le sanglier, mais aussi de sa stratégie de réutilisation des sites de repos. Les laies
reviennent plus fréquemment se reposer dans les mémes sites de repos lorsque ceux-ci sont
situés dans des zones fortement anthropisées, ou bien dans des zones peu anthropisées mais peu
boisées (chapitre 3). Dans les deux cas, cela suggere que la ou les sites adéquats sont rares,
lorsqu’un site de bonne qualité est identifié, il est utilisé intensément. Ce comportement n’est pas
observé chez les males a cette échelle (chapitre 3). En revanche, a une échelle plus fine, nous
avons observé que les males ajustent leur taux de réutilisation des sites de repos a la proximité

avec I'étre humain. Dans le sud de la France, plus un site de repos est proche d'un village, plus il
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est fréquemment réutilisé, en dehors de la saison de chasse (chapitre 2). Cet ajustement
comportemental se produit a une échelle probablement trop fine pour transparaitre a I’échelle
de I'Europe a travers le « human footprint index ». Les males étant plus mobiles que les femelles,
leur taux de réutilisation des sites de repos est par ailleurs globalement moindre. Leur mode de
vie peut aussi participer a réduire l'intensité de la réutilisation des sites de repos en milieux
anthropisés, car les males solitaires sont certainement capables de se reposer dans des refuges
de petite taille, ou une compagnie entiére ne pourrait pas se cacher. Enfin, I'effet de la distance au
village le plus proche sur le nombre de visite chez les males disparait pendant la saison de chasse,
probablement en raison de la mobilité accrue des animaux (chapitre 2). Le méme ajustement
comportemental pourrait exister a I'échelle de I'Europe, masqué par le fait que nous n’avons pas
distingué les saisons de chasse dans cette analyse, car la grande diversité des pratiques
cynégétiques dans les sites d’étude considérés rendait sa prise en compte excessivement
complexe (chapitre 3). Tous ces arguments concordent pour suggérer que la réutilisation
fréquente des sites de repos dans les milieux ou ils sont rares permet aux sangliers de se reposer

partout, méme dans les milieux les plus anthropisés.

1.3.4  Efficacité de la stratégie

Dans le premier volet du second axe (chapitre 2), nous avons cherché a évaluer I'efficacité des
ajustements du repos par le sanglier pour limiter le risque de dérangement anthropique. Pour
cela, nous avons utilisé la probabilité qu'un sanglier change de site de repos au cours de la journée
comme une estimation de la probabilité de dérangement. Nous avons constaté que ce risque de
dérangement reste toujours relativement faible, et n’est que faiblement influencé par la saison et
les jours de chasse. En particulier, nous n’avons pas trouvé d’effet de la distance au village le plus
proche sur le risque de relocalisation diurne. Cela suggere que la stratégie d’ajustement a la
proximité des villages, qui consiste a réutiliser plus fréquemment quelques sites bien identifiés
compense le risque accru de dérangement. Bien siir, nous sommes conscients des nombreuses
limites inhérentes a notre méthode. Le risque de dérangements anthropiques et la fréquence des
dérangements effectifs ne peuvent étre que grossiérement estimés par la distance aux
infrastructures humaines et la fréquence des relocalisations diurnes, respectivement.
Néanmoins, cette étude constitue, a notre connaissance, la premiere tentative d’évaluation de
l'efficacité d’'un ajustement du comportement de repos pour limiter le risque de dérangement.
Elle fournit par ailleurs une estimation de la fréquence des dérangements de la phase de repos du
sanglier, jusque-la peu documentée (Olejarz et al. 2023). Il semble que le sanglier parvienne a
réduire la probabilité d’étre dérangé pendant le repos, en sélectionnant un couvert végétal

adapté, et en privilégiant les sites connus dans les zones les plus risquées.
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1.3.5 Impact de la stratégie de repos sur les déplacements

Dans le second volet du second axe (chapitre 3), nous avons cherché a intégrer la stratégie
spatiale de repos du sanglier dans le contexte de ses déplacements. La prise en compte des sites
importants pour I'activité dans I'étude de la sélection des sites de repos est généralement difficile,
car l'utilisation de I'espace est radicalement différente entre le repos et 'activité. Notre approche
basée sur les réseaux de déplacement permet d’identifier les lieux importants pour la circulation
des sangliers dans leur domaine vital, afin d’évaluer la centralité des sites de repos. Nous avons
cherché a tester 'hypothése selon laquelle 'anthropisation, en contraignant les déplacements des
animaux, modifie I'influence de la nécessité de trouver des sites de repos sur l'utilisation du

paysage lors de I'activité.

Nous avons montré que lorsque le couvert forestier dans le paysage diminue, I'importance des
sites de repos pour la circulation du sanglier dans son domaine vital augmente. Bien que le
sanglier soit capable d’ajuster sa sélection de sites de repos au niveau d’anthropisation (en
augmentant sa fréquence de réutilisation), il semble donc que sa dépendance envers les sites de
repos forestiers pourrait le limiter dans son utilisation du paysage lors des phases d’activité, dans
les paysages les moins forestiers. Nous n’avons pas trouvé d’effet direct de I’anthropisation sur la
centralité des sites de repos. Néanmoins, il semble que la colinéarité du niveau d’anthropisation
et du couvert forestier pourrait cacher une relation bel et bien existante. En effet, la diminution
du couvert forestier est une caractéristique habituelle de 'anthropisation (Venter et al. 2016).
Elle figure parmi les modifications du paysage pour I'agriculture, qui sont prises en compte dans
le calcul du « human footprint index ». Ainsi, il est probable qu’en ajustant son comportement a
la densité de couvert arboré, le sanglier réponde en réalité souvent a une modification du paysage

liée aux activités humaines.

Par ailleurs, nous avons détecté un probable effet de I'interaction entre la densité du couvert
forestier et le niveau d’anthropisation sur la contribution des sites de repos a la circulation des
sangliers dans leur domaine vital. Ainsi dans les sites anthropisés mais dont le couvert forestier
est important, 'utilisation de I’espace par le sanglier semble tout de méme fortement contrainte
par la localisation des sites de repos. Cet effet est nécessairement lié a des caractéristiques de
I'anthropisation indépendantes de la réduction du couvert forestier. En particulier, le risque de
dérangements (lié a la densité de peuplement qui est prise en compte dans le calcul du « human
footprint index ») pourrait participer a réduire la disponibilité des sites de repos, et contraindre
les déplacements du sanglier. Cependant, cet effet pourrait tout de méme étre lié a la structure de
I'’habitat, par exemple a une densité de sous-bois réduite dans les zones forestiéres anthropisées.
Cet exemple illustre la difficulté que représente I'étude des effets des dérangements anthropiques

sur l'utilisation de l'espace par les animaux sauvages. Le recours a des dérangements
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expérimentaux peut étre nécessaire pour mieux comprendre ces effets (Ordiz et al. 2013). L’étude
des effets des variations temporaires de la présence humaine dans les milieux naturels (comme
celles liées aux week-ends ou aux confinements liées a la pandémie de Covid-19) peut aussi

s’avérer utile (Green et al. 2023; Olejarz et al. 2023).

2 Perspectives

2.1 Patrons spatiaux d’utilisation des sites de repos

La disposition spatiale des sites de repos que le sanglier utilise influence sa capacité a circuler
dans son domaine vital. Nous avons cherché a quantifier cet effet, en le reliant aux
caractéristiques de I'environnement (taux d’anthropisation et couvert forestier). Nous avons
montré que la centralité des sites de repos dans les patrons d’utilisation des domaines vitaux
dépend des caractéristiques de I'environnement. Cependant les taux de réutilisation des sites de
repos et des sites d’activité peuvent produire de nombreux patrons d’utilisation de I’espace
(exemples en Figure 2), et des patrons contrastés peuvent certainement aboutir 3 un méme
rapport entre la centralité moyenne des sites de repos et celle des sites d’activité. Pour mieux
comprendre l'influence de I'anthropisation sur les patrons d’utilisation des sites de repos des
sangliers, il est donc nécessaire d’aller plus loin qu'un simple rapport entre valeurs moyennes de
centralité. Il est probable que des patrons contrastés d’utilisation de I'espace (comme ceux
présentés en Figure 2) puissent étre distingués entre eux a 'aide de la distribution des valeurs de
« betweenness centrality » (ou d’autres métriques issues des réseaux de déplacements) calculées
pour chaque nceud. Néanmoins, inférer un patron d’utilisation de l'espace a partir de la
distribution des valeurs de centralité liées aux différents sites de repos n’est pas intuitif. Il serait
donc utile de recourir a un modéle individu-centré afin de simuler des trajectoires types, telles
que celles présentées en Figure 2. Cela permettrait de définir pour chaque patron théorique
d’utilisation de I’espace, les distributions types pour différentes métriques issues d'une analyse
par les réseaux de déplacement, et ainsi de mieux interpréter les résultats issus d’animaux réels.
Une telle approche pourrait permettre d’identifier des ajustements globaux de la stratégie

spatiale d’utilisation des sites de repos et d’activité, en fonction de 'environnement.

2.2 Ajustements temporels du repos

Dans les chapitres 2 et 3, nous avons limité notre étude de la stratégie de repos du sanglier a
son aspect spatial. Cependant, le sanglier répond également a 'anthropisation en modifiant son
patron temporel d’activité. En effet, la nocturnalité, qui est le plus souvent observée chez cette
espece, représente en réalité un ajustement comportemental aux activités humaines
omniprésentes, et notamment a la chasse (Podgoérski et al. 2013; Johann et al. 2020). Plusieurs

auteurs ont rapporté que les sangliers vivant dans des zones naturelles peu anthropisées sont
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actifs en journée, tout comme le sont les sangliers élevés dans des parcs, et préservés de tout
risque de dérangement anthropique (voir Johann et al. 2020). Une telle inversion du cycle
d’activité a bien entendu de nombreuses conséquences sur les comportements actifs. Par
exemple, l'efficacité de la recherche alimentaire, ou encore les interactions sociales sont
certainement impactées par la différence de luminosité entre le jour et la nuit. Cependant,
I'ajustement du patron temporel d’activité du sanglier impacte également les conditions dans

lesquelles le repos se produit, et ces effets ne sont quasiment pas documentés.
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Figure 2. Patrons de mouvement d’individus présentant un contraste dans leurs taux de réutilisation
des sites repos (cercles bleus) et des sites d’activité (lignes pointillées roses). (a & b) Faible et (c & d)
fort taux de réutilisation des sites de repos. (a & c) Faible et (b & d) fort taux de réutilisation des sites

d’activité.

En se reposant de jour, le sanglier s’expose a des conditions climatiques différentes de celles
qui prévalent la nuit, et en particulier, a des températures plus élevées. Cet animal, qui ne possede
pas de glandes sudoripares, est sensible aux hautes températures, dont il se protége en se
baugeant. Ainsi, on peut imaginer que pour se reposer de jour, le sanglier soit contraint de
sélectionner spécifiquement des sites plus frais et humides que ceux dans lesquels il pourrait se
permettre de se reposer de nuit. Cette conséquence du repos diurne devrait étre d’autant plus
contraignante dans les environnements chauds et secs, dans lesquels les sites de repos frais et
humides sont aussi les plus rares. Il a été proposé que la nocturnalité du sanglier puisse constituer

une stratégie de thermorégulation comportementale, par la concentration des comportements
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actifs lors des périodes les plus fraiches (Brivio et al. 2017). Dans ce contexte, il se pourrait que
la distribution spatiale des sites de repos devienne une contrainte importante a I'utilisation du
paysage. Si la sélection d’'un site thermiquement tamponné n’est pas suffisante a éviter
I’hyperthermie lors des journées chaudes, la qualité du repos pourrait elle aussi étre impactée
(Harding et al. 2019). Pour aborder ces questions, une approche basée sur des relevés
physiologique, au moyen de thermometres embarqués enregistrant conjointement les

température externe et température sous-cutanée serait pertinente (Ruf et al. 2023).

Par ailleurs, le niveau de vigilance requis constitue une autre contrainte liée au repos diurne,
qui concerne plus spécifiquement les milieux anthropisés. En se reposant de jour, le sanglier
accepte de soumettre sa phase de repos aux perturbations anthropiques, et en particulier, au
risque de chasse. Or pour répondre efficacement a ce risque, un sanglier doit étre en mesure de
le percevoir, et de s’enfuir a temps si nécessaire. Les états comportementaux permettant la
meilleure réactivité étant également les moins économes en énergie, on s’attend a ce qu'un
compromis entre la qualité du repos et la sécurité émerge, dans les milieux concernés par la
présence humaine. Olejarz et al. (2023) ont montré que dans une forét récréative, un grand
nombre de promeneurs pouvaient réduire la qualité du repos chez le sanglier, et augmenter les
dépenses énergétiques. Les auteurs n’ont cependant pas détecté de conséquences notables sur
les comportements actifs. On peut pourtant imaginer que la réduction de la qualité du repos
puisse avoir un impact sur les performances des animaux lors de I'activité. De plus, il est probable
que ces effets soient exacerbés chez des populations soumises a des pressions de chasse intenses.
On pourrait alors peut étre observer des phénomenes de compensation du temps de repos, avec
par exemple des périodes de repos plus longues apreés les battues. Certains auteurs ont d’ailleurs
observé une réduction des déplacements journaliers du sanglier a la suite d’évenements de
chasse (Morelle et al. 2015), ce qui pourrait suggérer un phénomeéne de compensation,
potentiellement lié a la dégradation du repos. Un tel mécanisme se rapprocherait du « rebond »
souvent observé en laboratoire apres privation de sommeil chez de nombreuses espéces
(Marinesco et al. 1999; Raap et al. 2016), mais rarement documenté dans des conditions
naturelles (Reinhardt 2020). La meilleure approche pour documenter l'existence d'un
phénomeéne de compensation du temps de repos faisant suite a un dérangement serait de mener
des dérangements expérimentaux sur des animaux suivis par télémétrie. Un protocole similaire
aux essais réalisés au cours de cette these pourrait étre mis en place, mais nécessiterait un suivi
télémétrique adapté a la détection de plusieurs niveaux de vigilance, comme par exemple un suivi

accélérométrique fin ou un suivi du rythme cardiaque (Libourel 2022; Olejarz et al. 2023).
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2.3 Influence de la socialité

Dans les chapitres 2 et 3, nous avons ignoré un aspect peut étre fondamental du comportement
de repos : son contexte social. Malgré le caractére profondément social du sanglier, I'influence des
interactions intraspécifiques sur son comportement spatial demeure mal connue (Morelle et al.
2015). Ce déficit de connaissance est fortement lié aux difficultés que représentent les
observations des comportements sociaux chez cette espéce. L’étude du comportement souvent
cryptique du sanglier passe généralement par une approche télémétrique, qu'il est difficile
d’adapter a I'étude de la socialité. Pour étre exploré, ce sujet nécessiterait par exemple le
déploiement de capteurs de proximité sur tous les individus de plusieurs groupes sociaux, a la

suite de captures groupées.

Le sanglier est capable d’apprendre de ses congéneres, et garde en mémoire les endroits qu'il
visite (Mendl et al. 2010; Gieling et al. 2011). Il est probable qu'’il ait recours a des informations
acquises auprés d’autres individus pour s’orienter au cours de ses déplacements. On peut
imaginer que de la méme fagon, des informations circulent entre individus a propos de la
localisation et de la qualité des sites de repos existant dans le paysage (Kaminski et al. 2005).
Ainsi, le caractere social du sanglier joue probablement un réle important dans la dynamique
d’utilisation de l'espace pour le repos. Les sangliers forment des groupes sociaux dont
I'organisation matrilinéaire est relativement stable (Podgérski and Smietanka 2018), mais laisse
place a des mouvements d'individus entre groupes, en particulier de la part des males (Maselli et
al. 2014), mais aussi de certaines femelles (Kaminski et al. 2005; Poteaux et al. 2009). Par ailleurs,
cette organisation sociale peut étre déstabilisée par les prélévements liés a la chasse (Poteaux et
al. 2009; Maselli et al. 2014). En plus d’étre transmises aux juvéniles, les informations concernant
lalocalisation et la qualité des sites de repos pourraient donc aussi circuler entre groupes sociaux
par les déplacements d’'individus, permettant ainsi la découverte de nouveaux sites de repos de
maniére plus probable qu’a travers une exploration aléatoire du paysage. Dans les paysages
anthropisés, ou les déplacements sont contraints, et ou les sites de repos adéquats sont rares, un
tel transfert d’'informations pourrait grandement faciliter l'installation et la persistance d’une
densité importante d’animaux. Ce mécanisme pourrait étre particulierement efficace dans les
paysages soumis a des transformations rapides, dans lesquels la disposition des sites de repos

potentiels, ainsi que leur qualité, sont temporellement instables.

Qu'il y ait partage d’informations concernant leur localisation ou non, une disponibilité limitée
des sites de repos peut donner lieu a un usage simultané de ces sites par plusieurs groupes
sociaux. L'influence des interactions entre groupes sociaux dans le comportement spatial du
sanglier est mal comprise (Morelle et al. 2015), et differe peut-étre le long du gradient

d’anthropisation. On peut se demander si plusieurs groupes peuvent se tolérer dans le méme site
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de repos, et si le niveau de tolérance est affecté par la disponibilité en sites potentiels. Si les
groupes sociaux ne se tolerent pas lors de leur phase de repos, la compétition pour les sites de
repos est inévitable dans les paysages ou ceux-ci sont rares. Dans le cas contraire, le
regroupement d'individus au niveau de sites de repos stratégiques pourrait favoriser les
échanges de pathogénes, et jouer un réle dans les dynamiques épidémiologiques de maladies
telles que la peste porcine africaine (Podgérski and Smietanka 2018). Dans tous les cas, les
aspects sociaux du comportement du sanglier ont certainement un impact important sur la

dynamique d’utilisation des sites de repos, dans les paysages ou ceux-ci sont rares.

3 Conclusion

De nombreuses especes animales subissent une réduction de la disponibilité des sites de repos
dans les milieux anthropisés, parfois de maniére trés contraignante. Cela ne concerne pas
seulement les milieux urbains, mais aussi de nombreux paysages agricoles et semi-naturels. Dans
les milieux pauvres en sites de repos, les espéces peuvent entrer en compétition pour ces sites.
Par ailleurs, les milieux anthropisés exposent de nombreuses espéces animales a des
dérangements directs du repos, par la présence d’étres humains dans les milieux ou les animaux
se reposent. Les animaux qui le peuvent ajustent leur comportement de repos aux conditions
nouvelles, pour limiter les effets négatifs de l'anthropisation. Afin de mieux comprendre
I'influence actuelle et a venir de I'anthropisation sur le comportement des animaux, ainsi que sur
I'abondance et la distribution des espéces, il est essentiel d’étudier plus en détail les stratégies de
repos animales, qui recélent d’'une part inexplorée des ajustements comportementaux aux
activités humaines. Pour survivre dans certains milieux anthropisés, les animaux doivent
modifier les conditions dans lesquelles ils se reposent. Bien que ces modifications du
comportement de repos permettent la persistance de certaines especes la ou elles auraient
disparu sans ajustement, elles sont également a I'origine de contraintes qui dépassent le cadre
des phases de repos. Ainsi, 'étude du comportement de repos pose un grand nombre de questions
qui relevent de I'utilisation de I'espace, des patrons temporels d’activité, mais aussi des conditions
physiques et physiologiques des individus. L'approfondissement des question liées aux stratégies
de repos semble essentiel a la compréhension des enjeux liés a I'anthropisation, et pourrait
apporter de nouvelles perspectives aux champs de la conservation et de la gestion des

populations animales.
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STRATEGIES DE REPOS EN MILIEU ANTHROPISE CAS D’ETUDE DU SANGLIER (SUS SCROFA)

Résumé : Le repos est essentiel dans la vie des animaux et occupe une part prépondérante de
leur temps quotidien. Le repos répond a de nombreux stimuli internes et externes et les animaux
développent des stratégies de repos pour s’accommoder des contraintes physiologiques et
écologiques. Les conditions dans lesquelles le repos a lieu sont ajustés de maniére flexible aux
conditions environnementales changeantes, mais les conséquences de ces ajustements sont
rarement étudiées. L'anthropisation est une cause majeure d’ajustements comportementaux, et
peut affecter le repos a travers de nombreux mécanismes. Pourtant, ses effets sur les stratégies
de repos restent peu étudiés a ce jour. Dans cette thése, nous résumons la littérature scientifique
existant au sujet des déterminants et des conséquences des stratégies de repos, et nous étudions
les mécanismes par lesquels les activités humaines peuvent affecter le repos chez les animaux.
Dans un second temps, nous explorons les effets de 1'anthropisation sur les stratégies de repos
du sanglier (Sus scrofa). Nous utilisons des données GPS et actimétriques provenant de suivis
télémétriques pour nous concentrer sur la sélection des sites de repos par cette espéce. Nous
examinons les effets de deux aspects de l'anthropisation : les dérangements directs et les
modifications de 1'habitat. Nous décrivons comment les sangliers adaptent leur utilisation du
paysage pour se reposer en réponse a l'activité humaine. Nous évaluons ensuite 1'efficacité de
cette stratégie pour atténuer le risque d'étre dérangé. Enfin, nous explorons I'effet de la sélection

de sites de repos sur la capacité des sangliers a circuler dans le paysage.

Abstract: Resting is an essential aspect of animals’ lives and represents substantial portions
of time budgets. Animals may rest in response to a variety of internal and external stimuli and
they develop resting strategies to cope with both physiological and ecological constraints. When,
where, how and how long animals rest is tuned to flexibly deal with changing environmental
conditions. Yet the outcomes of these adjustments of resting are rarely investigated.
Anthropization is a major driver of behavioral adjustments and resting behaviors are sensitive to
human activities through a variety of mechanisms. Yet, the effects of anthropization on resting
strategies are understudied to date. In this thesis, we review the literature about the drivers and
outcomes of resting strategies, and we investigate the possible mechanisms through which
human activity may affect animals’ rest. As a case study, we explore the effects of anthropization
on wild boars’ (Sus scrofa) resting strategies. We use GPS and actimetric data from various
telemetric surveys of wild boar populations to focus on the selection of resting sites by this
species. We examine the effects of two aspects of anthropization: direct disturbances and habitat
modifications. We describe how wild boars adjust their use of the landscape for resting in
response to human activity. We then evaluate the efficiency of this strategy in mitigating the risk
of being disturbed. Finally, we explore how resting site selection may affect wild boars’ ability to

circulate through the landscape.



