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Altitude shapes the environmental drivers of large-scale variation in abundance of a widespread mammal species

Keywords: Abundance, Environmental drivers, European badger, GPS/Proximity tracking, Meles meles, Population genetic, Social organisation, Spatial variation Climate, Food resources, Landscape, Large-scale, Mustelidae, Soil features Camera trap, Distance sampling, Genetic, Group size, Large-scale, Mustelidae, Population density Gene flow, Genetic diversity, Meles meles, Microsatellites loci, Mustelidae, Spatial genetic

Population size and densities are key parameters in both fundamental (e.g. population dynamic) and applied ecology (e.g. wildlife management), as they will affect population resilience to density-dependent and stochastic events. Variation in population size emerge from the interaction between ecological processes such as survival, reproduction, movement or social interactions, and environmental factors such as resource availability, habitat suitability and anthropogenic disturbances. Deriving efficient management measures (e.g. for disease and pest control) or species conservation programs thus requires accurate estimates of population abundance and densities, and the identification of their environmental and endogenous drivers. This is especially the case for continuously distributed species, encompassing a wide range of habitats. One example of social and widely distributed mammal is the European badger Meles meles, which occupies a broad range of environments across Europe. The aim of my PhD was to study spatial variation in abundance and social organisation of badger populations in France, at different scales. At the large scale using detections of badgers across metropolitan France, we showed that environmental drivers of badger abundance differed depending on altitude. In lowlands, abundance was mostly driven by biotic factors (such as potential food resources), while abiotic factors (here soil texture and climate) drove the variation in badger abundance in mountainous areas. At a smaller scale, we determined badger local densities in thirteen contrasted sites across France, using a common protocol and a combination of non-invasive methodological approaches (walked transects surveys, camera trapping and genetic identification with hair trapping) to identify which endogenous factors and habitat characteristics drove local variation in badger density. Adult density was positively correlated with the density of badger setts but was not linked to social group size. Besides, highly fragmented landscapes supported lower adult densities. Genotyping badgers at these sites also allowed us to study between-and within-population genetic structure, and to identify the spatial scale at which most gene flow occurs. At the large scale, we observed a significant genetic differentiation between populations not related to the geographic distance between sites. Within populations, we detected a threshold value of 400m, below which badgers were genetically close; highlighting that sociality is the major structuring process within badger populations at this fine scale. Finally, we focused on i Abstract in English the spatio-temporal evolution of group composition and contact rates between individuals (intra-and inter-groups), through a still on-going deployment of GPS/Proximity collars on badgers from four adjacent social groups. This thesis highlights the importance of both exogenous and endogenous factors in shaping badger abundance at multiple scales. These results are of particular importance for deriving efficient population management programs (e.g. regarding bovine tuberculosis zoonosis).

Résumé en français

Estimer l'abondance ou la densité des populations est une étape clé, à la fois en écologie fondamentale (e.g. dynamique des populations) et en écologie appliquée (e.g. gestion de la faune sauvage). En effet, ces paramètres vont influencer la résilience des populations vis-à-vis d'évènements stochastiques ou densité-dépendants. Les variations de taille de populations ont pour origine à la fois des processus écologiques, tels que la survie, la reproduction, le mouvement des individus ou leurs interactions sociales, et des facteurs environnementaux tels que la disponibilité en ressources ou les perturbations anthropiques. Ainsi, la mise en place de mesures de gestion ou de conservation nécessite de connaitre les abondances populationnelles et d'en identifier les principaux déterminants environnementaux et endogènes. Ceci est particulièrement le cas pour des espèces largement distribuées et occupant des habitats variés. Un exemple de mammifère social largement répandu en Europe est le blaireau (Meles meles). Le but de mon doctorat fut d'étudier les variations spatiales d'abondance et d'organisation sociale au sein des populations françaises de blaireaux, et cela à différentes échelles spatiales. A large échelle, à partir de détections de blaireaux en France métropolitaine, nous avons pu mettre en évidence que les déterminants environnementaux sous-tendant les variations spatiales d'abondance dépendent de l'altitude. A basse altitude, l'abondance de blaireaux est principalement affectée par des facteurs biotiques comme la disponibilité en ressources alimentaires ; en revanche, à plus haute altitude, ce sont des facteurs abiotiques (ici la texture du sol et le climat) qui influencent l'abondance de blaireaux. A plus fine échelle, nous avons déterminé des densités de blaireaux sur treize sites d'étude contrastés en France en utilisant un unique protocole, via une combinaison de méthodes non-invasives (prospection par transects, piégeage photographique et identification génétique à partir de poils), pour identifier quels facteurs endogènes ou caractéristiques de l'habitat affectent les variations locales de densité. Les densités en adultes sont positivement corrélées à la densité de terriers, mais pas à la taille des groupes sociaux. De plus, les paysages fragmentés supportent des densités en adultes plus faibles. Le génotypage des blaireaux sur ces sites nous a également permis d'étudier la structuration génétique inter-et intra-populationnelle, et d'identifier l'échelle spatiale pour laquelle les flux de gènes sont les plus importants. Au sein des populations, nous avons montré qu'il existe un seuil, ici de 400m, en dessous duquel les blaireaux sont géné-tiquement plus proches. Ceci suggère que la socialité est le principal processus structurant les populations de blaireaux à fine échelle. Enfin, nous avons étudié l'évolution spatiotemporelle de la composition des groupes sociaux et des contacts entre individus (interet intra-groupes). Pour cela, un suivi via le déploiement de colliers GPS/Proximity sur des blaireaux issus de quatre groupes sociaux adjacents est actuellement en cours. Les travaux de ce doctorat ont permis de mettre en évidence l'importance des facteurs à la fois endogènes et exogènes dans les variations spatiales d'abondance de blaireaux, et cela à plusieurs échelles. Ces résultats ont une importance toute particulière pour la mise en place de programmes de gestion pour cette espèce (e.g. vis-à-vis de la tuberculose bovine).

Mots clés : Abondance, Blaireau Européen, Facteurs environnementaux, Génétique des populations, Meles meles, Organisation sociale, Suivi GPS/Proximity, Variations spatiales. Chapter 1
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General Introduction

1.1 Importance and diversity of abundance measures

In this chapter, I introduce the context of my thesis, starting by the importance of estimating abundance in wild populations. I also focus on how environmental drivers and species-specific characteristics (here social systems) may affect population abundance. Then, I further develop implications of abundance variation in ecoepidemiological studies. Finally, I present the aims of the thesis, and the different studies associated with the following chapters.

Importance and diversity of abundance measures

The distribution of a species can be defined as the spatial range occupied by individuals of the species, whether year-round or seasonally. Within a distribution area, animals occur in varying numbers, i.e. abundance. Typically, high abundances are located at the core of the distribution area, and low abundances are widely distributed at the margins of the species distribution (Brown 1984). Interestingly, ecological studies on a large variety of plants and animals species showed a correlation between range area and abundance, with the more widespread species being the more abundant (Brown 1984; on Anseriformes, [START_REF] Gaston | Global scale macroecology: interactions between population size, geographic range size and body size in the Anseriformes[END_REF]. However, this interspecific relationship does not always hold (e.g. rare plants locally abundant Draba sp. in [START_REF] Lesica | Rare plants are common where you find them[END_REF]; when considering species with large home range like Lynx lynx, Blanc et al. 2013; or species under specific ecological constraints like island effects in Afromontane birds, [START_REF] Reif | Unusual abundance-range size relationship in an Afromontane bird community: the effect of geographical isolation?[END_REF]. This non-trivial positive relationship could result for example from artefacts linked to the sampling method or effort (e.g. rare species are more difficult to find than common ones; [START_REF] Gaston | Interspecific abundance-range size relationships: range position and phylogeny[END_REF] or from ecological characteristics (e.g. if a species use a wide range of resources or disperse more, it may become more common and widespread, [START_REF] Hanski | Two general metapopulation models and the coresatellite species hypothesis[END_REF]. Interestingly, most species distribution and abundances are dynamic.

More recent research have focused on the determinants of intraspecific variation in local abundance, and the temporal and spatial scales at which these drivers act.

The observed temporal and spatial variation in intra-specific abundance allows distinguishing more or less homogeneous sub-units within the species range called populations. A population can be defined as a group of individuals of the same species, occupying a particular space at a particular time. The advantage of using populations as units of study is that it allows deriving temporal and spatial comparisons among sub-units. The estimation of wildlife population abundance is the heart of many research projects and monitoring studies. In particular, the study of how and why population numbers change in time and space is essential in ecology, for example to inform on wild popula-tions dynamic and their potential demographic evolution, or to study species interactions within communities (e.g. competition). In fact, population abundance results from the four main population parameters in population dynamic: natality, mortality, emigration and immigration [START_REF] Krebs | Ecology: The experimental analysis of distribution and abundance[END_REF]Figure 1.1). Acquiring knowledge on population abundances is also key for conservation issues and wildlife management decisions. Indeed, recommendations and management practices are often expressed in terms of abundance (i.e. population size; see for example increased abundance of the endangered lesser kestrels Falco naumanni in Italy, [START_REF] Iñigo | Action Plan for the lesser kestrel Falco naumanni in the European Union[END_REF]. Conversely, for problematic or 'undesirable' species, wildlife managers are firstly trying to reduce population size (e.g. wild boars are considered as detrimental, and bringing prejudice to farmers in Europe; [START_REF] Schley | Patterns of crop damage by wild boar (Sus scrofa) in Luxembourg over a 10-year period[END_REF].

Consequently, estimating population abundance is essential in ecology but is nonetheless not trivial and requires to carefully determine the spatial and temporal scales of focus and the appropriate methodology to employ at these considered scales.

Different estimates of abundance

The term 'abundance' refers to the number of individuals N of a species, and is sometimes called 'absolute abundance' to contrast with the relative abundance (see below). When estimating abundance of a population, N corresponds to the population size. This broad definition can be applied at different temporal and spatial scales. The measurement of an absolute population density D corresponds to the number of individuals per unit area A (or unit volume), i.e. D = N/A. Both abundance and area size are necessary to estimate such an absolute density, making it often more difficult to obtain. Sometimes, it is not possible to obtain a proper estimation of density or abundance at the spatial and temporal scales of interest, for example, when the species is rare, cryptic, or difficult to observe or capture. An abundance index can then be used instead of absolute abundance or density estimates. Such index is a statistic that is assumed to be correlated with the population size: an average change in the index should reflect an average change in population numbers [START_REF] Caughley | Analysis of vertebrate populations[END_REF]. This index can be any count or animal signs (e.g. prints); that is expected to vary directly with population size. However, abundance index must be used carefully because the relationship between the absolute abundance and the abundance index is conditioned upon the detection probability that should be estimated [START_REF] Anderson | Response to Engeman: index values rarely constitute reliable information[END_REF]. Indices are very useful to compare abundance over space and time when monitoring populations.

Finally, a relative abundance refers to a ratio of abundances, for example (i) considering a single species between two distinct points in time or space, or (ii) between two 1.1 Importance and diversity of abundance measures different species sampled in the same area and at the same time. We similarly define relative density as a ratio of densities.

We shall keep in mind that, ultimately, the latent variable of interest is the absolute abundance N, i.e. the precise measure of population size. However, depending on the scale (spatial and temporal) or the studied species, N cannot always be directly determined, and researchers estimate instead densities, abundance index or relative abundance and use a variety of methodological approaches for these purposes.

Methods used to estimate abundance

There are three main ways to get data to obtain population abundance estimates (reviewed in [START_REF] Schwarz | Estimating Animal Abundance: Review III[END_REF]Seber 1999, Braun 2005): total counts, which directly provide absolute abundance N; sampling methods, to estimate an absolute abundance/density based on a sub-sample of the study population; or abundance indices.

The most direct way to know how many animals are living in a given area is to count them (e.g. like human population census). Total count is possible for few organisms only, through direct observations in a small area. It is possible for example to count individuals in bird breeding colonies (even large colonies, [START_REF] Ratcliffe | A protocol for the aerial survey of penguin colonies using UAVs[END_REF], or plants such as trees, which can be easily counted in a small area. However, in most cases, the defined spatial scale is too large, and total counts will be too expensive and constraining to be achieved in a short time. For example, if individuals are moving (e.g. animals in an open population with migration events), providing an exhaustive count in a short time would be very challenging. Therefore, when total counts are not possible, one option consists in counting only a small proportion of the population and to use one or several such samples to estimate the total population abundance.

Various sampling methods are often used in this case. For example, we can count individuals within quadrats of known size and extrapolate the average count to the whole area. The population of each quadrat must be determined accurately, and more importantly, the quadrats contents must be representative of the whole area. This last condition can be achieved by a random sampling procedure. The quadrat sampling have been applied in a very large range of animals and plants (terrestrial and aquatic; e.g. [START_REF] Bowden | Estimating population size with correlated sampling unit estimates[END_REF][START_REF] Vaughn | A comparison of the effectiveness of timed searches vs. quadrat sampling in mussel surveys[END_REF]. Another well-known method is the Capture-Mark-Recapture technique (CMR), widely used in population dynamic studies, for mobile animals. This method allows not only an estimation of density, but also population parameters such as birth rate, death rate and growth rate of the studied population. Several models of CMR can be used, but they are all composed of three phases: capturing animals, marking them, and then releasing them. The proportion of animals marked in subsequent samples taken from the population should be representative of the proportion marked in the entire population (see [START_REF] Schwarz | Estimating Animal Abundance: Review III[END_REF]. To provide reliable estimates, CMR methods should fulfil the following assumptions:

• Marked animals are neither lost nor overlooked.

• Marked and unmarked animals must be captured randomly.

• Mortality rate is similar between marked and unmarked animals.

Distance sampling offers a powerful approach to obtain a direct estimate of density while correcting for the detection probability of the considered species (Buckland et al. 2001). Detection probability function decreases with increasing distance from the observer, and can be defined as p(d), the conditional probability to observe an individual located at a certain distance d. Two distance sampling methods exist. First, line transect (or strip transect) consists in counting all animals detected along a line of known length, located randomly within a given area. The observer records the perpendicular distance from the observed animal to the line. The second method is called point transect, and consists in measuring the radial distance around a sampling point rather than along transects.

All mentioned methods depend on the capacity to detect individuals. Sometimes it can be extremely difficult, depending on the species, to see or mark individuals. Instead, there is a large list of possible indices that can be used, through indirect sample collection. We can cite for example:

• Roadside counts (e.g. carnivore roadkill; see an example in Chapter 3).

• Catch per unit effort (e.g. fish abundance per 100h of trawling).

• Number of faecal pellets; but requires to know the defecation rate to estimate an accurate index of population size [START_REF] Acevedo | Estimating red deer abundance in a wide range of management situations in Mediterranean habitats[END_REF]).

• Vocalization frequency (e.g. birds but also frogs; number of calls per time unit; Royle 2004).

• Passive acoustic method [START_REF] Marques | Estimating animal population density using passive acoustics[END_REF]).

• Frequent questionnaires to trappers or hunting records (e.g. in red grouse Lagopus lagopus scotica, [START_REF] Cattadori | Are indirect measures of abundance a useful index of population density? The case of red grouse harvesting[END_REF].

Using such indices can be very useful at large scale to detect large changes in population abundances, and to derive relative abundance indices (Calenge et al. 2015). It requires however to carefully evaluate the link between indices and the latent abundance [START_REF] Anderson | Response to Engeman: index values rarely constitute reliable information[END_REF].

Camera trap surveys become also particularly useful in studies of animals over large areas, and when the species is elusive or difficult to observe. In the early 90s, [START_REF] Karanth | Estimating tiger Panthera tigris populations from camera-trap data using capture-recapture models[END_REF] was one of the first to use camera traps to rigorously estimate tigers (Panthera tigra) abundance with a capture-recapture method thanks to recognizable individual stripe patterns. See also [START_REF] Foster | A critique of density estimation from cameratrap data[END_REF] for a critical review on recent use of camera traps data in population density estimation. Camera traps have been employed since then in a large variety of ecological and behavioural studies [START_REF] Burton | Wildlife camera trapping: A review and recommendations for linking surveys to ecological processes[END_REF]. When individuals cannot be reliably identified (no distinct natural traits or artificial markings such as tags or radio collars), presence data can nonetheless be used to estimate species richness, site occupancy or abundance indices.

To persist, population members must for example obtain food, produce offspring, and avoid predators or diseases. Population abundance can thus be affected by several drivers, depending directly on the environmental conditions (i.e. abiotic habitat, e.g. climate; and biotic habitat, e.g. interaction with other species), or on species characteristics itself (e.g. diet, social organisation; see Figure 1.1). We may wonder what makes a species abundant, and we will explore some of these factors in the next sections. 

Habitat and niche-based concept

Habitat is the main determinant of the distribution/repartition and abundances of organisms (plants and animals; Figure 1.1), and is the target of most conservation/management programs. In heterogeneous environment, individuals of most species constantly make choices regarding their particular habitat, for example where to forage, which habitat to select for breeding, how large a territory to defend, all of which determine their subsequent fitness.

A favourable habitat is an area that presents a combination of resources (e.g. food, water, cover) and environmental conditions (e.g. temperature, precipitation, presence or absence of predators and competitors) that is favourable or promotes occupancy of individuals or population of a given species and allows them to survive and reproduce (Morrison et al. 2006). In other words, a suitable habitat encompasses any area where the species can live, temporarily or permanently.

Both abiotic (e.g. physicochemical properties of the habitat, i.e. light, temperature, soil feature) and biotic (e.g. inter-and intra-specific competition, food resources, predation) factors can thus influence the patterns of distribution and abundance of a given species [START_REF] Hall | The distribution and abundance of organisms as a consequence of energy balances along multiple environmental gradients[END_REF]. For example, food resource availability has been shown to limit population abundance in primates [START_REF] Hanya | Linking feeding ecology and population abundance: a review of food resource limitation on primates[END_REF]. Water voles (Arvicola terrestris), which usually form colonies in suitable habitats, were shown to be absent in suitable habitats that were too isolated and/or suffer very high levels of predation (here by minks, Mustela vison; [START_REF] Lawton | Habitat and the distribution of water voles: Why are there gaps in a species' range?[END_REF]. Importantly, the habitat suitability is not constant: habitat quality may vary in time and space in terms of both these biotic and abiotic factors.

Niche concept

Niche is a key concept in ecology and has been initially broadly defined as both the position occupied by a species within the ecosystem and the sum conditions necessary for the species to survive and reproduce. It is thus where local conditions meet species ecological requirements (Hutchinson 1957;Brown 1984). Hutchinson defined the niche as an n-dimensional hyper volume composed of n environmental variables (e.g. food) or conditions (e.g. temperature) of the environment. The concept of niche not only corresponds to the favourable habitat for the species but also encompasses the relations with other species, the modification of the habitat by the species itself and other members of its community. Hutchinson made also the distinction between the fundamental niche, which encompasses all favourable environmental conditions, and the realised niche, presumably smaller than the fundamental one, which is the niche effectively occupied by individuals, i.e. without the portion of favourable habitat occupied by dominant competitors.

The definition of niche is however not so clear, and has been debated [START_REF] Whittaker | Niche, habitat, and ecotope[END_REF]. Most of the time in the literature, the term niche refers to the species level, even though we can similarly consider a niche at the population and at the individual level. Some argue that, because species are composed of populations of individuals, the individuals define the niche, not the species (first argued by [START_REF] Van Valen | Morphological variation and width of ecological niche[END_REF], and later supported by Bolnick et al. 2003, 2010, especially regarding the foraging niche; see also [START_REF] Semmens | Quantifying inter-and intra-population niche variability using hierarchical bayesian stable isotope mixing models[END_REF]. Theoretical work about individual niche has also been supported by experimental evidence: for example in a population of sticklebacks (Gasterosteus aculeatus), some individuals broadened their foraging niche after the removal of predators, thus increasing niche variation within the population and overall broadening the population niche [START_REF] Svanbäck | Intraspecific competition drives increased resource use diversity within a natural population[END_REF].

The niche-based view of species distribution has been recently criticized for its excessive determinism and the need to take into consideration the spatial structure of landscapes and movements between populations. Real distribution patterns are likely to be influenced by processes that simultaneously involve species niche requirements and spatial structure of populations and habitats (Virgós 2001). Niche concept can be modified by incorporating influences not only of interspecific interactions but also of (i) dispersal [START_REF] Pulliam | On the relationship between niche and distribution[END_REF], review in Peterson et al. 2011) and (ii) landscape heterogeneity. For example, in grey wolves (Canis lupus) and peregrine falcons (Falco peregrinus tundrius), sub-population foraging niche variations were observed along a terrestrial-marine gradient using stable isotopic analyses (wolves, [START_REF] Darimont | Landscape heterogeneity and marine subsidy generate extensive intrapopulation niche diversity in a large terrestrial vertebrate[END_REF]falcons, L'Hérault et al. 2013). Individuals and population niche, together with variation in habitat suitability and availability, therefore strongly influence population abundances.

Habitat variation and abundance

We have seen that populations can occur at varying abundances over a species range. This poses the question of how the habitat can shape inter-population differences in abundance and how environmental heterogeneity and different environmental factors can determine animal abundance, leading some populations to decline, to go extinct or on the contrary to become over-abundant. These abundance variations can in particular be due to differences in local habitat suitability: a suitable habitat will in theory hosts greater abundance [START_REF] Vanderwal | Abundance and the environmental niche: Environmental suitability estimated from niche models predicts the upper limit of local abundance[END_REF]. This hypothesis has recently been confirmed in a meta-analysis based on Ecological Niche Models (Weber et al. 2017).

The given local resource quality and quantity thus set an upper-limit to the population abundance supported by the environment, the so-called carrying capacity, which can itself vary temporally or seasonally [START_REF] Fretwell | Populations in a seasonal environment[END_REF]. Conversely, individuals will affect the resource quantity and overcrowding may even lead, to an extreme case, to resource depletion. The population can thus enter a density-dependent feedback-loop, where increased abundance decreases resource availability per capita, and thus increases competition level, which then limits the population growth, etc. Similarly, we can also imagine that increased abundance might lead to greater attraction of predators and a similar circle occurs [START_REF] Abrams | Apparent competition or apparent mutualism? Shared predation when populations cycle[END_REF][START_REF] Holt | The ecological consequences of shared natural enemies[END_REF]. Over long time periods in a given environment, population abundances however rarely follow strictly repeatable patterns because they also depend on stochastic environmental disturbances.

Species can respond to habitat variation at different spatial scales (e.g. climatic variation at large and small scales in migratory species, food resource variation at more local scales for example for sedentary species); the spatial unit of interest thus depends on the species mobility for example [START_REF] Mayor | Habitat selection at multiple scales[END_REF]. Populations are often found in a greater variety of habitat types near the middle of their geographic range compared to the edges (Brown 1984); edge populations might thus be more sensitive to habitat changes, while also being more prone to colonize new suitable sites. Populations of a species will also differently respond to habitat variation at different temporal and spatial scales: sub-populations, demes, or individuals should be more sensitive to lower temporal and spatial variation in their environment as their habitat use are derived at smaller scales than populations or species (Figure 1.2). If the limiting factors for population or species abundance vary with the scale, then scale-dependent effects are to be expected and should be considered [START_REF] Mayor | Habitat selection at multiple scales[END_REF]. However, studies are often conducted only at relatively small scales [START_REF] Holland | Determining the spatial scale of species' response to habitat[END_REF][START_REF] Mayor | Habitat selection at multiple scales[END_REF], but see Chittaro 2004[START_REF] Pickett | The relationship between multi-scale habitat heterogeneity and farmland bird abundance[END_REF][START_REF] Jackson | Are ecologists conducting research at the optimal scale?[END_REF] for examples of multi-scales studies). From a management or conservation perspective, human actions will also affect the habitat at multiple scales (e.g. hunting in a forest patch, construction of small roads dividing patches on the longer terms, extension of cities, etc.), adding more complexity to the understanding of environmental drivers of population abundances.

A wide range of methodological approaches have been developed to help understanding the environmental determinants of population abundance. Thirty years ago, the democratisation of Geographic Information System for biological research, and the development of remote sensing imagery and simulation models marked a milestone in habitat selection studies. A great variety of methods have been developed to identify suitable or selected habitats [START_REF] Turner | Landscape ecology in theory and practice[END_REF]; resource selection functions, [START_REF] Boyce | Relating populations to habitats using resource selection functions[END_REF] predictive species-habitat models, Morrison et al. 2006, Boyce et al. 2016). Habitat variations, whether local or global, will affect animal abundances and distributions. However, species-specific traits will also in turn affect abundance variation: one example of important species (or population) traits affecting abundance is the social system.

Variation in social system

Sociality is a complex process to define because it can take several forms in nature and because social interactions are omnipresent in animals' lives, even in solitary species (e.g. territoriality, competition for food, mating). At the premise of group living, animals can be attracted by a same suitable habitat and form aggregates even though living apparently independently. Aggregation is widely seen in a multiplicity of taxa in nature, among insects, birds or mammals, and induces already complex social interactions among neighbours or other competitors (e.g. contests for space, for food, for mates). Several species live in more structured groups, or sometimes family groups when youngs delay dispersal and stay with their parents for longer (e.g. in Marmota marmota). The variety of social systems in nature has been the focus of research ever since the work of [START_REF] Trivers | Social evolution[END_REF], but the aim of the present introduction is only to provide a glimpse and a basic understanding of this complex subject. In this section after shortly defining sociality and group living, detailing some costs and benefits of sociality, I aim to explain why group living (and here more particularly group size) can affect estimates of population abundances at different spatial scales.

Sociality and group living: definitions

The evolution of social behaviour is partly explained by an increase of individual direct and/or inclusive fitness when interacting with others compared to staying solitary, by facilitating feeding, reproduction, protection, or access to mates, etc. The reproduction and survival in social species are dependent on the characteristics of the group, i.e. on the social system which might be described by 3 entities [START_REF] Kappeler | Evolution of primate social systems[END_REF]:

• The social organisation of the group: its size, sexual composition and its spatiotemporal stability

• The social structure of the group: all behavioural interactions and relationship between members, including the structure imposed by the hierarchical or dominance relationship

• The mating system, or how males and females reproduce inside a group. We distinguish monogamous, polygynous, polyandrous and promiscuous species depending on whether males and females mate with only one or several partners (reviewed in [START_REF] Allainé | Evolution et typologie des régimes d'appariement[END_REF]. Genetic studies allow studying the reproductive consequences of mating interactions, i.e. the genetic mating system.

Given the observed diversity in its intrinsic components, a great variety of social systems exists in nature, among which (based on [START_REF] Wilson | The insect societies[END_REF], from Lihoreau 2009):

• Solitary species with no interactions between adults except for reproduction

• Gregarious species forming groups with no specific interactions Interestingly, the definition of a social system might not be restricted to the species level, as some species exhibit different social systems depending on the population and the local conditions (reviewed in Schradin 2013). Pinyon jays (Gymnorhinus cyanocephalus) for example present a wide range of social organisation, from single family groups to social groups of several families [START_REF] Marzluff | The pinyon jay: Behavioral ecology of a colonial and cooperative corvid[END_REF]. A similar situation occurs in the striped mouse (Rhabdomys pumilio, depending on population density, [START_REF] Schradin | Social flexibility and social evolution in mammals: A case study of the African striped mouse (Rhabdomys pumilio)[END_REF], in the prairie vole (Microtus ochrogaster, living solitary, in pairs or in larger groups, [START_REF] Getz | Social organization of the prairie vole (Microtus ochrogaster)[END_REF], in the great gerbil (Rhombomys opimus, living solitary, in pairs or in groups, [START_REF] Randall | Flexible social structure of a desert rodent, Rhombomys opimus: Philopatry, kinship, and ecological constraints[END_REF], or in the European badger (Meles meles, group size variation, Do Linh San 2006).

Costs and benefits of group living

Theoretically, animals form groups when benefits of group living (sharing information, thermoregulation, increasing probability of winning competitions with conspecific or competing species etc. . . ) exceed the costs (competition for limited resources such as food and reproductive opportunities, high probability of parasitic infection and increase disease transmission etc.; [START_REF] Krause | Living in groups[END_REF][START_REF] Kutsukake | Complexity, dynamics and diversity of sociality in group-living mammals[END_REF]Table 1.1).

Benefits

When food resource is sparsely distributed in space but sufficiently temporally autocorrelated [START_REF] Doligez | When to use public information for breeding habitat selection? The role of environmental predictability and density dependence[END_REF], living in a group can increase the individual foraging success by obtaining information on the location of food resource from successful foragers of the same group [START_REF] Ward | The importance of certain assemblages of birds as "information-centres" for food-finding[END_REF]. This hypothesis of information sharing is even thought to be at the origin of the evolution of colonial breeding, with colonies acting as centres of information (especially in birds roosting places, hypothesised in [START_REF] Ward | The importance of certain assemblages of birds as "information-centres" for food-finding[END_REF]reviewed in Galef and Giraldeau 2001; evidenced in seabirds in [START_REF] Weimerskirch | Use of social information in seabirds: Compass rafts indicate the heading of food patches[END_REF]. Beside the idea of information sharing, the Resource Dispersion Hypothesis (RDH) states that group foraging can emerge, without cooperation, when resources are patchily distributed but in sufficient abundance to allow several individuals to group and share the same space, with little associated competitive costs [START_REF] Macdonald | Patchwork planet: the resource dispersion hypothesis, society, and the ecology of life[END_REF].

Cooperative interactions, i.e. the coordination of group members towards a common goal, can also emerge in foraging groups: in lions for examples, females hunt in groups and cooperatively rear their cubs. It has been shown that 3 to 10 females is the optimal group size, resulting in higher reproductive success (Panthera leo; data from Packer et al. 1988, see Krebs 2009). One important benefit of group living is alloparental caring for youngs: in the Alpine marmots for example, male helpers participate in the reproductive success of the dominant pair by heating the den in winter (by waking up and being more active for short periods during hibernation; [START_REF] Arnold | Social thermoregulation during hibernation in alpine marmots (Marmota marmota)[END_REF][START_REF] Allainé | Is there an optimal number of helpers in Alpine marmot family groups?[END_REF].

Another important benefit of group living resides in a reduced risk of predation, either by dilution effect (a passive benefit of larger groups) or by active increase of the vigilance, making vigilance more effective and less costly. Indeed, in larger groups, individuals can spent less time in vigilance and more time on other activities such as foraging. Similarly, individuals can share the time spent protecting or marking a common territory. 

Costs

Each of these benefits in terms of resource or information acquisition can be traded-off with some costs (Table 1.1). In large groups (e.g. breeding colonies), when the patchy resource is limited, individuals are in competition for the access to food resources. It has been shown for example that individuals of Magellanic penguins Spheniscus magellanicus ingest more prey of high-energy content in small colonies than in large ones [START_REF] Forero | Conspecific food competition explains variability in colony size: A test in Magellanic Penguins[END_REF].

Besides providing access to information, social interactions and colony-living promote the transmission of disease and parasites, and may increase the rate of aggressions by 1.3 Variation in social system neighbouring competitors (e.g. colonial seabirds may suffer from close proximity of conspecifics; [START_REF] Ashbrook | Hitting the buffers: conspecific aggression undermines benefits of colonial breeding under adverse conditions[END_REF]. Large groups are also more easily detectable by predators.

In summary, depending on the species, but also depending on the group size, costs and benefits may vary. In turn, group size and individual aggregation will affect the estimate of species or population abundance, rendering the estimation of group size a crucial step in abundance estimation for social species.

Estimating abundance in social species

Living in groups necessarily structures animal populations: the fact that individuals aggregate in space will affect local estimation of abundances. Therefore, in social species, estimating population abundance N is complicated by the fact that it not only requires to detect individuals' presence but also to estimate group sizes. Group sizes and compositions themselves depend on environmental factors (e.g. food availability, presence of predators) and can in turn affect population maintenance. Indeed, several studies showed that, in social species, population survival, reproduction, and dispersal can be favoured by certain group size [START_REF] Mcguire | Fitness consequences of sociality in prairie voles, Microtus ochrogaster: Influence of group size and composition[END_REF], group stability [START_REF] Baird | Social organization of mammal-eating killer whales: group stability and dispersal patterns[END_REF], and groups composition [START_REF] Silk | Social components of fitness in primate groups[END_REF][START_REF] Rézouki | The influence of lifestyle on demographic responses to climate change: the Alpine marmot as a case study[END_REF].

Estimating group size in the wild is not trivial, because it may temporally vary (e.g. across season), and it implies to differentiate individuals. Individual marking and genetic identification are very powerful in that respect (Fredsted et al. 2005, Randall et al. 2010) and can be combined with behavioural tracking of individuals to decipher group size and group dynamic at multiple temporal and spatial scales. Tagging individuals with Passive Integrated Transponder (PIT tags) combined with the recent methodological advances in social network analyses also allows determining dynamic group compositions and local abundances (when antennas are deployed in places where individuals aggregate, e.g. on setts in badgers, [START_REF] Ellwood | An active-radio-frequency-identification system capable of identifying co-locations and social-structure: Validation with a wild free-ranging animal[END_REF]; at feeders in great tits, [START_REF] Aplin | Consistent individual differences in the social phenotypes of wild great tits, Parus major[END_REF]. Dolphin social network and group size have also been studied using group sightings in Australia [START_REF] Chilvers | Trawling and bottlenose dolphins' social structure[END_REF].

In summary, when estimating population abundances of social species, it is crucial to consider abundance variation across space and time, in relation to variation in habitat suitability and in group size and composition.

One particularity in social species is that diseases can spread rapidly within the social network. Diseases are an important factor shaping wild population abundances (e.g. through mortality or management measures). In turn, population density will affect disease spread. Therefore, carefully considering this interplay between population abundance variation and disease transmission is at the heart of eco-epidemiological studies.

Eco-epidemiology and diseases in wildlife

Epidemiology often refers to the study of disease dynamics in human populations and focuses on the disease dynamic. In ecology however, this term expands to cover any infected species, plant or animal populations. This distinction is coined by the term 'ecological epidemiology', which considers, in particular, the interactions between the pathogen and the host(s) dynamics. Indeed, host populations may vary in several aspects, like in population size or individual movements, and this will affect the pathogen dynamic. In turn, the pathogen can also change the host dynamic itself (e.g. host mortality).

When a disease emerges, the main questions are: what is the origin and the type of pathogen involved? What is the disease reservoir in nature that can host, maintain, multiply and/or disperse the pathogens?

A large variety of pathogenic organisms can cause disease. There are five types of pathogens (i.e. viruses, bacteria, fungi, protozoa and worms), and each of them has different transmission modes, replication mechanisms and different life cycles. The pathogen virulence refers to its ability to induce pathologic effects and depends on both pathogenspecific parameters (e.g. adaptation/mutation capability) and host-specific factors (e.g. individual sensitivity, immunity).

Among the host community, four different kinds of hosts can be distinguished depending on their epidemiological role in the pathogen circulation, maintenance and transmission [START_REF] Haydon | Identifying reservoirs of infection: a conceptual and practical challenge[END_REF]):

• Maintenance / Reservoir host: which are able to maintain the infection within their own population and transmit the pathogens to other species hosts

• Spillover / Vector host: which are not able to maintain the infection within their population but can transmit the pathogens to other populations

• Dead-end host: which can be infected (and develop the disease) but cannot transmit the pathogen

• Environment: any support allowing the pathogen to survive outside the host, and thus allowing its indirect transmission (e.g. in the soil or water for example for Mycobacterium bovis, [START_REF] Barbier | Impact of temperature and soil type on Mycobacterium bovis survival in the environment[END_REF].

Zoonosis: a particular type of disease

Among diseases, zoonoses are infections that can spread back and forth from nonhuman animals to humans. Consequently, zoonoses in wild populations can be a serious threat to public health, with well-known dramatic examples like Ebola virus (hosted by fruit bat species, [START_REF] Leroy | Fruit bats as reservoirs of Ebola virus[END_REF] or the bovine spongiform encephalopathy, also known as the mad cow disease. Domestic animals, or animals living at the close vicinity to humans (e.g. rats) are particularly important threat for zoonosis because they are at the interface and act as intermediary between wildlife hosts and humans. Besides, some disease like bovine tuberculosis, avian influenza, or brucellosis, can have detrimental effects on livestock farming and render important economic losses when infecting domestic animals.

Zoonotic diseases can be sustained in one or several wildlife species and infect humans by several means: either directly, through animal bites or ingestions, or indirectly through spillover hosts or other vectors (e.g. insects like mosquitoes for Dengue fever, or ticks for Lyme disease). One of the most well-known and feared zoonosis is rabies, which spread by bite of a rabid animal. In wildlife, rabies is maintained in different vector species such as raccoons, skunks, foxes, or bats (reviewed in Europe, [START_REF] Holmala | Ecology of wildlife rabies in Europe[END_REF].

Bovine tuberculosis (bTB), is another well-known zoonotic chronic disease caused by the bacteria Mycobacterium bovis (M. bovis). M. bovis is a multi-host pathogen able to infect a wide range of mammals, both domestic (cattle) and wild ones (red deer Cervus elaphus, wild boars Sus scrofa, roe deers Capreolus capreolus, red foxes Vulpes vulpes and badgers Meles meles in Europe). Most common symptoms encompass a general illness state, fever, coughing, prominent lymph nodes, and eventually end in animal death after months or years (Corner et al. 2011). The fact that the disease affects individuals at a slow pace makes it difficult to detect and favours its transmission between herd members and to wildlife (Krebs et al. 1997). The usual transmission routes of bTB is aerial, by inhaling infected droplets from coughing individuals and ingestion (Krebs et al. 1997). However, it has recently been shown that M. bovis could persist a rather long time in the environment [START_REF] Barbier | Impact of temperature and soil type on Mycobacterium bovis survival in the environment[END_REF]. The wildlife can be infected while being in pastures, for example in contact with cow faeces or by drinking in cattle trough. bTB was one of the main zoonosis throughout the world in the past century, and it still remains today an important disease of cattle and wild species. Even though many countries succeeded in significantly reducing or eliminating bTB from their domestic populations, important wildlife reservoir persist in Canada and the USA (in cervids, [START_REF] Conner | Infectious disease in cervids of North America: data, models, and management challenges[END_REF], the UK (particularly in badgers, [START_REF] Wilesmith | Mycobacterium bovis in the European badger (Meles meles): epidemiological findings in tuberculous badgers from a naturally infected population[END_REF], and in New Zealand (where possums as the true maintenance hosts, Nugent 2011).

Understanding how the disease spreads and maintains throughout wild populations is essential to increase the efficacy of disease control and requires to study the spread of the diseases, to understand the reasons why some disease remain local or endemic to a site, while others become epidemic.

Eco-epidemiological parameters of the disease

To understand, control and predict disease progression and severity, it is important to consider the five main eco-epidemiological parameters of the disease (Figure 1.3):

• The susceptibility of the host, which depends on intrinsic factors like the host genetic background or immunity

• The excretion capacity of the disease in the various hosts populations (from the respiratory, digestive, urinary or genital tracts for example, or through contacts on skin lesions)

• The prevalence of the disease in the various host populations of interest, i.e. the proportion of the population found to be affected by the disease

• The transmission rate between individuals, approximated by the intensity or the frequency of contacts (direct and indirect, intra and interspecific; Chapter 6)

• The abundance or density of the host populations.

From these five parameters, it is clear that the ecology of the host species, and in particular the social system and the population density of the hosts will play a crucial role in disease transmission and maintenance, and thus deserve much attention [START_REF] Altizer | Social organization and parasite risk in mammals: Integrating theory and empirical studies[END_REF]). In the European badger for example, which is one of the hosts for bTB in Europe, transmission of M. bovis between badgers depends on the density of badger populations, on contact rates (whether direct, or indirect) between badgers themselves and with other species (e.g. red foxes, cows).

Based on the host population abundance estimate, we can define the critical size of a population, i.e. the host population size (or density) below which the pathogen cannot persist indefinitely [START_REF] Haydon | Identifying reservoirs of infection: a conceptual and practical challenge[END_REF]. This size should be distinguished from -but is linked to-two other important population parameters: the threshold value of the population necessary for the establishment of an infection within a population, and the threshold value required for the infection to persist between various host populations [START_REF] Caley | Assessing the host disease status of wildlife and the implications for disease control: Mycobacterium bovis infection in feral ferrets[END_REF]. Estimating population abundance or density thus allows to establish the epidemiological status of a population, i.e. whether it is able to maintain the infection or not.

Population density also informs on the potential transmission rate, dense populations presenting more contacts between individuals (critical for rabies transmission for example, Holmala and Kauhala 2006, but see [START_REF] Begon | Transmission dynamics of a zoonotic pathogen within and between wildlife host species[END_REF] for frequency-rather than densitydependent transmission of cowpox among bank vole Clethrionomys glareolus and wood mouse Apodemus sylvaticus populations).

1.4 Eco-epidemiology and diseases in wildlife However, estimating population density does not allow a precise understanding of how contacts enable the disease transmission. It is thus necessary to decipher the characteristics of the social network to identify disease transmission routes, and the position occupied by infected individuals within that network. The network structure, which is usually specific to a population, can alter or favour the spread of the disease (see Ortiz-Pelaez et al. 2006 andNatale et al. 2009 for examples of domestic animal movements between farms and the spread of disease in the UK and in Italy, respectively). For example, contrary to the expectation that animals infected with diseases with important outbreaks occupy central places in contact networks, badgers infected with bTB seem to occupy a peculiar place in social networks: they were isolated from their own social groups, and thus did not favour within-group transmission of the disease but were important between-group vectors of the disease [START_REF] Weber | Badger social networks correlate with tuberculosis infection[END_REF]. Conversely, analyses of the contact networks in Tasmanian devils (Sarcophilus hariisii) revealed that the devil facial tumour disease could spread throughout the network through any infected individuals (not specifically central individuals; [START_REF] Hamede | Contact networks in a wild Tasmanian devil (Sarcophilus harrisii) population: Using social network analysis to reveal seasonal variability in social behaviour and its implications for transmission of devil facial tumour disease[END_REF]. Despite changes in contacts between the breeding and non-breeding seasons, target culling of specific age or sex classes would thus prove inefficient in controlling the disease spread [START_REF] Hamede | Contact networks in a wild Tasmanian devil (Sarcophilus harrisii) population: Using social network analysis to reveal seasonal variability in social behaviour and its implications for transmission of devil facial tumour disease[END_REF]). 

Disease control in wildlife

Several strategies exist to control disease infections in wildlife. First, one focus can be to control the host population density by reducing the population size below the critical limit described above (e.g. controlling fox populations for rabies eradication, [START_REF] Wandeler | Rabies in wild carnivores in central Europe* III. Ecology and Biology of the Fox in Relation to Control Operations[END_REF]. Based on theoretical models, culling, i.e. eradication of maintenance hosts, should be an efficient control method if the population threshold value enabling pathogen persistence is reached [START_REF] Barlow | The Ecology of Wildlife Disease Control: Simple Models Revisited[END_REF]. In nature however, this procedure is often restricted to a local scale, can be difficult to properly conduct, and has proven inefficient in some systems. Indeed, culling can disrupt the structure of the population and leave some free space for other individuals to colonise or to join disrupted social groups, thus actually increasing host movements and disease spread (e.g. in European badgers, [START_REF] Carter | Culling-induced social perturbation in Eurasian badgers Meles meles and the management of TB in cattle: an analysis of a critical problem in applied ecology[END_REF]. Another solution consist in targeting specific individuals to remove from the population, as it has been suggested in vampire bats (Desmodus rotundus) transmitting rabies (target of juveniles and sub-adults, which have a greater prevalence than adults, [START_REF] Streicker | Ecological and anthropogenic drivers of rabies exposure in vampire bats: Implications for transmission and control[END_REF].

Instead of culling, it is sometimes possible to vaccinate wild populations, either by direct capture and inoculation (which can be costly and time consuming) or by providing oral vaccination by bait uptake. This latter technique requires baits to be specifically eaten by the targeted species, but presents the strong advantage to not disrupt the population or social group.

Using barriers can also prove efficient in limiting contacts between hosts (e.g. between cattle and wildlife). Barriers can be artificial, natural (like rivers) or biological such as buffer zones where the host species is vaccinated [START_REF] Pech | The effect of poisoned and notional vaccinated buffers on possum (Trichosurus vulpecula) movements: Minimising the risk of bovine tuberculosis spread from forest to farmland[END_REF]. In either cases, the use of barriers requires to understand the movement ability of the hosts, and whether or how they could pass through neighbouring territories.

In summary, when attempting to control disease or zoonosis spread and to derive appropriate management measures, it is crucial to accurately estimate population abundance and gain knowledge on the population structure, as well as social group structure for social species, in order to predict contact rates and disease spread.

Aims of the thesis

From the previous general introduction, it is clear that several factors can act on population abundance, such as habitat suitability or the social system. The choice of the European badger Meles Meles as a biological model in this thesis, and the focus on French populations, were done for several reasons: (i) The European badger has been extensively studied in other European countries such as England, Ireland or Spain. However most studies performed in France were done on very local scales or using different methods of abundance estimation, precluding us from making clear comparisons between sites or from deriving assumptions regarding densities across France.

(ii) There is a large variety of climates and landscapes in France. We may therefore expect great variation in habitat suitability for European badgers and thus of badger abundances.

(iii) The European badger is a social species that live in groups within setts. Living in groups, of varying sizes, may strongly affect the abundance/density estimates between populations. This widespread social species is thus ideal to understand the effects of group size, number of groups and group connectivity on population abundances in a wide range of habitats.

(iv) Badgers are also a known host for the bovine tuberculosis (bTB, Mycobacterium bovis). The European badger presents a high risk of transmission to cattle when foraging in pastures and is considered as a maintenance host in the British Isles (United Kingdom and Republic of Ireland), while it is rather considered a spillover host in France. Even tough France is officially considered as bTB-free since 2001, there is an increase of the incidence number in cattle in France since 2003 and the first cases of infected badgers have been detected in 2009. Greater information on badger abundance and its ecology (in particular group size variation and within or between groups contacts) are timely needed to derive appropriate management measures.

The aims of my PhD is to study the spatial variation in abundance and social organisation of badger populations in France, at different scales.

More particularly, I first modelled at large scale the variation of badger abundance across metropolitan France using 9,439 dead and living badgers from 2006 to 2009. Then, I derived a set of 13 relevant environmental variables to construct a Bayesian model in order to identify the main environmental determinants influencing this abundance (Chapter 3: Jacquier et al. 2020 Ecology and Evolution).

At a smaller scale, the second part of my PhD focused on determining badger local densities in 13 contrasted sites of 50 km across France, using a common protocol and the combination of non-invasive methodological approaches: walked transects surveys, camera trapping and hair trapping (Chapter 4: Jacquier et al. in preparation). The second aim of this Chapter was to identify which main endogenous factors and habitat characteristics drove local variation in badger densities.

Third, I studied both among-and within-population genetic structures of badgers in 11 study sites across France (Chapter 5: Jacquier et al. 2020 Journal of Mammalogy, in revision). Using a non-invasive hair trapping protocol on 206 monitored setts, we genetically identified 264 badgers (based on 24 microsatellite DNA loci). This study allowed examining the genetic structure of this continuously distributed mammal in France, at both large and fine spatial scales, and identifying the spatial scale at which most gene flows occur.

Another part of my PhD focused on the spatio-temporal evolution of group sizes and contacts between individuals (Chapter 6: unpublished). GPS/Proximity loggers/collars were deployed in one study site on 21 badgers from 4 sett clusters over 22 months in order to assess intra-and inter-group contacts. As this is an unpublished work in progress, I present the detailed methodology used for these deployments and preliminary results originating from this work.

Finally, in the last part of the manuscript (Chapter 7), I discuss the results of my thesis and some perspectives based on the knowledge accumulated in France about badgers during this study. I also discuss the implications for the management of this species regarding bovine tuberculosis transmission. 

Material and Methods

In this chapter, I present general information common to the following chapters, starting by a general description of the studied species, the European badger Meles meles. I then describe the data collection for the thesis and the different study sites. More precise methods and statistical analyses are described in Chapters 3 to 6, which correspond to Research manuscripts.

The European badger Meles meles

Species distribution and conservation status

The European badger Meles meles (Linnaeus 1758) is a medium-size mammal belonging to the Mustelidae family, in the Carnivora order. Widely distributed through temperate Eurasia (Figure 2.1), in a large range of biomes (e.g. boreal forests, deciduous forest or Mediterranean areas; Griffiths & Thomas, 1993), the badger presents a high diversity of social and spatial organisation. The badger is present in all metropolitan France in varying abundance (Calenge et al. 2015, Jacquier et al. 2020; see Chapter 3), except in Corsica island. Conservation status are variable between countries, but in Europe the species have a protected status under the Appendix III of the Berne Convention (The Council of Europe, 1979). Consequently, hunting activities or regulation measures are legal but regulated in order to keep the populations out of danger (taking into account the requirements of the Article 2). In France, the badger is considered as a game species and hunting is authorized during legal periods (September to February, depending on the regions and local regulation measures), by direct rifle/shooting, or by digging directly into badger setts, using small terrier-type dogs to locate badgers and hold them in the sett, until final catch. This controversial method of underground hunting (called sometimes 'badger baiting'; Byrne et al. 2012) usually results in the death of badgers, but sometimes hunters release badgers as a criticized sporting pastime.

A social species living in setts

Badgers live in underground burrow systems, called setts, which are used as resting sites, or refuges (Roper 1992). Setts can greatly vary in size and present several entrance holes (used/active or not). The number of entrances often depends on the soil geology and the age of the badger sett as many generations can occupy a same sett over decades.

Various categories of badger setts can be distinguished, depending on their size and frequency of use by individuals. 'Main' setts are commonly described as large setts with multi-entrances, permanently occupied by individuals of a social group and used for reproduction (presenting important activity signs such as fresh excavations, active badger paths, latrines; Roper 2010, Byrne et al. 2012). Other setts are punctually occupied by some group members, and are classified as 'annex' or 'subsidiary' (few entrances, located close to the main sett and connected with visible and well delimited badger paths) and 'outlier' setts (small setts with one or few holes, not connected to a main sett; Thornton 1988). These punctually occupied setts are known to serve as setts for individuals excluded from the main sett by lactating females, as secure setts for parturient females avoiding aggressions from others. These setts are also occasionally used by badgers when food resources are heterogeneously distributed in time and space (Do Linh San 2006). Quantitative criteria to distinguish annex, subsidiary and outlier setts vary among studies, and are difficult to generalise as the distinction depends on habitat type for example. Besides, even within studies, these punctually occupied setts are difficult to classify in the field (not only dependent on entrance number), and need multiple visits to conclude on their occupational status. Therefore, many studies grouped them as 'secondary' setts (Do Linh San 2006, Roper 2010), as we did in the present thesis (Chapter 4).

Badger lives in social and territorial mixed-sex groups. However, it is also found to sporadically live alone or in pair depending on the season, habitat or population density for example. Several empirical studies highlighted a great variability in badger social group size (see below, § 'Densities and Abundances in Europe'). Giving the observed variability in social behaviours, such a complex system makes badger an interesting species to study sociality in carnivores.

Carnivores' sociality is often expressed through cooperative behaviour such as group foraging, cooperative breeding, alloparental care and vigilance against predators. Badgers, however, are known to forage alone and do not have main predators. Sociality in badgers it thus mostly visible through behaviours at the setts. Most of the time, members of a social group share a same sett (i.e. usually the main sett). Cooperative sett site maintenance exists (i.e. digging and bedding collection activities), but [START_REF] Stewart | Individual differences in den maintenance effort in a communally dwelling mammal: The Eurasian badger[END_REF] showed that the majority of this work (60 to 90%) is done by only a low percentage of individuals (20%; with high status males digging more than others). Even though badgers groom themselves, another aspect of badger sociality lies in allogrooming, which allows reducing parasites (e.g. parasitic fleas; [START_REF] Stewart | Badgers and badger fleas: strategies and counter-strategies[END_REF] and may reinforce social bonds between group members and establish a certain hierarchy within group. Such a hierarchy establishment likely also originates from agonistic interactions between group members: males, especially large and old ones, show more bite scars than other individuals, suggesting a dominant position within the group (Macdonald et al. 2004a). Regarding alloparental care, it has been observed in badgers, yet its benefits remain unclear (Woodroffe 1993, Neal andCheeseman 1996). Sociality in badgers is thus not fully understood yet. The benefits of group living in badgers may lie in increased mating opportunities and in shared sett maintenance activities, but it also presents some costs (e.g. parasites, aggressions). Such a trade-off remains to be explored in depth in the wild.

Besides being social, the badger is also a territorial species. Group members actively defend their territory (Kruuk 1978) by marking it with feces in latrines (dung pits to defecate) at the territory boundaries [START_REF] Kilshaw | Coordinated latrine use by European badgers, Meles meles: Potential consequences for territory defense[END_REF]. Deposition of feces and latrines locations are not random in time and space. Latrine locations depend on the season: in winter latrines are closer to the sett than to territory boundaries (Do Linh San and Proulx 2016). [START_REF] Buesching | Latrine marking patterns of badgers (Meles meles) with respect to population density and range size[END_REF] also showed that deposition of feces in latrines and latrines numbers are linked to group range size, with more latrines but less fresh feces for large group home ranges. One interesting methodological approach to detect territory boundaries consists in providing different colour-marked baits in adjacent main setts and detecting the colour of pellets in latrines (e.g. in Woodchester park; England; [START_REF] Delahay | The use of marked bait in studies of the territorial organization of the European Badger (Meles meles)[END_REF].

Diet and habitat preferences

Individuals of a group forage alone with no cooperation, but at the annual scale, the foraging area of individuals can overlap depending on resource availabilities (Robertson et al. 2015). Even though the badger is considered as a carnivore species, the species presents actually an opportunistic and omnivorous diet, including a large range of food resource items, depending on their seasonal and local availabilities [START_REF] Goszczyński | Diet composition of badgers (Meles meles) in a pristine forest and rural habitats of Poland compared to other European populations[END_REF], Byrne et al. 2012). The badger can eat small animals (e.g. insects, rodents, amphibians, etc.) and vegetables (e.g. maize, wheat, fruits, tubers, etc.), but its diet is often described as mainly composed of earthworms (Roper 2010). However, the dietary preference for earthworms can be discussed, as it shows great latitudinal variability: while earthworms compose most of the badger diet at high latitudes (over 60%), they are replaced by vegetable material and insects at low latitude (study on 17 European localities; [START_REF] Goszczyński | Diet composition of badgers (Meles meles) in a pristine forest and rural habitats of Poland compared to other European populations[END_REF]. In a Mediterranean population occupying a dry landscape, badgers have been shown to predominantly feed on juvenile rabbits and fruits (mainly olives but also figs; Barea-Azcón et al. 2010). In summary, badger is a generalist/opportunist species, and can express preferences for certain trophic resources, depending of accessibility and possible energetic trade-offs (e.g. when foraging on earthworms, costs are likely greater in dry soils than in earthworm-rich habitats).

Several criteria other than food resource availability can shape settlement preference of badgers. Setts are mostly found in forested/woodland areas (neither cultivated nor cleared), and are conversely less common in open areas: settlement is favoured in calm and secure areas, with less disturbance (e.g. [START_REF] Hipólito | Drivers of sett site location by European badgers in Portugal[END_REF]. Besides, in forest areas, tree roots are helpful to maintain galleries of the sett. A suitable sett site should also provide an easy-to-dig and well-drained soil, with slopes to facilitate soil excavation (Roper 2010). Even though habitat type affects sett location, sett characteristics (e.g. the number of entrances, sett area or number of active latrines) do not seem to be related to habitat characteristics at the close vicinity of the sett (Macdonald et al. 2004 in Wytham woods, England; but see [START_REF] Good | A habitat analysis of badger (Meles meles L.) setts in a semi-natural forest[END_REF] showing that sett size is influenced by habitat in a low-density population).

Setts are also found in urban areas, where natural habitats becomes scarce, sometimes leading to human-badger conflicts. Sett densities can even be similar in rural or urban areas [START_REF] Davison | Urban badger setts: Characteristics, patterns of use and management implications[END_REF], Huck et al. 2008), despite greater human disturbance near cities. However, a radio tracking survey in a British population revealed that badgers used fewer setts in urban than rural habitats [START_REF] Davison | Urban badger setts: Characteristics, patterns of use and management implications[END_REF]. In urban environments, sett density seems to depend more on suitable sett sites than resources availabilities (Huck et al. 2008).

Life and reproduction cycle

The European badger is a nocturnal and crepuscular species. Mean adult body length is comprised between 60 and 90 cm, and mean adult mass is around 12 kg considering all seasons and sexes (Do Linh San 2006). However, individual morphology can greatly vary depending on age, seasons and food resource availability. In winter, badgers are less active in response to different environmental conditions, such as temperature or availability of food resources (Byrne et al. 2015). Duration of activity periods indeed depends on the temperature (low in cold periods) as it is more energetically expensive to forage in the cold. Nightly activity is also greater in wet than in dry years due to better foraging conditions [START_REF] Noonan | Climate and the individual: Inter-annual variation in the autumnal activity of the European badger (Meles meles)[END_REF]. Such seasonal variation patterns in activity result in variation in individuals daily contacts, as shown by Silk et al. (2017) in England: the higher frequency and duration of within-group contacts occurs in winter (when badgers spend most of their time in the sett), with no distinction between day and night, while in summer contacts are more frequent during daytime.

As shown by its wide distribution range in Europe (Figure 2.1), the species can live in very different climate from Spain to Norway. There is therefore a large variation in its winter sleep/inactivity pattern between countries in Europe. In warmer regions, badger can be active year-round and show only small variation in their body mass, while in regions with harsher winters, they store more fat reserve, their body mass doubles in autumn compared to spring, and they stay rather inactive during winter months (Kowalczyk et al. 2003a). On average in Europe, badgers are inactive 96 days per year (Kowalczyk et al. 2003a).

Similarly, sexual maturity is geographically variable: it may be delayed or advanced depending on the climate (e.g. delayed in Sweden with harsh winter; [START_REF] Ahnlund | Sexual maturity and breeding season of the badger, Meles meles in Sweden[END_REF]. In mild countries such as England, most individuals become sexually mature at the age of 12-15 months (in the spring of the second year). Mating is possible all year-round but peaks between January and March, with a second smaller peak between March and May. Conversely, parturition period is relatively fixed in time and occurs between January and March (Figure 2.2). This is due to the fact that badgers exhibit delayed embryo implantation, allowing for more adaptive timing of cubs development (to match with good environmental conditions in spring for cubs emerge after 8-10 weeks; Figure 2.2). In Europe, litter size varies between 1 and 5 cubs, with an average of 2.7 for foetal litter size and 2.4 at emergence (Neal and Cheeseman 1996). Adult-like behaviours (e.g. foraging alone, digging activities) and body conditions are completely reached in the first summer (see Figure 2.2 for details about different phases of badger reproductive cycle). 

Densities and Abundances in Europe

Reliable badger densities can be estimated by (i) counting the number of occupied main setts in the study area via the sampling of fresh presence cues and (ii) estimating social group size or even social group composition (distinguishing cubs from adults; for example with camera traps but see Chapter 1 for other sampling methods). To provide accurate results, this method requires either exhaustively counting setts, which is only feasible in small study sites, or implementing a proper sampling protocol at larger scale. Common measures reported in the literature are: (1) sett density/km (either main setts or any type of setts), (2) adults or badger density/km , and (3) social group size (sometimes again distinguishing between adults and adults + cubs). Given that the employed methodology differs among studies, reported estimates are not directly comparable but provide a raw idea of the great variability in badger and sett densities observed in Europe.

Sett density was estimated at 0.8 setts/km in Switzerland [START_REF] Linh San | Spatio-temporal ecology and density of badgers Meles meles in the Swiss Jura Mountains[END_REF]) and between 0.34 and 10.5 setts/km in the UK (England: Palphramand et al. 2007, Roper 2010;Ireland: Feore andMontgomery 1999, Byrne et al. 2012) but these estimates are rare and based on different methods across Europe. Several studies provide an estimate of individual density, which ranges for example from 5 and to more than 20 badgers/km in England, and between 0.2 and 2.4 adults/km elsewhere in Europe (Schley et al. 2004[START_REF] Keuling | The German wildlife information system (WILD): population densities and den use of red foxes (Vulpes vulpes) and badgers (Meles meles) during 2003 -2007 in Germany[END_REF]. In forested areas from central Europe, it drops down to 0.2-0.9 badgers/km (e.g. Aaris-Sorensen and Aarissorensen 1995, Kowalczyk et al. 2003b). Finally, social groups are generally composed of 2 to 9 adults in some part of the UK (Feore and Montgomery 1999[START_REF] Sleeman | How many Eurasian badgers Meles meles L. are there in the Republic of Ireland?[END_REF], Roper 2010). Elsewhere in Europe however, groups encompass 2.5 adults on average (Byrne et al. 2012). This apparent discrepancy between UK and the rest of Europe, apart from differences in the methodological approaches used, might be explained by the fact that badgers are officially protected in England under the 'Protection of Badgers Act 1992' (but derogations and licences exist; limited protection since 1973). It could also be explained by the milder and more humid climate prevailing in the UK [START_REF] Macdonald | Are badgers 2.3 References "Under The Weather"? Direct and indirect impacts of climate variation on European badger (Meles meles) population dynamics[END_REF] or by the predominance of grasslands and pastures in agricultural areas (Johnson et al., 2002). In France, only few quantitative studies estimated badger density, within small study sites (Bodin 2005, Rigaux andChanu 2011), leaving room for more exhaustive estimates at a large scale (multi-sites), as presented in the Chapter 4 of this thesis.

Data collection and study sites

Large-scale data: metropolitan France

At the national scale, in order to estimate the most important drivers of badger abundance variation (Chapter 3), data were collected in all metropolitan France across a wide range of habitat type, through a program called "small carnivorous species logbooks" (i.e. SCSL). This program, started in 2001 and still ongoing, is conducted by the French National Hunting and Wildlife Agency (i.e. ONCFS now merged with others agencies into the French Office for Biodiversity, OFB). The goal this program is to broaden knowledge on the presence of several carnivores and model species abundance over a large scale (here metropolitan France), by reporting any direct observation of dead or living smalland medium-size carnivores. Wildlife protection officers perform this work, which limits identification errors (more than 1500 persons). Officers report any animal randomly met during their working time, mainly when they are travelling by car, or during static activities like police patrol missions or fields activities (e.g. wildlife monitoring).

Among the 13 species targeted by this program, the Mustelidae are mainly represented by: the European badger (Meles meles), the European otter (Lutra lutra), the European mink (Mustela lutreola), the American mink (Neovison vison), the stone marten (Martes foina), the pine marten (Martes martes), the European polecat (Mustela putorius), the stoat (Mustela erminea) and the weasel (Mustela nivalis). The other target species are: the common genet (Genetta genetta; Viverridae), the raccoon (Procyon lotor; Procyonidae), the raccoon dog (Nyctereutes procyonoides; Canidae) and the European wildcat (Felis silvestris; Felidae). Detections of dead animals are often the result of roadkills. Road are indeed well distributed in France and at high density (more than 1.7 km/km ) over the country. For the badger for example, the vast majority of detections are dead animals, as the species is mostly nocturnal (i.e. they were detected alive mostly during agents' night-time missions).

Besides the species and the status (i.e. dead or alive animals), several other information about the detection are recorded in logbooks such as the annual kilometres travelled for all cars (several officers can drive a same car), the municipality and the detection date. At the beginning, each car of the agency was equipped with a paper logbook version (Figure 2.3), but since 2015 the SCSL program uses a computer software (called BDBiodiv) to facilitate precise localisation on a map and note-taking, and to more easily add annexe information on the detection. Obviously, such a software also saves a lot of re-transcriptional time. These data have already been used to derive maps of relative abundance of 6 Mustelidae species at the national scale in 2015 (Calenge et al. 2015). The total number of detections and sampling effort allowed an estimation of the species density, i.e relative abundance, using the kilometres travelled as a function of the sampling effort of dead animals (i.e. the sampling effort of dead animals was proportional to the number of kilometres travelled by the officers). Further details about the statistical approach are presented in Chapter 3.

From 2002 to 2012, more than 79,000 detections of these 13 species were recorded within the SCSL program, the badger being the most recorded species (n = 25460; 31.98% of all detections).

Regional-scale data: 50km study sites in France

In order to estimate density variation and genetic structure within French badger populations (respectively Chapter 4 and 5), data were collected in 13 sites throughout France (1 in 2014; 6 in 2016; 5 in 2017 and1 in 2018; Figure 2.4 We chose these study sites for several reasons: firstly because they are part of different small agricultural regions (SAR). SARs are delimited by the intersections between "large agricultural regions" (n = 429 in metropolitan France) and administrative departments (n = 90). Large agricultural regions correspond to a group of neighbouring administrative units (i.e. municipalities) with homogeneous landscapes, agricultural practices and activities (see www.agreste.agriculture.gouv.fr/definitions/zonages for further details). To determine environmental drivers of badger density, we purposely selected SARs with contrasted proportions of suitable habitat for settlement and resource availability (maize, pasture, fruit crops etc.). We classified sites in two groups depending on dominant landscape: forested sites (A, B, D and H) and hedgerow (bocage) sites (all other sites; Figure 2.5). A more quantitative description of the sites are present in Chapter 4 (soil type, texture, crops cover etc.). These study sites were also chosen in SARs with contrasted badger relative abundance (from 0.01 to 0.40; Table 2.1 For practical reasons, we selected study sites for their proximity with ONCFS team members (4 technicians and 1 supervisor chief) or collaborative French agencies (e.g. ANSES, DDPP, ONF; including people involved in the French bTB surveillance program, forestry managers, etc.) or associations (e.g. GEML, FDC; including naturalists, hunters, etc.), allowing up to simultaneously monitor 6 sites in 2016. Each study site was managed by a field team composed of few persons (usually one agency officer and one student). In addition to density estimation, the study site I was used to study badger intra-and inter-group contacts, using GPS/Proximity collars deployment on 4 distinct social groups (see Chapter 6 for details). This hedgerow site was chosen for its proximity to most of the project members (ONCFS in Birieux and LBBE in Lyon).

In order to estimate badger densities on each study site, we first estimated the density of setts (active/non active and main/secondary ones) via a distance sampling protocol, using walked transects surveys (2 km long) in suitable habitats for badger settlement (i.e. forest, forest edge and hedgerow) between March and April (5 weeks). Performing walked transects during this period, before vegetation bloom, enables an easier detection of badger setts, even in the denser forested areas. Second, we determined the mean social group size of badgers on nearly 20 active setts per site, using two non-invasive methods, namely camera trapping and hair trapping for genetic identification, between April and June. Please note that genetic samples were also used in Chapter 5 to study genetic structure of badger populations. This fieldwork was done between March and June, corresponding to cub emergence (Figure 2.2), an active period for badgers, which also allowed an easy distinction between adults and cubs on footage and videos. More details about the protocol can be found in Chapter 4 of this thesis. A similar protocol was already successfully applied in 2011 (near study site J; in Dordogne department; Reveillaud 2011 Veterinary thesis), and in 2012 (in both study sites E and F; in Côte d'Or department; Payne 2014 PhD thesis). It is therefore interesting to compare these past results with our more recent density estimates (see General Discussion of this manuscript). Besides, study sites E, F and J are known to be infected by bovine tuberculosis (Mycobacterium bovis found in cattle but also in badgers). Culling measures on badgers are in place in sites E and F since 2009 and to a lesser extent in site J since 2010. Comparing density estimates from different years for these sites should provide interesting quantitative estimates of culling effects. Note that site A is also infected with bTB, but the red deer (Cervus elaphus) has been identified as the main reservoir and only one badger has been detected infected since 2001 (over 115 samples).

Abstract

Habitat quality and heterogeneity directly influence the distribution and abundance of organisms at different spatial scales. Determining the main environmental factors driving the variation in species abundance is crucial to understand the underlying ecological processes and this is especially important for widely distributed species living in contrasting environments. However, the responses to environmental variation are usually described at relatively small spatial scales. Here, we studied the variation in abundance of a widely distributed mustelid, the European badger (Meles meles), across France. We used (1) direct detections of 9,439 dead and living badgers, from 2006 to 2009, to estimate badger relative abundance in 703 small agricultural regions of metropolitan France and (2) a Bayesian modelling approach to identify the main environmental determinants influencing badger abundance. Despite a continuous distribution of badger in France, we found large variation in badger abundance between regions, explained by environmental factors. Among a set of 13 environmental variables, we demonstrated that badger abundance in lowlands (< 400 m a.s.l.) was mostly driven by biotic factors such as potential food resources (earthworm abundance and fruits crops) and forest fragmentation. Conversely, in mountainous areas, abiotic factors (i.e. soil texture and climate) drove the variation in badger relative abundance. These results underline the importance of mapping the abundance of wildlife species based on environmental suitability, and highlight the complexity of drivers influencing species abundance at such large spatial scales. Altitude shaped the environmental drivers (biotic vs. abiotic) that most influenced relative abundance of a widespread species. In the case of badger, such abundance maps are crucial to identify critical areas for species management as this mustelid is a main wild vector of bovine tuberculosis in several countries.

Introduction

Distribution and abundance of species are determined by the interaction of ecological processes (such as movement, reproduction or social interactions) and environmental factors (such as resource availability and habitat configuration; Brown, 1984). Understanding how a species' abundance is likely to vary over space and time helps to plan sound biological management strategies and to identify areas requiring conservation/management attention [START_REF] Kaiser | When a habitat is not a home[END_REF]. Spatial and temporal environmental heterogeneity can determine the population trends of wild populations, either a population decrease or extinction, or the ability of some species to become over-abundant. Species interactions and environmental factors are usually the most important factors limiting distribution and abundance (Boyce et al., 2016;[START_REF] Hoffmann | Species borders: ecological and evolutionary perspectives[END_REF], but may act at different temporal and spatial scales, environmental factors being preponderant at large scales (Byrne, Fogarty, O'Keeffe, & Newman, 2015).

Abundance can be highly variable within a species distribution range in response to environmental gradients (Morrison et al., 2006). Areas with high environmental suitability tend to support larger populations (Weber, Stevens, Diniz-Filho, & Grelle, 2017) because of increased favourability of local conditions (e.g. climatic conditions or available food resources), in particular when ecological requirements are met (Hutchinson, 1957). For example, in an assemblage of freshwater fish, species abundance was associated with species' environmental preferences in the river (e.g. stream size and water clarity; [START_REF] Taylor | Fish species-environment and abundance relationships in a Great Plains river system[END_REF]. Landscape characteristics and trophic resource availability can also influence spatial variation in abundance in other taxa such as carnivorous mammals [START_REF] Pita | Influence of landscape characteristics on carnivore diversity and abundance in Mediterranean farmland[END_REF], but to fully understand the habitat driving forces linked to animal abundance, we need better knowledge on how qualitative and quantitative aspects of environmental factors impact the spatial variation in abundance [START_REF] Morris | Ecological scale and habitat use[END_REF].

Identifying patterns of covariation between abundance and environmental factors at the macro-scale, i.e. over all or at least a large part of the distribution area, requires both a very large amount of occurrence data that allows the estimation of species abundance, and information about environmental predictors distributed over the same large area. However, data of spatial variation in abundance for a species within its distribution range, or at least over a large area far beyond the population scale, are difficult to obtain. Consequently, predictions of spatial abundance patterns over large areas remain scarce for diverse taxa [START_REF] Sagarin | Moving beyond assumptions to understand abundance distributions across the ranges of species[END_REF]. Most field and statistical methods rely on complex designs to estimate local absolute abundance (e.g. distance sampling approaches, or mark-recapture methods), and are inapplicable or too expensive to be considered for abundance estimation in large spatial scale studies. The relative abundance estimates allow us to study the species over broad spatial scales, under the assumption that the population index is proportional to the population density, and the probability of 'detection' for animals in the survey is known [START_REF] Pollock | Large scale wildlife monitoring studies: statistical methods for design and analysis[END_REF].

Among mammals, the badger Meles meles appears to be a good model species to investigate how environmental factors shape the pattern of variation of abundance over a large spatial scale due to its widespread distribution (Johnson, Jetz, & Macdonald, 2002;Newton-Cross, White, & Harris, 2007). This nocturnal medium-sized carnivore, distributed throughout temperate Eurasia, can occupy a large range of biomes, such as woodlands, forests, and arid or mountainous landscapes to a lesser extent (Griffiths & Thomas, 1993). Badger social structure and population abundance are thought to be driven mainly by sett or trophic resource dispersion/availability (Johnson et al., 2002;Kowalczyk, Zalewski, Jedrzejewska, & Jedrzejewski, 2003), which are both driven by landscape patterns [START_REF] Hammond | Irish soil and land-use classifications as predictors of numbers of badgers and badger setts[END_REF]. Characterised by an omnivorous diet, the species can use a wide range of food items including plants (e.g. fruits) and animals such as earthworms or insects (e.g. beetles) depending on the temporal variation of resources availability (Kruuk 1978[START_REF] Cleary | Diet of the European badger (Meles meles) in the Republic of Ireland: a comparison of results from an analysis of stomach contents and rectal faeces[END_REF]. The badger is therefore a generalist or opportunist feeder [START_REF] Roper | The European badger Meles meles: food specialist or generalist[END_REF]. Several environmental determinants have been proposed to explain variation in badger abundance, using predicted sett abundance in large-scale studies, among which food resource availability, landscape patterns and climate were the most important drivers [START_REF] Acevedo | Generalizing and transferring spatial models: a case study to predict Eurasian badger abundance in Atlantic Spain[END_REF][START_REF] Etherington | Using the Mahalanobis distance statistic with unplanned presence-only survey data for biogeographical models of species distribution and abundance: a case study of badger setts[END_REF][START_REF] Reid | Monitoring and population estimation of the European badger Meles meles in Northern Ireland[END_REF]. A previous study showed that habitat fragmentation due to forest loss affected badger sett density in Spain and led to population isolation (Virgós, 2001). However, using the density of badger setts as an abundance proxy at large scale might be irrelevant due to social group size variation of this species, within seasons (Revilla & Palomares 2002) or with trophic resources availability (Da Silva, [START_REF] Da Silva | Habitat, food availability and group territoriality in the European badger, Meles meles[END_REF]. Badger absolute abundance and densities are not known in France, but a recent study has estimated the badger relative abundance (i.e. the actual abundance multiplied by an unknown constant) in each small agriculture region (SAR) of France (Calenge et al., 2015). How these spatial variation in relative abundance over SARs correlate with environmental variation remains unknown.

In the present study, we aim at determining the environmental factors driving spatial variation of badger relative abundance at the scale of all metropolitan France. We first estimated relative badger abundance per SAR over France during four years, i.e. 2006 to 2009, using a Bayesian modelling approach expanding previous work of Calenge et al. (2015). Second, we investigated the main ecological drivers of badger relative abundance variation among a set of relevant environmental variables. Although badger is present throughout France, we expected local abundance to be linked to the large variation within the country in terms of agricultural practices, human pressure and forest cover, and leading to quantitative and qualitative habitat variation between regions. Based on the scientific literature, we predicted that relative badger abundance would be positively correlated with the availability of different potential food resources, such as earthworm abundance (described as the most frequent item in the badger's diet; Neal & Cheeseman 1996;Kruuk, 1978), which varies widely between spatial units in France (Rutgers et al., 2016). We also expected higher relative badger abundance in woody lowland environments, as this climatic zone offers both the highest level of food resources [START_REF] Mysłajek | Ecology of the European badger (Meles meles) in the Western Carpathian mountains: a review[END_REF] and suitability for sett installation, with favourable mosaic landscapes [START_REF] Cresswell | The badger (Meles meles) in Britain: present status and future population changes[END_REF][START_REF] Kruuk | The social badger: ecology and behaviour of a group-living carnivore (Meles meles)[END_REF] including small agricultural fields (i.e. pastures) and forest patches.

Material and Methods

Badger data collection

Direct observations of badgers (Meles meles), i.e. presence data, were collected by wildlife protection officers from the French National Hunting and Wildlife Agency (i.e. ONCFS). This organisation implements the "small carnivorous logbook program" (SCSL), a program conducted over the whole of metropolitan France, and which asks wildlife protection officers to report all dead and living animals belonging to small carnivorous species (in particular Mustelidae) that they randomly meet during their fieldwork (Calenge et al., 2015). Detections of dead or living animals were recorded mainly along roads, when the officers were driving by car (e.g. police patrol missions). Although this program began in 2001 and is still running, we restricted our dataset to four years of detections, between 2006 and 2009. Because we needed to make reasonable the assumption of constant relative abundance over the study period, we had to define a shorter study period. Moreover, due to several logistics constraints in recent years (smaller number of officers, smaller budget for gasoline, etc.), the program has collected a much smaller volume of data in recent years. The years 2006-2009 corresponded to the period with the largest number of detections by the data volume.

The spatial unit of interest in our study is the small agricultural region, which is delimited by the intersections between "large agricultural regions" (n = 429 in metropolitan France) and administrative departments (n = 90). Large agricultural regions correspond to a group of neighbouring administrative units (i.e. municipalities) characterised by similar landscapes, agricultural practices and activities (for further details see www.agreste.agriculture.gouv.fr/definitions/zonages). These intersections define 703 homogeneous SAR in metropolitan France (mean = 766.7 km ; SE = 722.2 km ) and for which variation in relative abundance were studied.

Environmental variables

Each SAR was characterised by 13 environmental variables that were grouped in five categories describing landscape, terrain features, potential food resources, climate and the urbanisation level (Table 3.1). We considered a single value for each variable per SAR for the entire study period. Environmental variables were compiled as shapefile GIS layers using GRASS GIS® software version 7.0.3 (GRASS Development Team 2016). More information about the choice of these variables, their sources and calculation methods, are given in Appendix 1. Each selected continuous variable was standardised (common mean equals to 0, and common standard deviation equals to 1) to provide comparable effect sizes in the modelling procedure.

Landscape variables were mainly related to forest cover representing a favourable environment to setts installation and the presence of badgers. We considered two indices describing the fragmentation of forested areas: (1) The mean distance to the nearest forest patch (from points spaced by 100 m of a dot grid placed throughout France; Dist.) and ( 2) the edge density (Edge), as badgers are known to appreciate forest edges (Payne, 2014). We retained three variables describing soil features: (1) terrain ruggedness (vector ruggedness measure: VRM ; Sappington, Longshore, & Thompson, 2007), (2) dominant surface texture index (between 0 and 5, from coarse to fine texture; Texture), and (3) soil depth index (between 0 and 4, from soil with no obstacle to roots to soil with obstacles to roots in the first 40 cm; Depth). All three related to the ability to dig and build a sett. Sloped areas are attractive as they aid excavation, and the depth of the soil should allow for sufficient digging (Thornton, 1988). Most relevant potential food resources attractive to badgers were also recorded, i.e. the percentage cover of (1) maize (Maize) and ( 2) fruits (i.e. orchard and vineyard; Fruit), which are consumed when available (Barea-Azcón, Ballesteros-Duperón, Gil-Sánchez, & Virgós, 2010). (3) The percentage of permanent pasture (any area in which grass or other herbaceous plants have predominated for at least five years; Pasture) was also taken into account as attractive to badgers, mainly because of the presence of earthworms, which can represent a major part of the species' diet (Do Linh San, 2006;Roper, 2010). We also used (4) the median predicted abundance of earthworms in topsoil (Earthworm) from Rutgers et al. (2016), as a proxy of the major potential food resource for badgers [START_REF] Cleary | Diet of the European badger (Meles meles) in the Republic of Ireland: a comparison of results from an analysis of stomach contents and rectal faeces[END_REF][START_REF] Mouches | Variations saisonnières du régime alimentaire chez le blaireau Européen (Meles meles L.)[END_REF]. To describe the climate of each SAR, we used 24 temperature and precipitation maps of average monthly temperature and rainfall. We applied a Principal Component Analysis using the ade4 package (Dray and Dufour, 2007) operating in R software (R Development Core Team, 2017) to reduce the number of variables related to climate. The first three principal components were retained measuring respectively the intensity of alpine (Alpi.), continental (Conti.) and oceanic/Mediterranean (Coastal) climates of SARs (detailed in Appendix 1). To characterise human pressure, we chose the percentage of urbanised area in each SAR (Urban.). Human presence creates disturbance that might negatively affect badger abundance.

A preliminary exploratory analysis indicated that the elevation strongly determined the statistical distribution of other predictors on a national scale. Indeed, mountainous areas are generally correlated with more rocky terrains, a higher forest cover, an alpine climate, steeper slopes, etc. This difference between mountainous and non-mountainous areas will strongly determine any modelling approach to badger density on a national scale. To circumvent this strong leverage effect of the mountainous areas, we divided the 703 SARs into two groups: (i) non-mountainous SARs with an average elevation lower than 400 m (n = 531) and (ii) mountainous SARs with an average elevation higher than 400 m (n = 172). We set the limit of 400 m based on a principal component analysis on all variables, including altitude (further details in Appendix 2). We then modelled the relationship between the predictors and badger abundance in these two groups separately. 

Modelling framework

We used a Bayesian variable selection approach to identify the major environmental determinants influencing the relative abundance of badgers. We developed a hierarchical modelling framework extending the modelling approach described in Calenge et al. (2015), to allow both the estimation of the relative abundance of the badger and the identification of variables affecting this relative abundance (for each elevation group of SARs).

The first level of this model was an observation model describing how the relative abundance of the badger was related to the number of badger detections in the SCSL program. This submodel therefore allowed the estimation of the relative abundance of the badger from the number of its detections. This submodel was identical to the approach developed by Calenge et al. (2015) and used the detection of all mustelids species monitored by the SCSL program: (i) the stoat Mustela erminea, (ii) the weasel Mustela nivalis, (iii) the polecat Mustela putorius, (iv) the pine marten Martes martes, (v) the stone marten Martes foina, and (vi) the badger Meles meles, giving us a better estimation of the sampling effort in the model. We recall briefly the rationale underlying this approach (see Calenge et al., 2015 for further details). Let N ijk be the total number of animals of the species i in each SAR j (j = 1...J ) with status k (k = 1 or 2 for dead and living animals, respectively). N ijk is assumed to follow a Poisson distribution: N ijk ∼ P(λ ijk ). And we supposed as the expectation of this distribution the following model:

λ ijk = S j A ij E jk P ik
, where S j is the surface area of the j th SAR, A ij is the true density of the species i in the SAR j, E jk is the sampling effort in SAR j for animals in status k, and finally P ik is the detection probability of the species i in the status k. The parameters in the above model are not all identifiable, but Calenge et al. (2015) showed that all the parameters of the following reparametrized model are identifiable:

log λ ijk = s j + a ij + e jk + p ik
, where s j is the log-surface of the j th SAR, a ij the log-relative abundance of species i in the SAR j, e jk the log-relative sampling effort for respectively dead or alive animals, and p ik a complex function of the detectability of the species i with status k. The equivalence between the two models can be demonstrated with: This model can be fitted under the assumption that the log-relative sampling effort is known for dead animals. We assumed that this effort was proportional to the known number of kilometres V j travelled in the j th SAR by officers, i.e. e j1 = log V j + β (see Calenge et al., 2015 for further details on this model and properties of the estimated parameters). Note that this reparametrized model allows in particular the estimation of the desired log-relative abundance a ij .

s j = log S j a ij = log(β) + log(P i1 ) + log(A ij ) e jk =
We extended this framework for the particular case of the badger, which is the focus species here. For this species only, we designed a second level in our hierarchical modelling framework: we modelled the relative abundance a bj of the badger in the SAR j as a linear combination of the environmental variables of interest. We used the Bayesian approach for variable selection set by [START_REF] Kuo | Variable selection for regression models[END_REF], in order to select the variables that are most likely to explain the relative abundance of badgers among the 13 independent environmental predictors X r (r = 1,. . . ,R; R = 13). Thus, we supposed that the logabundance a bj of the badger follows a normal distribution of parameters: a bj ∼ N (µ j , τ ). We modelled the expectation of this distribution with:

µ j = a 0 + R r=1 γ r β r X jr
,where a 0 is the intercept of the model and X jr is the value of the variable X r (r = 1,. . . ,R) for the SAR j. The influence of the environmental variable X r on the mean log-relative abundance of the badger is supposed to be the result of the combination of two parameters. First, the parameter γ r is a binary coefficient indicating the presence (γ r = 1) or absence (γ r = 0) of the environmental variable X r in the model. In a Bayesian context, the value of this parameter is supposed to be the realisation of a Bernoulli variable with posterior probability pr that the variable X r is in the model. Second, the coefficient β r is the classical regression coefficient associated with variable X r , and can take any real value, and determines the importance of the r th variable on the mean log-relative abundance of the badger when this variable belongs to the model, as in a classical regression model. This approach consists in separating the presence of a variable in a model from its importance, and then estimating the probability of presence of each variable in the model from the data, as suggested by [START_REF] Kuo | Variable selection for regression models[END_REF]. Note that our model does not account for any residual spatial autocorrelation in the species abundance. Even though accounting for this spatial autocorrelation generally adds to the explanatory power of models, we do not believe that it would be the case here. Indeed, Calenge et al. (2015) included a L2-regularization in their model, accounting for this spatial autocorrelation, and showed that spatial autocorrelation was not very strong in small carnivorous species at this scale and resolution. Besides, the additional level of complexity induced when accounting for spatial autocorrelation may over-complicate the model, and jeopardize the validity of our variable selection approach.

We defined the following uninformative priors on the coefficients of the model:

γ r ∼ B(0.5) β r ∼ N (0, 0.01) τ ∼ U(0.0001, 1000)
Posterior distributions of all the parameters were obtained by Monte Carlo Markov Chain (MCMC) simulations. We ran three chains for an initial period of 1,000 cycles (burn-in period) and then collected information for the next 300,000 iterations with a thinning of 100. We implemented the MCMC simulations with JAGS software [START_REF] Plummer | rjags: Bayesian graphical models using MCMC[END_REF] operating in R software.

From our analyses, we could identify those variables with the largest influence on the relative abundance of the badger and calculate the posterior probability p r that each variable X r belongs to the best model (γ r = 1). We also identify the best models predicting the relative abundance of the badger and calculated the posterior probability P (γ 1 , γ 2 , ...γ r ), for each possible combination of the coefficients (γ 1 , γ 2 , ...γ r ). We checked the mixing properties of the MCMC by verifying that the posterior probabilities estimated for the coefficients γ r were identical across the three chains.

Index of badger relative abundance

For each class of SARs (mountainous and non-mountainous), the procedure of variable selection above allowed us to identify the variables affecting the badger relative abundance abj (we retained the predictors with a posterior probability p r > 0.5. We therefore fit a final model of µ j as a linear combination of these variables (γ r set to 1 for retained variables, and 0 for other variables). For each class of SARs, the best models of µ j allowed the estimation of the coefficient β r of each selected variable. Badger relative abundance a bj for each SARs was therefore estimated by a bj ∼ N (µ j , τ ), and re-scaled to represent relative abundance as an index, from 0 and 1.

Results

Data collection

Wildlife protection officers travelled a total of 82,374,899 kilometres throughout France from 2006 to 2009, leading to the detection of 26,515 animals from 6 Mustelidae species, including 9,439 badgers (35.6% of the detections). Among these detections, 74.2% were roadkill animals and 25.8% were living individuals. We assumed that there were no errors of identification by wildlife officers (a reasonable hypothesis for the badger).

Among Mustelidae species, the badger was the most frequently observed species during the SCSL program, with an average detection of 13.43 animals per SAR (SE = 23.36 [min = 0 -max = 225]), showing high variability between SARs (Figure 3.1).

Variable selection models

Non-mountainous SARs group

The relative abundance of badger in non-mountainous SARs (< 400 m) was influenced by four environmental variables among the 13, each one being characterised by a posterior probability of being in the true model equal to one (Table 3.2). The most important variables were related to food availability, such as percentage cover of fruits, pastures, and abundance of earthworms in the topsoil fraction of SARs (Table 3.2). We found a positive relation between these variables and the relative abundance of badger, showing the importance of resource availability in increasing badger abundance. Edge density had a strong negative influence on the relative abundance of badgers, suggesting that the forest cover should not be too fragmented to support high abundance at this scale.

Among the 2 13 possible combinations of variables, the best model predicting the relative abundance of the badger in low elevations included these four variables. This model was the most often visited by the three MCMC chains, with a posterior model probabilityP (γ 1 , γ 2 , ...γ r ) of 0.440 (Table 3.3). The second half of selected models included the effect of other variables characterised by low posterior probabilities, which were not considered here.

Mountainous SARs group

Two variables among the 13 relevant environmental variables had the largest influence on relative badger abundance for mountainous SARs (elevation > 400 m), with posterior
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probabilities calculated over all the MCMC iterations p r > 0.5 (Table 3.2). High badger abundance was mostly explained by a higher index of soil texture, which suggested a preference of the badger for fine soil texture. Continental climate also has a positive effect on abundance in mountainous regions. Unsurprisingly, low temperatures and heavy winter precipitation tend to limit badger abundance more in mountainous SARs than in non-mountainous SARs.

The best model predicting the relative abundance of badgers included soil texture and continental climate, and was selected by the three MCMC chains, with a posterior model probabilityP (γ 1 , γ 2 , ...γ r ) of 0.209 (Table 3.3). Less probable models included mostly the effects of environmental variables related to resource availability (i.e. Earthworm, Maize and Pasture), with lower posterior model probabilities (p r < 0.30); they were not considered here. 

Badger relative abundances in France

Bayesian variable selection allowed the identification of four variables affecting the relative abundance of the badger in low elevation SARs, and two for high elevation SARs. The final model of µ j was fitted as a linear combination of these variables (γ r set to 1), and considering the associated coefficient β r of each variable on badger relative abundance (estimates and 95% Credible Intervals in Table 3.2).

The estimated index of badger relative abundance a bj (re-scaled between 0 and 1) confirmed the presence of the species throughout France, with locally varying abundance between SARs (Figure 3.2). Badgers were less abundant in the highest mountainous SARs (i.e. the Pyrenees and Alps chains), and in south coastal areas (i.e. Mediterranean rim) which represent areas with low biomass productivity (Revilla, Delibes, Travaini, & Palomares, 1999). Relative abundance estimates a bj in other parts of low elevation metropolitan France were highly contrasted. Badgers were more abundant in areas of France with the wettest summers and a semi-continental climate (e.g. north-western and south-eastern parts of France), and in Brittany where the amount of available food resources is large (e.g. Earthworm) despite a high edge density. However, the badger appeared less abundant in the north-central area of France, where several neighbouring SARs had very low relative abundance (a bj < 0.3). No significant differences in relative abundance were observed between SARs groups (< 400 m: mean = 0.50, SE = 0.31; > 400 m: mean = 0.48, SE = 0.27). 

Discussion

In this study, we used direct detections of dead and living animals to investigate the environmental drivers of badger abundance over a large area, i.e. metropolitan France, between 2006 and 2009. Despite a continuous distribution of badgers over the country, there is a large variation in badger abundance between SARs, explained by environmental determinants. Our results demonstrated that badger relative abundance was in the same range in both non-mountainous (< 400 m) and mountainous (> 400 m) groups of SARs, but was driven by different environmental variables. Biotic factors (i.e. food resources) drove badger relative abundance at low elevations while abiotic factors (i.e. soil texture and climate) played this role at high elevations.

Determinants of variations in badger relative abundance

Non-mountainous SARs group (< 400 m)

Among the relevant environmental variables used in our model, those related to potential food resources seemed to be the most important variables supporting higher badger abundance in non-mountainous SARs. Badgers have a broad omnivorous diet, although earthworms are often described as the preferred food resource (Kruuk & Parish, 1982). The results confirmed that landscapes at low elevations with a high abundance of earthworms tended to host higher badger abundance, as well as SARs showing a high proportion of permanent pastures, which are often described as foraging areas for badgers [START_REF] Hammond | Irish soil and land-use classifications as predictors of numbers of badgers and badger setts[END_REF][START_REF] Reid | Monitoring and population estimation of the European badger Meles meles in Northern Ireland[END_REF]. Permanent pastures are moreover often presented as areas with a high biomass of earthworms [START_REF] Da Silva | Habitat, food availability and group territoriality in the European badger, Meles meles[END_REF]. Presence of badgers in lowland areas of France is also favoured by arable lands supporting high trophic resources such as orchards and vineyards, which is consistent with previous studies on badgers (Barea-Azcón et al., 2010;[START_REF] Rosalino | Resource dispersion and badger population density in Mediterranean woodlands: is food, water or geology the limiting factor?[END_REF]. By contrast, the presence of maize fields did not increase (or decrease) the abundance of badgers at the large spatial scale of France, although badgers can use this food resource in their diet [START_REF] Lanszki | Feeding habits of sympatric mustelids in an agricultural 3.6 References area of Hungary[END_REF][START_REF] Moore | Survey of badger Meles meles damage to agriculture in England and Wales[END_REF], especially during late summer when food resources are more scarce.

High badger abundance was also associated with less fragmented SARs. Highly fragmented landscapes (i.e. characterised by high edge density values) reduce the availability of suitable sett sites for badgers through loss of forest cover, and increase isolation (Virgós, 2001). Badgers may be vulnerable to habitat loss and population fragmentation, mainly because of low dispersal rate [START_REF] Da Silva | Habitat, food availability and group territoriality in the European badger, Meles meles[END_REF]. In the northern central part of France, high edge density seems to induce low relative abundance of badgers in these SARs (a bj < 0.3). However, in Brittany, despite high edge density values, SARs support high badger relative abundance (a bj > 0.6). The presence of arable lands and a high percentage of pastures with high-predicted earthworm abundance seems to compensate for habitat fragmentation. Results suggest that the highest abundance of badgers in lowlands occurs in favourable connected landscapes, with a variety of trophic resources, suitable for this opportunistic feeder.

Mountainous SARs group (> 400 m)

The fine soil texture and continental climate (characterised by moderate precipitation trends, concentrated mostly in the warmer months) appeared as the main environmental drivers to increase badger abundance in this SARs group. These two variables seem linked to a gradient of elevation, from favourable lowlands composed of finer soil texture (allowing digging for sett installation; Obidziński, Pabjanek & Mędrzycki, 2013) and continental climate, to mountainous areas composed of rocky soils and alpine climate (characterised by high precipitation trends, and lowest annual temperatures). According to this gradient, SARs above 1,000 m of mean altitude (n = 45), are indeed characterised by very low relative abundance of badgers (mean = 0.31, SE = 0.24), due to an unsuitable environment (i.e. long duration of snow cover and low winter temperatures). As explained before, the SAR elevation variable was not included in our Bayesian model due to the high correlation between environmental variables and elevation (e.g. terrain ruggedness and edge density). Although SARs have been separated into two distinct groups (i.e. < 400 m and > 400 m), the effect of elevation still seems important here, and confirmed that elevation was the main driver of badger abundance for highest elevation SARs.

While biotic factors (such as earthworm biomass or the presence of fruit crops) drove badger abundance in lowland areas, lower variation in -and lower levels of -food supply in mountainous areas may explain why these biotic factors do not influence badger abundance variation at high elevations. Conversely, climate and soil structure played a preponderant role in shaping badger abundance above 400 m altitude, probably by imposing constraints on sett locations.

SARs scale effect and model accuracy

Because the data were collected mostly along roads, the spatial distribution of detections is not independent of roads locations. However, we do not think that roads locations resulted in a strong bias here. Indeed, on a large scale, the roads are very dense and well distributed throughout France. Moreover, the role of wildlife protection officers is to enforce the law uniformly over their territory (whatever the density of roads), resulting in a sampling effort mostly dependent on the distance travelled by the officers (i.e. our measure of effort) and not on the spatial distribution of the roads. On a small scale, it is important to note that our sampling units (i.e. SARs) are characterised by a homogeneous landscape, tending to limit such bias within a unit. Moreover, even though the density of a species is probably different along the road and in the surrounding habitat, the detectability parameters in our model take this difference into account provided that it is constant over SARs (e.g. density along the roads always 50% smaller than in the surrounding habitat).

We assumed that environmental variables, averaged over each SAR, were distributed uniformly over these spatial units in our model. However, SARs' areas ranged from 11.2 km to 4,404.3 km (mean = 766.7 km ; SE = 722.2 km ) and might present within-SAR environmental variability, especially inside the mountainous SARs group (i.e. > 400 m) where the within-SAR variation of elevation is high (mean elevation variation = 1,293.6 m, SE = 771.4 m). In mountainous SARs group for example, this might induce differences in abundance within SARs, with higher abundance of badgers in the foothills, as these climatic and environmental areas offer the richest trophic resources, and the highest availability of suitable sett sites due to a finer soil texture [START_REF] Mysłajek | Ecology of the European badger (Meles meles) in the Western Carpathian mountains: a review[END_REF]. Although such local variation in abundance likely occurs within SARs, it should not drastically change the relative position of the SARs along the observed a bj continuum: the within-SAR abundance variation should be smaller than the between-SARs abundance variation.

With a low intrinsic population growth rate [START_REF] Anderson | Population dynamics of the badger (Meles meles) and the epidemiology of bovine tuberculosis (Mycobacterium bovis)[END_REF], badger abundance was expected to be constant during our study period (i.e. between 2006 and 2009). Environmental variables were also expected to be constant during the four-year period at the scale we considered in our study. Indeed, given that SARs are large spatial units (767 km on average), the forest and crop surfaces will likely remain constant over four years, even though it changes at much local scale. Similarly, soil features and global climatic variables remain constant within SARs on such a short time scale. However, some environmental variables may vary seasonally (e.g. earthworm, [START_REF] Cleary | Diet of the European badger (Meles meles) in the Republic of Ireland: a comparison of results from an analysis of stomach contents and rectal faeces[END_REF]. Resource availability or climate could vary across seasons and may not have a constant effect on badger abundance. For example, considering trophic resources, the presence of maize fields in a SAR induced a temporary availability of a potential food resource, corn being available for badgers only during late summer. These seasonal variations are constant across years in a given SAR, and will not affect estimated relative abundance over a four-year period. Pursuing this study over a much longer term could allow us to test how between years variation in food productivity and/or climatic conditions dynamically influences badger abundance. Unfortunately, to date, most of the environmental data are not available on a yearly basis.

Conclusion

Different environmental factors drove the badger abundance depending on the elevation. While biotic factors acted in lowlands parts of France, abiotic factors were associated with spatial variation of relative abundance in higher elevation areas. This calls for the use of spatial replications in habitat-resource-occurrence/abundance studies over heterogeneous landscapes. Mapping the relative abundance of wildlife species based on environment suitability can be used to develop conservation strategies for endangered populations [START_REF] Gibson | Spatial prediction of rufous bristlebird habitat in a coastal heathland: a GIS-based approach[END_REF], or to evaluate risks for a species to become overabundant, especially for species acting as wild reservoir hosts for infectious disease [START_REF] Bessell | Risk factors for bovine tuberculosis at the national level in Great Britain[END_REF]. The presence of high abundance of badgers in some parts of France (e.g. mean a bj = 0.72 in Dordogne) can for example help to identify areas of potential risk for zoonotic transmissions, such as bovine tuberculosis, which has recently been found in cattle and badgers in France [START_REF] Payne | Bovine tuberculosis in "Eurasian" badgers (Meles meles) in France[END_REF].

Beyond environmental drivers, interspecific competition can be a major process shaping wildlife communities [START_REF] Schoener | Field experiments on interspecific competition[END_REF]. However, interactions within mammal communities have only rarely been studied at large scale, and such an approach using relative abundance may allow us to study the coexistence of species. Interactions between mesocarnivores can influence competitive relationships [START_REF] Tammeleht | Effect of competition and landscape characteristics on mesocarnivore cohabitation in badger setts[END_REF], or abundance, as shown by the culling of European badgers for disease control in England, which was associated with increases in red fox Vulpes vulpes densities [START_REF] Trewby | Experimental evidence of competitive release in sympatric carnivores[END_REF]. Detections of all mustelid species monitored by the SCSL program could thus allow studying the relationships between the relative abundance of these species in France, and interactions within the mustelid community.

Appendix

Appendix Appendix 1

This supplementary material provides more information about the calculation of environmental variables used in the Bayesian variable selection model. The 703 spatial units (i.e. small agricultural regions: SARs) were characterised using 13 variables grouped in five categories describing: landscape, terrain features, potential food resources, climate and finally urbanisation level (Table 3.1 in the main paper).

Variables related to landscape (n = 2)

Two variables were related to the landscape in the SARs. We first defined the edge density to characterise each spatial unit for the opportunity of refuge for badgers (Edge; Figure 3.3), as the sum of the lengths of all edge segments (m) in SARs, divided by total vegetation area (m ). In addition, we estimated the mean distance in meters to the nearest vegetation patch from each point of a single grid spaced by 100 m placed throughout France (Dist.; Figure 3.3), traducing isolation of vegetation patches. These two variables were calculated from the GIS database BD TOPO Vegetation 2015 from the French National Geographic Institute (IGN; www.ign.fr).

Variables related to terrain features (n = 3)

We considered three variables characterising terrain features in the SARs. We first defined terrain ruggedness as the mean vector ruggedness measure (VRM ; Figure 3.4), which measures local variation in terrain more independently of slope than other metrics like the terrain ruggedness index TRI (Sappington, Longshore, & Thompson, 2007). This variable was calculated from the GIS database BD ALTI 25 m (IGN). We also derived a mean index of dominant surface textural class using clay, silt and sand topsoil maps (measured in 5 categories: from 0 = coarse to 5 = fine; Texture; Figure 3.4), and another mean index of soil depth class (measured in 4 categories: 1 = no obstacle to roots between 0 and 80 cm, 2 = obstacle to roots between 60 and 80 cm depth, 3 = obstacle to roots between 40 and 60 cm depth, and/or 4 = obstacle to roots between 0 and 40 cm depth; Depth; Figure 3.4). These last two variables were calculated from the French Geographical Soil Database BDGSF 1998 (www.gissol.fr).

Variables related to potential food resources (n = 4)

We considered four variables characterising the presence of potential food resources for badgers in SARs, by computing the percentage of maize crops surface area (Maize; Figure 3.5), orchards and vine crops surface area (Fruit; Figure 3.5) and permanent pastures surface area (defined as area in which grass or other herbaceous plants has been predominant for five years; Pasture; Figure 3.5) for each spatial unit. Pastures are attractive to badgers due to the high biomass of earthworms, often described as the principal component of their diet (Roper, 2010). These three variables were computed based on the land registration system (RPG 2009; www.geoportail.gouv.fr) geographical dataset.

A fourth variable of predicted median earthworm abundance (ind. / m ; Earthworm; Figure 3.5) was obtained from the study of Rutgers et al. (2016), which developed a European digital soil mapping of earthworm diversities and abundance from habitatresponse models.

Variables related to climate (n = 3)

In order to characterise the climate of each spatial unit, we used a set of global climate layers (gridded data) from the free database WorldClim 1.4 (Hijmans et al., 2005). In total, 24 GIS layers with a spatial resolution of about 1 km were used, describing monthly the mean current precipitation (rainfall in mm) and the mean current temperatures (°C) in France. We reduced the number of variables to 3 composites variables (Alpi., Coastal and Conti.) using a Principal Component Analysis with the ade4 package (Dray and Dufour, 2007) operating in R software (R Development Core Team, 2017). The sum of the eigenvalues for these first three axes of the PCA accounted for more than 92% of the total variability.

The first principal axis of this PCA opposed mainly the Alps (characterised by low mean temperatures and abundant rainfalls) and other areas, especially the Mediterranean rim, with high mean temperatures and lower rainfalls (Alpi.; Figure 3.6). The second principal axis opposed, among the non-mountainous areas, the rainiest areas (e.g. Brittany and south-western France) and drier areas (e.g. Central and north-eastern France) in winter (Coastal; Figure 3.6). Finally, the third ACP axis opposed mainly areas with a continental climate (with rainy and hot areas in summer), and areas with milder and drier summers (e.g. north-western France; Conti.; Figure 3.6).

In order to use this climatic information in our Bayesian modelling approach, we calculated a mean value per SARs for each of these three composite variables.
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Variable related to urbanisation level (n = 1)

A fifth and last group of variables concerned the urbanisation level in SARs. We computed the percentage of urbanised area for each spatial unit using the European landscape GIS database CORINE Land Cover 2015 (www.eea.europa.eu), by grouping classes 111; 112; 121; 123 and 124 (i.e., Continuous urban fabric; Discontinuous urban fabric; Industrial or commercial units and public facilities; Port areas; and Airports respectively). This variable expressed the human pressure in each spatial unit of the study (Urban.; Figure 3.7). Determinants of the spatial variation of density in a social and continuously distributed species:

the relative role of sett density and social group size in badgers Meles meles

Introduction

Estimating population size and density are at the core of both fundamental (e.g. population dynamic) and applied ecology (e.g. wildlife management programs). Indeed, density-dependant effects and responses to stochastic environments jointly affect population size and density, and ultimately population resilience [START_REF] Saether | Environmental stochasticity and population dynamics of large herbivores: a search for mechanisms[END_REF]). Reliable estimates of population size and density are often necessary either to preserve (e.g. endangered species), control (e.g. pests or disease) or understand the evolutionary ecology of wild populations. Moreover, for species distributed over large range, accurate estimates of global and local abundance in multiple populations are essential to implement appropriate measures when the species is of conservation concern (e.g. tigers Panthera tigris; [START_REF] Karanth | Assessing tiger population dynamics using photographic capture-recapture sampling[END_REF], is actively managed (e.g. European badgers Meles meles across Europe; Griffiths and Thomas 1993) or is a vector of disease for example (e.g. several bat species; [START_REF] Langwig | Sociality, density-dependence and microclimates determine the persistence of populations suffering from a novel fungal disease, white-nose syndrome[END_REF]). However, deriving accurate estimate of population size and density can be difficult, either because detecting individuals is difficult by itself (for example for cryptic or nocturnal species; [START_REF] Wilson | A review of methods used to estimate the abundance of terrestial carnivores using field signs and observation[END_REF], or because the species is present on such a large range that its population sizes and densities greatly vary in space [START_REF] Lawton | Range, population abundance and conservation[END_REF], especially for continuously distributed species.

Several methods might be used to estimate population density, depending on the scale of interest. A reliable method is live trapping combined with capture-mark-recapture analyses, however, such a method requires trapping individuals for a long period, depending on how readily individuals are captured [START_REF] Tuyttens | Differences in trappability of European badgers Meles meles in three populations in England[END_REF], and are thus unsuitable on a large number of sub-populations because of cost, manpower and time [START_REF] Sadlier | Methods of monitoring red foxes Vulpes vulpes and badgers Meles meles: are field signs the answer?[END_REF]. Direct observations of individuals through distance sampling methodology provide accurate measures of density but depends on the density and is thus rarely practicable for carnivores (but see [START_REF] Hounsome | An evaluation of distance sampling to estimate badger (Meles meles) abundance[END_REF], Parrott et al. 2011 on badgers). Indirect, i.e. non-invasive, observations constitute a reliable approach to estimate population density (through the detection of presence signs such as feces for example; on coyotes Canis latrans, [START_REF] Kohn | Estimating population size by genotyping faeces[END_REF]on badgers, Tuyttens et al. 2001) and are more and more used with the development of affordable genetic tools. Indirect methods can be influenced by sources of error associated with environmental factors (e.g. seasonality), and can reveal impractical at low population density (e.g. scarce field signs). However, this bias might be circumvented by directing the sampling to specific areas, such as reproductive sites. To optimally choose among these methods, or combined some of them, in order to depict the spatial variation in population density of a given species as well as its ecological correlates, it is crucial to take into account the species ecology (e.g. social system, activity patterns, foraging behaviour, etc; [START_REF] Wilson | A review of methods used to estimate the abundance of terrestial carnivores using field signs and observation[END_REF].

In social species, densities depend not only on territory sizes but also on group size. Indeed, even if social groups are large, the resulting density will nevertheless depend on the group territory size (e.g. Byrne et al. 2012;Robertson et al. 2015). Therefore, for species living in groups, one can estimate either group density [START_REF] Judge | Density and abundance of badger social groups in England and Wales in 2011-2013[END_REF], or individual density through the detection of all groups, and group size estimates (Schley et al. 2004). However, if the mere presence of individuals can be easily detectable through direct observations, estimating group size can be tedious as it may imply to visually differentiate individuals, which is not always possible [START_REF] Rowcliffe | Estimating animal desnsity using camera traps without the need for individual recognition[END_REF]. In that respect, development of genetic tools allow to confidently identify individuals. Therefore, combining direct methods to localize areas of interest (e.g. territory, sett or any clue indicating the presence of a group), and indirect methods to differentiate individuals, and therefore count individuals of a given group, offers a powerful approach to estimate population density in social species (e.g. Palphramand et al. 2007).

When species have a wide spatial distribution, local population densities are likely affected by local conditions. Therefore, to understand and predict variation in population size at the large scale, it is crucial to look for ecological factors (e.g. habitat quality) influencing sub-population sizes at the local scale. Even though the availability of food resources is often described as a key driver of local presence (Krebs 1994), habitat fragmentation also strongly affect local settlement/refuge, by reducing favourable habitat (e.g. Virgós 2001;Revilla and Palomares 2002). Considering social species, local environmental conditions may affect the group sizes and the number of territories, i.e. the number of social groups [START_REF] Delahay | Habitat correlates of group size, bodyweight and reproductive performance in a high-density Eurasian badger (Meles meles) population[END_REF]. Understanding population density variation of widespread social species thus require (i) estimating group sizes and number of groups at multiple sites and (ii) identifying which environmental factors affect the observed densities.

One example of social and widely distributed mammal is the European badger, which occupies a broad range of environments across Europe (Johnson et al. 2002). Badgers live in territorial and mixed-sex social groups, inhabiting one or several setts in their territories (Roper 2010). Badger density and population sizes have been estimated in several countries in Europe, using different methodological approaches, and with some difficulties due to their nocturnal and semi-fossorial life-style. Badgers may accommodate to contrasting environmental conditions, and their densities can vary both among and within regions as a consequence of variation in factors such as the availability of preferred habitat (Neal and Cheeseman 1996).

In the present study, we aimed at determining badger local densities in 13 contrasted areas of metropolitan France, using a combination of methodological approaches, similarly applied on all 50 km sites. Here, we first estimated the density of occupied and unoccupied sett clusters in each study site by distance sampling, through walked transects surveys in suitable habitats for badger settlement (i.e. forest, forest edge and hedgerow).

As the territory of a social group can encompass several setts, we grouped nearest setts together and considered clusters of setts instead of setts. Second, we determined the mean social group size of badgers per sett cluster, using two non-invasive methods, i.e. camera trapping and hair trapping for genetic identification. Although badgers are present throughout metropolitan France in varying abundances across regions (Calenge et al. 2015), we expected contrasting local densities as a result of large variation of forest cover and human pressure, leading to quantitative and qualitative habitat variation between study sites. Given the expected spatial variation of population densities over our study sites, we investigated whether this variation was mainly due to variation in social group size or in sett cluster density (i.e. number of social groups in a given area) or if both components of population density positively covaried. Besides the ecological factors of variation, we also assessed whether habitat characteristics drive the local population density as shown at the regional scale (Jacquier et al. 2020).

Material and Methods

Study sites

The study was conducted in 13 sites (1 in 2014; 6 in 2016; 5 in 2017 and 1 in 2018) spread throughout France (Figure 4.1). Badger abundance have been shown to be contrasted among small agricultural regions in France (Calenge et al. 2015;Jacquier et al. 2020), which suggested contrasting badger densities among our study sites. Study sites ranged from 46.55 to 59.31 km . Each site was composed of different proportions of suitable habitat (Suit.area) for badger settlement (i.e. forests, forest edges and hedgerows; Table 4.1, see maps of each site in Appendix 1). Two kinds of landscape dominated in the various study sites: forest in A, B, D and H study sites, with at least 70 % of forested areas and hedgerow in all other study sites, where forested cover was less than 30 % of the landscape (Table 4.1). Different other environmental variables, such as the proportion of urbanised areas, edge density and proportion of different crops (e.g. maize; Table 4.2) also contrasted the 13 study sites. 

Using distance sampling to estimate sett cluster density

Sett detection during walked transects

We used a systematic sampling method by positioning over each study site an array of equidistant theoretical points spaced by 1 km. Transects were placed at the closest vicinity of each theoretical point in suitable habitats for badger settlement (i.e. forests, forest edges and hedgerows) and proportionally to these habitats in each study site. While sett density was expected to be very low in open areas (Obidziński et al. 2013), we did not sample this kind of habitat.

We used detailed maps (IGN BD Topo) of the study sites on QGIS v 2.18 (QGIS Development Team 2016) to define 1 to 2 km long transects to walk and create tracks before going on the field, so that observers could easily follow the transects focussing on setts detection even in covered areas. The sampling scheme was performed so that a single person surveyed one study site, and walked between 48 and 53 transects per site (mean = 50.92 ± 1.50 SD) once between March and April (5 weeks), i.e. before vegetation peak, and observers carefully looked for badger setts. Realized tracks were recorded using a field GPS (Garmin GPSMAP 64s). As badger setts might have numerous entrances, and their surface size might highly vary (Roper 1992a), we recorded GPS coordinates of the sett centroid. Vegetation cover prevented precise measures of perpendicular distances between setts and transects, so we did not record distances in the field, but calculated them on QGIS from tracks and setts centroids.

Distinction between different sett types, and sett grouping into sett cluster

There are different type of setts in badger populations: those commonly described as main setts (large permanently occupied by all members of a social group, and used for breeding), and other setts punctually occupied by badgers (i.e. classify as annex, subsidiary and outlier setts; Thornton 1988). Classifying these punctually occupied setts on the field needs multiple visits and follow up, so we grouped them as 'secondary' setts (Do Linh San 2006;Roper 2010). However, it was crucial to assess activity on setts and classify them as main or secondary to reliably assess badger density. Therefore, in April, after the 5 weeks survey of setts detection, we visited all the georeferenced setts again during a 5-days field session to assess activity. In particular, we recorded the presence and number of several different types of activity signs at each sett (e.g. number of entrances or well-used badger paths, latrines, or 'playing area' with denuded vegetation by cubs and adults chasing each other). Based on these activity signs, we developed a standardized activity scoring system throughout all the study sites controlling for observer bias (Appendix 2). The estimated activity scores enable to distinguish between occupied main setts, occupied secondary setts, and unoccupied setts.

Beyond classifying the different types of setts, we also had to consider that the territory of a social group could encompass several setts of different types (Roper 1992b), forming a 'cluster' of setts. Any estimate of sett density has therefore to consider the cluster of sett as the focal unit rather than the sett to avoid double counting of badgers, and therefore reliably estimate the number of social groups. We thus grouped the nearest setts together and considered sett clusters rather than setts. Carter et al. (2018) assigned all outlier setts showing signs of badger activity to a social group if they fell within a 300 m radius of the main sett. In addition, we have shown in the same study sites that most gene flows occurs within 400 m through a spatial autocorrelation analysis, suggesting family structure arose at this scale (Jacquier et al. in revision). Based on these studies and on the distance distribution between the detected setts in all study sites (Appendix 3), we considered a between-sett centroid distance of 500 m. This distance seemed a reliable distance to group setts into clusters while excluding setts from neighbouring social groups (see maps of the 250 m-radius buffers around setts of each site in Appendix 1). As a result, clusters could be composed of one or several detected setts (Appendix 1). Hence, sett clusters with (i) at least one occupied main sett, (ii) only secondary setts with at least one occupied, or (iii) only unoccupied setts were respectively considered as Main Sett Cluster (MSC), Secondary Sett Cluster (SSC) and Unoccupied Sett Cluster (USC), and hereinafter used for calculations of sett clusters density and badger group sizes. We also determined per study site the proportion of main sett clusters (p M SC ), secondary sett clusters (p SSC ) and unoccupied sett clusters (p U SC ; Table 4.3).

Distance sampling analysis

We used the distance sampling methodology (Buckland et al. 2001(Buckland et al. , 1993) ) where the probability of detection is modelled from the frequency distribution of the perpendicular distances of detected clusters from the transect line. We used the distance from the first detected sett in the cluster, and all the perpendicular distances between retained sett centroids and transects were calculated using QGIS v 2.18 (QGIS Development Team 2016). Following Buckland et al. (1993) recommendations, we right-truncated the data, by removing 3.3% of the observations that were more than 55 m far from the transect. We tested five a priori robust models to fit the probability of detection: a uniform key function with either cosine or polynomial series expansion, a half-normal with either cosine or Hermine polynomial series expansion and a hazard rate key function with cosine series expansion. We assessed their goodness of fit visually and through chi-square tests. In modelling the detection function, we expected that several covariates could a priori affect the detection probability: (i) HAB, the habitat type along the transect (i.e. forest, forest edge or hedgerow), (ii) SIT, the habitat type of the whole study site (i.e. forested or hedgerow sites) and (iii) TER, the type of sett clusters (i.e. MSC, SSC or USC). We used the Multiple-Covariates Distance Sampling (MCDS; [START_REF] Marques | Improving estimates of bird density using multiple-covariate distance sampling[END_REF][START_REF] Thomas | Distance software: design and analysis of distance sampling surveys for estimating population size[END_REF]) and tested post-stratification in Conventional Distance Sampling (CDS) method. MCDS tested whether the slope of the detection function varied between levels of a covariate whereas CDS tested for completely different detection function (slope and origin). We retained the best function model ranked by Akaike Information Criteron (AIC).

When estimating density of sett clusters in suitable habitat by study site (D C.Distance ; Table 4.4), we used stratum-specific detection probabilities and Effective Strip Width (ESW) based on the best model retained and encounter rates calculated by study site. We derived confidence intervals from a non-parametric bootstrap method resampling within each study site to estimate bootstrap variances of the encounter rates (with n = 999). We then corrected for the proportion of suitable habitat in each study site to obtain the density of sett clusters (D C , Table 4.4). All analyses were conducted in Distance software 7.3 [START_REF] Thomas | Distance software: design and analysis of distance sampling surveys for estimating population size[END_REF]. A 'DISTANCE' project containing the data and analyses is available from the authors upon request. 

Determination of badger group size per sett cluster

In order to estimate social group size of badgers per cluster type (i.e. MSC and SSC as social group size equal to 0 for USC), we used two non-invasive methods i.e. camera trapping and hair traps for genetic identification. We randomly selected on average 18 occupied setts (± 4 SD [min = 9; max = 27]) per study site (with approximately half main setts and half secondary setts when possible). On these selected setts, we deployed between April and June camera traps for two weeks and hair traps for two other weeks, alternating the methods between setts to avoid biases. Due to small number of occupied setts detected, we had to include setts found outside the walked transects protocol and known from local people in 9 study sites (see Table 4.3 for the total number of setts used per site).

Camera trapping survey

We monitored setts using 1 to 5 infrared camera, depending of the sett type (mean = 2.41 ± 0.90 for main setts; and 1.47 ± 0.74 for secondary setts). We used different brands of camera traps (i.e. Bushnell, Cuddeback, Moutlrie, Reconyx or ScoutGuard), and programmed them to record 30s long video footages or pictures when no video mode was available, with the lowest interval possible between two successive recordings. Camera traps were tied to trees about 5m from active entrance, badger path, or any places with recent activity signs (e.g. 'playing area'), in order to detect all adults and young badgers present in the sett. Batteries depletion and proper functioning of the each camera trap were checked twice during the two weeks survey (after 2 and 8 days on the field).

The camera trap method allowed to distinguish adults and cubs based on the body size, and thus to estimate the mean number of adult per cluster type (ad M SC and ad SSC ; Table 4.6). ad M SC and ad SSC were calculated as the average of the maximum number of adults seen together on all pictures or videos for a given sett cluster. We similarly derived the mean number of individuals -both adults and youngs-living on a sett cluster. These social group sizes were minima as we did not have the absolute certainty that all individuals were camera trapped.

Hair trapping survey for genetic identification

We sampled badger hairs using hair traps, i.e. barbed wire (1.7 mm width, with barbs every 10 cm) suspended over visible badger paths or entrance holes, from approximatively 20 cm above ground level. We used between 1 and 15 hair traps per main sett (mean = 4.19 ± 2.08 SD) and between 1 and 8 per secondary sett (mean = 2.33 ± 1.18 SD). We collected hair samples every two to three days, using tweezers cleaned with 90°alcohol and mono-use latex glove to avoid cross-contamination. Hairs from different barbs of the same trap were considered as separate samples, and stored in labelled envelopes at room temperature. Among the 1 081 hair samples obtained, 823 were genotyped at 24 microsatellite markers and 1 sex marker (full protocol described in Jacquier et al. in revision). We used the GIMLET v1.3.3 software (Valière 2002) to identify consensus genotypes and individuals. We identified 284 badgers (145 males and 139 females; further details in Jacquier et al. in revision).

As genetic identification did not allow us to distinguish between adult and young individuals, we used genetic identification to provide a second estimate of the mean number of individuals leaving on a sett cluster. Again, this estimate was minimal, and we selected the maximum of both estimates, i.e. from camera traps and genetic identification, as the badger group size per cluster type (badger M SC and badger SSC ; Table 4.6). The study site G conducted in 2014 was a pilot study site, and the hair trapping survey could not be put in place, so the mean badger group size was estimated only from camera traps results on this site.

Results

Results

In the 13 study sites, 76.3 to 93.4 km were walked. Transect length ranged from 0.4 to 3.2 km (mean = 1.66 km ± 0.39 SD). A total of 533 setts were detected (mean = 40.85 ± 19.23 SD), among which 262 setts were surveyed to estimate mean badger group sizes. These 533 setts were grouped into 257 sett clusters using a 250 m buffer around setts (Table 4.3).

Sett cluster density

The detection function on the histogram of the observed perpendicular distance data exhibited a thin shoulder (Figure 4.2). However, among the various detection functions tested, the hazard rate function had the lowest AIC (Table 4.5) and well fit the pooled data (χ 2 = 0.85, df = 4, p-value = 0.93). The top-ranked model used the hazard rate detection function, with post-stratification using SIT (17.4 drop in AIC when compared to pooled data model). We observed a significant higher detectability and ESW in forested sites than in hedgerow sites (19.33 ± 4.37 standard deviation m and 10.69 ± 1.25 m, respectively) whereas HAB, TER and all MCDS did not improve the model (Table 4.5).

The coefficients of variation of our density estimates D C.Distance (derived by bootstrap; n = 999) ranged from 21.7 to 39.5 %, with most of the variability being due to the variability in encounter rates in hedgerow sites whereas it was linked to the variability in the probability detection in forest sites. D C ranged from 1.99 (site L) to 6.42 per km (site H; Table 4.4).

Badger social group size per cluster

On the 13 study sites, the mean trapping effort to determine social group size was 515.18 ± 77.38 SD camera trap-days and 881 ± 300.32 SD hair trap-days per site. Based on the camera trapping survey, the mean number of adults per cluster was 1.34 ± 0.41 SD (max = 2), 1.62 ± 0.40 SD (max = 4) respectively for SSC (ad SSC ) and MSC (ad M SC ; Table 4.6). The average social group size -adults and youngs-was 1.70 ± 0.81 (max 4) and 2.87 ± 1.07 (max 11) respectively for SSC (badger SSC ) and MSC (badger M SC ; Table 4.6). On 3 study sites (E, I, and L; Table 4.6), nor camera trapping nor hair trapping allowed to capture individuals on secondary sett clusters, so we used the average over all study sites to estimate densities for these sites.

Badger population densities in France

The density of adult badgers (Density ad ) ranged from 1.69 (site J) to 7.85 per km (site 4.2). The sum of the eigenvalues for the first three axes of the PCA accounted for more than 75% of the total variability.

Results

Discussion

In this study, we determined badger density and group size variation over 13 contrasted study sites across France, and identified the main environmental and ecological drivers of these density variation. Densities in adult badgers (Density ad ) ranged from 1.69 to 7.85 per km (average of 3.94), and Density badger -adults and youngs-ranged from 2.42 to 15.49 per km (average of 6.51) across study sites. Mean group sizes, ranging from 1.34 to 2.87 depending on the sett cluster type considered, were relatively small compared to some other studies performed in the UK but matched estimates found in other European countries (see below). Finally, adult density was positively correlated with the density of sett clusters (r = 0.71), and tended to be positively associated with the proportion of suitable habitat (combining forest, forest edge and hedgerow; r = 0.68) and negatively affected by habitat fragmentation (r = -0.70).

Badger density in European countries

Comparing badger densities across studies is inherently difficult as the method used differ (distance sampling, radio-tracking, visual census, capture-recapture, group size estimation; see Lara-Romero et al. 2012 for a detailed description of badger densities estimated with different methods across Europe). Besides, the estimated parameter also differ among studies (e.g. adult density, badger density without discrimination between adults and cubs, sett density, occupied sett density, etc.). In Great Britain, populations can reach densities greater than 20 adults per km (Neal and Cheeseman 1996;[START_REF] Kowalczyk | Badger density and distribution of setts in Bialowieza primeval forest (Poland and Belarus) compared to other Eurasian populations[END_REF], but are on average around 9.38 individuals per km (ranging from 0.86 to 30.7; reviewed in [START_REF] Kowalczyk | Badger density and distribution of setts in Bialowieza primeval forest (Poland and Belarus) compared to other Eurasian populations[END_REF]; see also reviews [START_REF] Parrott | Estimates of regional population densities of badger Meles meles, fox Vulpes vulpes and hare Lepus europaeus using walked distance sampling[END_REF]Byrne et al. 2012;[START_REF] Lara-Romero | Sett density as an estimator of population density in the European badger Meles meles[END_REF]. Elsewhere in Europe, estimated densities are lower, with an average of 0.63 individuals/km (from 0.16 to 1.52 individuals/km , with some countries with densities lower than 0.01 individuals/km ; [START_REF] Kowalczyk | Badger density and distribution of setts in Bialowieza primeval forest (Poland and Belarus) compared to other Eurasian populations[END_REF]. In Central Europe, densities of less than 5 individuals per km are more common (Palphramand et al. 2007;Frantz et al. 2010). In other regions, such as Mediterranean and boreal environments, badgers live in pairs or small groups at densities of less than 0.7 adults per km [START_REF] Kowalczyk | Badger density and distribution of setts in Bialowieza primeval forest (Poland and Belarus) compared to other Eurasian populations[END_REF][START_REF] Rosalino | Spatial structure and land-cover use in a low-density Mediterranean population of Eurasian badgers[END_REF]). Overall, our estimates were thus relatively lower than those found in the UK and concordant with global estimates from central Europe (4-5 badgers/km , with great local variation).

A novel methodological approach to estimate density

One originality of our study lies in the combined use of multiple methodological approaches, namely distance sampling, camera trapping, and genetic sampling, allowing for the estimation of sett cluster density, the distinction between main and secondary sett clusters, the detection of adults and cubs, and the joint estimation of group size with detection from camera traps and genetic samples. The multiplicity of our approach however imply an important manpower-investment in the field and a financial investment in genetic analyses. Different methodological approaches have been used in previous study to estimate badger densities, all of which present pros and cons (see the introduction section). Density and distribution can be estimated based on the number of main setts detected (Schley et al. 2004;Newton-Cross et al. 2007), but it is unfortunately difficult to identify main setts at low density. Intensive capture-recapture or radio tracking programs [START_REF] Kowalczyk | Badger density and distribution of setts in Bialowieza primeval forest (Poland and Belarus) compared to other Eurasian populations[END_REF]Palphramand et al. 2007) allows density estimate over large spatial scales, but these methods are highly time-and resource-consuming and would consequently be difficult to implement on multiple sites. Indirect methods (through genetic analyses based on feces or hair collection hairs, e.g. [START_REF] Frantz | Estimating population size by genotyping remotely plucked hair: The Eurasian badger[END_REF]) and methods based on quantifying field activity signs have also been employed, but these can be strongly influenced by sources of error associated with environmental factors (reviewed in [START_REF] Wilson | A review of methods used to estimate the abundance of terrestial carnivores using field signs and observation[END_REF]. Finally, nocturnal direct distance sampling using spotlighting (walking or driving) along line-transects is also possible but extremely time-consuming and requires to travel long distances to detect badgers in low-density areas (but see examples in the UK, [START_REF] Hounsome | An evaluation of distance sampling to estimate badger (Meles meles) abundance[END_REF][START_REF] Parrott | Estimates of regional population densities of badger Meles meles, fox Vulpes vulpes and hare Lepus europaeus using walked distance sampling[END_REF]. Even though this method can be applied at a large scale and at multiple sites (7 regions of 20 km in the UK, with up to 250 km walked per region, [START_REF] Parrott | Estimates of regional population densities of badger Meles meles, fox Vulpes vulpes and hare Lepus europaeus using walked distance sampling[END_REF], it is difficult to implement in close habitats where visibility is reduced [START_REF] Hounsome | An evaluation of distance sampling to estimate badger (Meles meles) abundance[END_REF] used it in open habitat only). Finally, badgers are very close to the ground and might then be more difficult to detect with spotlighting.

Estimation biais and limits of our study

One originality of our study lies in the combined use of multiple methodological approaches, namely distance sampling, camera trapping, and genetic sampling, allowing for the estimation of sett cluster density, the distinction between main and secondary sett clusters, the detection of adults and cubs, and the joint estimation of group size with detection from camera traps and genetic samples. The multiplicity of our approach however imply an important manpower-investment in the field and a financial investment in genetic analyses. Different methodological approaches have been used in previous study to estimate badger densities, all of which present pros and cons (see the introduction section). Density and distribution can be estimated based on the number of main setts detected (Schley et al. 2004;Newton-Cross et al. 2007), but it is unfortunately difficult to identify main setts at low density. Intensive capture-recapture or radio tracking programs [START_REF] Kowalczyk | Badger density and distribution of setts in Bialowieza primeval forest (Poland and Belarus) compared to other Eurasian populations[END_REF]Palphramand et al. 2007) allows density estimate over large spatial scales, but these methods are highly time-and resource-consuming and would consequently be difficult to implement on multiple sites. Indirect methods (through genetic analyses based on feces or hair collection hairs, e.g. [START_REF] Frantz | Estimating population size by genotyping remotely plucked hair: The Eurasian badger[END_REF]) and methods based on quantifying field activity signs have also been employed, but these can be strongly influenced by sources of error associated with environmental factors (reviewed in [START_REF] Wilson | A review of methods used to estimate the abundance of terrestial carnivores using field signs and observation[END_REF]. Finally, nocturnal direct distance sampling using spotlighting (walking or driving) along line-transects is also possible but extremely time-consuming and requires to travel long distances to detect badgers in low-density areas (but see examples in the UK, [START_REF] Hounsome | An evaluation of distance sampling to estimate badger (Meles meles) abundance[END_REF][START_REF] Parrott | Estimates of regional population densities of badger Meles meles, fox Vulpes vulpes and hare Lepus europaeus using walked distance sampling[END_REF]. Even though this method can be applied at a large scale and at multiple sites (7 regions of 20 km in the UK, with up to 250km walked per region, [START_REF] Parrott | Estimates of regional population densities of badger Meles meles, fox Vulpes vulpes and hare Lepus europaeus using walked distance sampling[END_REF], it is difficult to implement in close habitats where visibility is reduced [START_REF] Hounsome | An evaluation of distance sampling to estimate badger (Meles meles) abundance[END_REF] used it in open habitat only). Finally, badgers are very close to the ground and might then be more difficult to detect with spotlighting.

Estimation biases / limits of our study Our methodological approach may present some upward and downward bias that should be acknowledged and accounted when comparing our results with others.

First, the distance-sampling method may have overestimated cluster density. Indeed, most sett detections occurred close to the transect (<10 meters), the detection probability dropping by 2/3 after 10 meters in hedgerow sites and by 1/2 in forest sites (Figure 4.2). The resulting ESW was thus short (narrow shoulder of the detection function), and, as the estimated abundance is inversely proportionate to the ESW [START_REF] Buckland | Advanced distance sampling: estimating abundance of biological populations[END_REF]); this resulted in greater abundance estimates. A narrow ESW can occur when the sampling effort is concentrated along the line, or when heterogeneity in detection probability is not taken into account [START_REF] Buckland | Advanced distance sampling: estimating abundance of biological populations[END_REF]). Here, sett encounter rate was highly variable within study sites, indicating a great heterogeneity between transects. Besides, the fact that we detected setts and not animals, i.e. immobile objects, may have resulted in greater detectability closer to the transect line, as movements did not trigger the observer's attention. Setts might be particularly difficult to detect at great distance depending on the terrain features and slopes. As a consequence of the short ESW here, confidence interval around abundance estimates from distance sampling were rather large, but this problem was partly circumvented by using hazard models [START_REF] Buckland | Advanced distance sampling: estimating abundance of biological populations[END_REF]. Interestingly here, the ESW was larger in forest than in hedgerow sites, indicating a greater visibility in forest areas where the understorey vegetation cover is usually scarce.

Another source of bias in our distance sampling methodological approach may come from our hypothesis that there was no sett in open areas, which may have slightly underestimated cluster density. However, sett density is expected to be very small in open areas compared to favourable habitats (Feore and Montgomery 1999;Obidziński et al. 2013). Therefore, even if there were few setts in open areas, our bias is likely to be minimal (only few setts omitted) regarding the total surface area of study sites (i.e. mean = 51.98 km ± 4.01 SD).

Second, the choice of buffer width to group setts into sett clusters necessarily affect the number of social groups: the risk of defining too large buffer is to group several social groups together and attribute it the average social group size in the site; conversely, the risk of defining too small buffer is to consider close-by setts as occupied by different social groups, which is unlikely. Here, we showed that mean social group sizes did not vary between sites and thus did not affect density variation, while the sett cluster density was on the contrary the main driver of badger density variation. In other words, greater number of sett clusters (resulting from smaller buffers) induced greater abundance estimates. Using alternative buffer sizes confirmed this overall trend but reassuringly led to very similar results: density in adults/km were only 2% higher with 200m buffers and only 4% lower for 300m buffers compared to 250m buffers over the 13 study sites. These changes are thus very small, and much lower than the standard deviation of density estimates (SD= 1.73 for a mean of 3.94 adults/km over the 13 study sites). Estimates based on these various buffer sizes thus fall within the confidence interval of the density estimates from the 250m buffers. Consequently, we can be confident that our choice of buffer size did not strongly affect our abundance estimates.

Third, how we determine that sett occupancy may have affected our abundance estimate. Indeed, we may have overestimated the number of occupied setts as badgers regularly move between setts (especially secondary ones). Even though we estimated sett occupancy over a short time period (1 week) to minimize this risk, some occupation cues (e.g. feces, traces of digging activities) persist over a longer time-period. Nevertheless, such an overestimation should occur similarly across all 13 study sites, enabling a reliable comparison between them. Besides, our estimated proportion of main (17.3%) versus secondary + unoccupied setts (82.7%) are coherent with estimates in other populations (e.g. 22.2% and 77.8% for main and secondary + unoccupied setts respectively across 6 studies in Ireland, reviewed in Byrne et al. 2012).

Finally, group size are necessarily underestimated using camera traps as it is highly unlikely that all individuals are simultaneously seen, especially at main setts. Here, we partially circumvented this risk by combining the use of genetic sampling, to distinguish individuals, and camera trapping to distinguish adults from cubs. In summary, it is possible that our densities are either overestimated (with the short ESW and the setts classifications) or underestimated (no setts in open areas and the difficulty to distinguish all individuals with camera traps), but we believe that such bias, which are inherent to sampling protocols, should be minimal here.

Environmental factors influencing badger density

In this study, suitable and non-fragmented habitats seemed to hold greater badger densities: highest densities were found in sites dominated by forest habitats (study sites A, B, D, and H). This is concordant with a previous study showing that overall habitat suitability and the availability of cover are important determinant of badger group size between 3 study sites in the UK (Feore and Montgomery 1999). This former study also showed that setts are mostly located near interfaces between pastures and other habitats, suggesting the importance of nearby resource availability in sett location preferences (Feore and Montgomery 1999). The importance of resource availability for badger's settlement was already clear from an earlier study showing that favourable habitats with large earthworm biomass supported high badger densities (Kruuk and Parish 1982). We did not find such pattern here however: earthworm abundance and the percentage of pastures in the study sites did not affect at all badger density. However, we cannot rule out the importance of these parameters on increased local badger group size variation.

The European badger is a host of bovine tuberculosis (bTB) in Europe (especially in the UK and Ireland, Corner et al. 2011) and some badgers have recently been positively tested in some regions in France (Payne et al. 2012). By providing estimates of badger densities at multiple distant sites across France, the results of our study will be of particular importance for management decisions in the context of bTB. For example, future management strategies regarding bTB (e.g. deployment of vaccine baits) may focus on all setts within a cluster rather than unique setts, to maximise the chance to reach the entire social group. 
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Introduction

Studying the genetic structure of wild populations helps us understand gene flow among and within populations. Gene flow is a cornerstone of molecular ecology as it may strongly affect population viability and dynamics in the long term [START_REF] Holsinger | Demography and extinction in small populations[END_REF]. In this context, accurate identification of genetic structure, and how it relates to environmental aspects such as space and landscape, and to the socio-spatial structure of populations, is a major topic in both evolutionary and conservation biology. Studying the genetic structure of populations may inform on the individual movement and contact within and among populations, i.e., the functional connectivity. Understanding gene flow thus leads to a better understanding of population viability through movements of individuals and genes within and among spatial entities. It is particularly relevant for species with a very wide distribution area and potentially complex metapopulation and/or social structures.

Various processes acting at both large and fine spatial scales can drive the genetic structure of the population. For instance, historical processes, such as restriction to refugia and ensuing expansion, may impact the genetic structure of species at the large spatial scale over its entire geographic range (e.g., during the last glacial maximum; Sommer and Benecke 2004) by leaving detectable genetic structures in modern populations [START_REF] Carmichael | Historical and ecological determinants of genetic structure in arctic canids[END_REF]. But these historical processes can be confounded with effects of more recent disturbance on contemporary genetic mixing [START_REF] Stow | The impact of habitat fragmentation on dispersal of Cunningham's skink (Egernia cunninghami): Evidence from allelic and genotypic analyses of microsatellites[END_REF]. Namely, habitat fragmentation limits gene flow through reduced dispersal and increases the degree of genetic structure, whether caused by the natural landscape (e.g., rivers and large water barriers, European mink Mustela lutreola, [START_REF] Cabria | Patterns of genetic variation in the endangered European mink (Mustela lutreola L., 1761 )[END_REF]; American badger Taxidea taxus; Kierepka and Latch 2016), or by anthropogenic structures (e.g., roads and urban areas) such as that found on California mountain lions Puma concolor [START_REF] Ernest | Fractured genetic connectivity threatens a southern California puma (Puma concolor) population[END_REF]. Understanding how landscape features facilitate or restrain gene flow at various scales is a high priority, especially given the increasing prevalence of habitat loss and fragmentation.

The population history and landscape can act concomitantly with the ecology and behavior of a species to affect the genetic diversity and structure at various spatial scales. In particular, both migration, natal dispersal (the dispersal of young from their birth site to the first breeding site) and breeding dispersal (the dispersal of reproductive individuals from one breeding place to another) affect gene flow among populations, while the sociality of the species plays a greater role within populations [START_REF] Storz | Genetic consequences of mammalian social structure[END_REF]. Mammalian populations are often genetically subdivided and influenced by complex interactions between social organization and dispersal tendencies (Chepko-Sade and Halpin 1987). Indeed, sociality may decrease the propensity to disperse among sub-populations, and create close kinship associations at fine spatial scale. This can lead to a reduction of genetic mixing [START_REF] Pertoldi | Present and past microsatellite variation and assessment of genetic structure in Eurasian badger (Meles meles) in Denmark[END_REF]) and increase the genetic differentiation among social groups such as that found in lemurs Microcebus murinus (Fredsted et al. 2005).

In the present study, we aimed to provide a better understanding of gene flow within and among European badger (Meles meles) populations at 11 study sites in France. This medium-sized carnivore occupies a large range of habitats throughout temperate Eurasia, and is widespread in Europe with a continuous distribution in varying abundances across all metropolitan France (Calenge et al. 2015). The badger is a nocturnal mustelid species living in highly stable social groups occupying one or several dens, the so-called "setts" in badger ecology (Kruuk 1978); however, individuals can exhibit heterogeneity in their social and spatial behaviors. Within social groups, individuals interact with each other, but interaction patterns vary with season or sett importance, as [START_REF] Böhm | Dynamic interactions among badgers: implications for sociality and disease transmission[END_REF] found that interactions occurred most frequently in winter and in reproductive setts. Even though adult badgers remain within their own social group territories, some individuals, called the "superangers", regularly ranged beyond, throughout several social groups [START_REF] Gaughran | Super-ranging. A new ranging strategy in European badgers[END_REF].

Several studies indicated high population genetic structure at large or fine scales [START_REF] Van De Zande | Genetic structure within and among regional populations of the Eurasian badger (Meles meles) from Denmark and the Netherlands[END_REF][START_REF] Guerrero | The population and landscape genetics of the European badger (Meles meles) in Ireland. Ecology and Evolution[END_REF][START_REF] Pope | Isolation by distance and gene flow in the Eurasian badger (Meles meles) at both a local and broad scale[END_REF]), but often within high density populations (Frantz et al. 2010a). However, depending on the population density, social groups could vary in size and degree of isolation thus affecting population genetic structure. For example, in low density populations in which social groups are smaller and more spatially isolated (Revilla et al. 1999), we expect to find different patterns in genetic structure compared to larger, connected populations. In countries with a high degree of environmental heterogeneity like France, badger relative densities are spatially variables from one region to another (Calenge et al. 2015), which necessitates a better understanding of large and fine-scale population genetic structure in such heterogeneous landscapes. By sampling badgers at 11 distant study sites across France and by analysing 24 microsatellite loci, we studied badger genetic structure at both large and fine scales. This allowed us to determine whether or not badger populations were geographically isolated or continuously connected throughout France. At the large spatial scale, we expected to observe significant genetic differentiation among populations, similar to results of other studies of European badger populations which exhibited clear isolation by distance patterns [START_REF] Pope | Isolation by distance and gene flow in the Eurasian badger (Meles meles) at both a local and broad scale[END_REF]Guerrero et al. 2008). Studying the genetic structure of groups can inform on movements and interactions among badgers (Frantz et al. 2010b). As badgers live in highly philopatric social groups [START_REF] Pope | Isolation by distance and gene flow in the Eurasian badger (Meles meles) at both a local and broad scale[END_REF], we expected to detect a high degree of genetic structure, with higher gene flow within closed social groups. Additionally, our goal was to genetically determine the distance threshold above which gene flow occurs among social groups through spatial autocorrelation and genetic similarity analyses. This would help us to define the scale at which socio-spatial structures arise. using mostly the specific black and white colour of badger hairs, and the presence/absence of a bulb under a binocular microscope at 40x magnification prior to DNA extraction. Among the 999 hair samples obtained, 741 were genotyped (see Figure 5.1 for the sample sizes per site) and 258 were discarded due to them being non-target to other species (n = 13), lacking a bulb (n = 175), or another reason (e.g., damaged bulb, vegetal or textile fiber, n = 70).

Microsatellite markers and genotyping

DNA extraction was conducted according to a sterile process in a designated extraction room free of DNA. For each sample, disposable sterile tools were used and bench was cleaned with bleach to avoid cross-contamination. For each hair sample, 1 to 5 hair bulbs were transferred to a sterile labelled microtube to proceed to DNA extraction. Sample tubes were surrounded by positive and negative extraction controls and lysed overnight at 56°C according to manufacturer's instructions (Nucleospin 96 Tissue Kit, Macherey-Nagel). DNA was isolated and purified using purification columns and vacuum filtration (Nucleospin 96 Tissue Kit, Macherey-Nagel). DNA was eluted with 100 µL of elution buffer to obtain final concentrations between 20-100 ng/µl. Extracts were stored in labelled 96-tube strips plates in a -20°C freezer.

For each DNA sample, 24 microsatellite markers (detailed in Appendix 2) and 1 marker for sex identification (SRY) were amplified by two multiplex PCRs (polymerase chain reaction) and analyzed in two runs (one for each multiplex) with an automated sequencer. The sex identification marker (SRY) was amplified in each multiplex. PCR reactions were prepared step-by-step according to a unidirectional workflow starting in a clean room with positive air pressure to prepare sensitive reagents (enzymes and DNA primers) and continuing in a pre-PCR room for combining DNA and reagents using filtered tips. Three negative and positive controls were included per PCR reaction. PCR amplifications were then performed in a dedicated post-PCR area in 96-well microplates at 10 µl final volumes containing 5 µl of mastermix Taq Polymerase (Multiplex PCR Kit, Qiagen), and either 0.96 µL of a first pool of 12 pairs of primers or 1.12 µl of a second pool of 14 pairs of primers at a concentration of 0.02 µM each, and a mean of 30 ng of genomic DNA. Each pair of primers was coupled with a fluorescent dye (Appendix 2). Our PCR thermal protocol consisted of 95°C for 15 min, followed by 7 touchdown cycles of 94°C for 30 s, 61°C to 55°C for 90 s (decreasing 1°C per cycle), and 72°C for 60 s, then followed by 35 cycles of 94°C for 30 s, 55°C for 90 s, and 72°C for 60 s, ending with an extension of 60°C for 30 min. PCR products were resolved on an ABI PRISM 3130 XL capillary sequencer (ThermoFisher Scientific, Waltham, Massachusetts) under denaturing conditions (HiHi Formamide, ThermoFisher Scientific) with an internal size marker prepared once and dispatched equally in all sample wells of each multiplex run. The electropherograms were analyzed using GENEMAPPER 4.1 (ThermoFisher Scientific) and analyzed independently by two analysts to determine the allele sizes for each marker of each individual. When the genotypes determined by each analyst did not agree, the electropherograms were read again, reading errors were resolved, and in case of persistent disagreement, ambiguous results were considered as missing data. Genotyping was performed by the Antagene laboratory (La Tour-de-Salvagny, France).

Individual identification

In order to identify consensus genotypes from collected hair badger samples, genotypes with at least 8 successfully genotyped markers (i.e., one third of the total number of loci) were regrouped using GIMLET v1.3.3 software (Valière 2002). In the analysis, we grouped all samples from all study sites and we considered that unamplified alleles could correspond to any other allele present in genotypes. To be conservative and to account for genotyping errors, genotypes were considered to be from 'one individual' if they differed by no more than 2 alleles over all available loci, and that genotypes that differed by three or more alleles were unique belonging thus to a unique individual. When two or more samples were assigned to the same individual, we derived a consensus genotype. From the obtained consensus genotypes, we estimated the probability of identity of siblings P I sib [START_REF] Waits | Estimating the probability of identity among genotypesin natural populations: cautions and guidelines[END_REF]) using the GIMLET software (Valière 2002), to determine how confident we could be in distinguishing individuals with the set of markers.

Genetic diversity

Departures from Hardy-Weinberg Equilibrium (HWE) for each locus were tested with a Monte Carlo test (Dememorization: 10,000; batches: 200; iterations per batch: 10,000) using the adegenet package [START_REF] Jombart | Adegenet: A R package for the multivariate analysis of genetic markers[END_REF] in R software (R Development Core Team, 2017). Linkage disequilibrium was assessed for all pairs of loci in FSTAT [START_REF] Goudet | FSTAT (version 1.2): A computer program to calculate F-Statistics[END_REF] using exact G-tests, and p-values were adjusted using the Bonferroni procedure for multiple comparisons (Bonferroni 1936). Finally, genotyping errors were also checked using MICRO-CHECKER v2.2.3 (Van Oosterhout et al. 2004) to detect null alleles.

For each study site, the number of alleles per locus (N a ), allelic richness corrected for sample size (A r ; El Mousadik and Petit 1996), and expected heterozygosity (H e ) were calculated using FSTAT v2.9.3.3 [START_REF] Goudet | FSTAT (version 1.2): A computer program to calculate F-Statistics[END_REF]. The observed heterozygosity H o ) was calculated using the hierfstat package [START_REF] Goudet | Estimation and tests of hierarchical F-statistics[END_REF] operating in R software (R Development Core Team, 2017). The fixation index (F is ) per population was calculated using GENETIX v 4.05 [START_REF] Belkhir | GENETIX 4.05, logiciel sous Windows TM pour la génétique des populations[END_REF], and significance levels were assessed by allele randomizations among individuals within populations.

Genetic structure among populations

We computed pairwise F st values (theta estimator, [START_REF] Weir | Estimating F-Statistics for the Analysis of Population Structure[END_REF] to measure genetic differentiation among populations using FSTAT. As the Allendorf-Phelps effect is thought to artificially inflate F st values when sample sizes among populations are unequal [START_REF] Waples | Separating the wheat from the chaff: Patterns of genetic differentiation in high gene flow species[END_REF], we took this effect into account by subtracting 1/(2S) from the F st estimations where S is the mean number of sampled individuals within each pair of populations. Significance levels of pairwise genetic distances were determined using a randomization test based on 30,000 permutations, and p-values were adjusted using the Bonferroni procedure for multiple comparisons (Bonferroni 1936).

The relationship between genetic and geographic distances (i.e., distances between site centroids) among populations was tested with an isolation by distance model (IBD), a Mantel test (100,000 permutations) for matrix correlation between genetic distances (F st /(1 -F st )), and logarithmic Euclidian distances between all population pairs (Rousset 1997) using the ade4 library (Dray and Dufour 2007) operating in R software (R Development Core Team 2017).

The spatial genetic structure among sites was also investigated with a spatial Principal Component Analysis (sPCA; adegenet package in R software ;[START_REF] Jombart | Adegenet: A R package for the multivariate analysis of genetic markers[END_REF]. This multivariate method enables detection of spatial genetic structure (i.e., patches rather than gradual change in genetic variability) by integrating Moran's index (I), the spatial autocorrelation of allelic frequencies between individuals/populations [START_REF] Moran | The Interpretation of Statistical Maps[END_REF]. We used the inverse of the Euclidian pairwise distances among site centroids as the connection network, and performed a Monte-Carlo test (9,999 permutations) to assess the presence of significant global spatial structures in the sPCA (spca_randtest; adegenet package in R software; R Development Core Team 2017, [START_REF] Montano | An Eigenvalue test for spatial principal component analysis[END_REF].

In order to identify the most probable number of genetic clusters (K) among populations, we used a Discriminant Analysis of Principal Component (DAPC; [START_REF] Jombart | Discriminant analysis of principal components: a new method for the analysis of genetically structured populations[END_REF] to assign individuals to clusters without a priori geographical information, using the adegenet package [START_REF] Jombart | Adegenet: A R package for the multivariate analysis of genetic markers[END_REF]) in R software (R Development Core Team 2017). The DAPC allowed us to perform a Principal Component Analysis (PCA) on genotypes followed by a discriminant analysis on the non-correlated variables obtained, to assign each individual. The value of K was determined by running a K-means algorithm with increasing values of K (100,000,000 iterations, K between 1 and 25). We used the minimum Bayesian Information Criterion value to assess the optimal number of clusters (K), and a cross-validation procedure (10,000 permutations) to retain the optimal number of principal components (PCs) in the DAPC. We then used the DAPC to assign individuals into the K clusters and assessed membership probabilities of each individual into each K.

Genetic structure within populations

When the same individual was sampled in different setts, we considered that its main sett was the one where it was more often sampled (n = 15 badgers). In case of equality, we could not determine which was the main sett and thus withdrew these individuals from further analyses (n = 12 badgers). For computational reasons (i.e., null inter-individual distances), we artificially spaced individuals from the same sett by 1 m.

Spatial structuring was assessed within study sites using an IBD model. For each population/study site, individual pairwise genetic distances âr [START_REF] Rousset | Genetic differentiation between individuals[END_REF] between individuals were computed using SPAGeDI 1.5 [START_REF] Hardy | SPAGeDI: a versatile computer program to analyse spatial genetic structure at the individual or population levels[END_REF]. Then the correlation âr and pairwise individual logarithmic Euclidian distances within each population was tested using a Mantel test (100,000 permutations).

A spatial autocorrelation analysis was also carried out using GenALEx 6.5 [START_REF] Peakall | GenALEx 6.5: Genetic analysis in Excel. Population genetic software for teaching and research-an update[END_REF] to highlight possible genetic structures at different localized spatial scales. The autocorrelation coefficient r [START_REF] Sokal | Local spatial autocorrelation in biological variables[END_REF]) enabled measurement of the genetic similarity between pairs of individuals within a set of specified distance classes (i.e., every 200 m from 0 to 1600 m). The significance for positive spatial structure was performed using 999 permutations, and 1,000 bootstraps were used to estimate the 95% interval around the coefficient r.

Finally, we investigated spatial genetic structure among individuals by performing a sPCA in each site (adegenet package in R software; R Development Core Team 2017, [START_REF] Jombart | Adegenet: A R package for the multivariate analysis of genetic markers[END_REF]) with the inverse of the Euclidian pairwise distances between individuals as a connection network using a Monte-Carlo test with 9,999 permutations (spca_randtest; [START_REF] Montano | An Eigenvalue test for spatial principal component analysis[END_REF]. 

Results

A

Genetic diversity across populations

Comparisons between the observed genotypes and the distribution of randomized genotypes generated with MICRO-CHECKER revealed the presence of null alleles in 5 populations (A, B, D, I, L) for 1 to 9 loci (null allele frequencies at these loci ranged from 0.085 to 0.327; Appendix 4). Accounting for these null alleles by removing loci or using the Excluding Null Alleles (ENA) correction described in [START_REF] Chapuis | Microsatellite null alleles and estimation of population differentiation[END_REF] did not change F st estimates between populations. Pairwise F st between all study site pairs decreased by 0.003 ± 0.00238 SD on average (range -0.003-0.006; detailed in Appendix 5) when accounting for null alleles using the ENA correction. We nonetheless used in subsequent analyses the ENA corrected pairwise F st values. No significant linkage disequilibrium was detected in the dataset for all pairs of loci (P > 0.05 after Bonferroni correction). Eleven loci showed a significant departure from HWE in 6 populations (B, C, E, I, L, M). However, only one locus (01-Mel1) was outside HWE in more than one population (i.e., in E and M). Thus, subsequent analyses (i.e., DAPC, sPCA and spatial autocorrelation analyses) did not assume HWE and we did not discard the unequilibrated loci.

We observed a low average allelic richness (A r ) in all populations, which ranged from 3.144 ± 1.097 to 4.378 ± 1.033 (Table 5.2). Mean H o were moderate, ranging from 0.458
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± 0.044 to 0.609 ± 0.034, with mean H e ranging from 0.467 ± 0.055 to 0.643 ± 0.020 (Table 5.2). Combined F is values were significantly higher than zero after the Bonferroni correction for 6 populations (Table 5.2). *significant departure from Hardy-Weinberg expectations at P < 0.05 based on 10,000 permutations.

Population differentiation and genetic structure among populations

Global genetic differentiation among the 9 populations was significantly different from zero (global F st = 0.139; range of pairwise F st [0.046-0.231]; P < 0.001). All pairwise F st values were also significantly different from zero, with highest pairwise F st values in pairs involving the populations E and L (Table 5.3). This high level of population structure was not due to an overall IBD process of genetic differentiation. Genetic differentiation tended to increase with increasing Euclidian distance between populations, but no significant pattern was found (Mantel r = 0.203, p-value = 0.234; Figure 5.9 in Appendix 6). Indeed, the highest F st (0.231) was between sites E and L located only 189.8 km away, whereas populations C and M, which were far more geographically separated were more genetically similar (816.6 km; F st = 0.089). These results suggest a lack of spatial genetic structure at a large scale. Accordingly, there was no significant global genetic structure among the 9 populations (global sPCA randomization test, P = 0.313), which further supports a lack of IBD.

The genetic clustering obtained with DAPC analysis (keeping the first 80 principal components in the DAPC according to the cross-validation procedure) revealed 8 genetic clusters among all the 255 consensus genotypes (Figure 5.2). With regard to cluster assignation success, individual membership probabilities were higher than 0.90 for 244 badgers. Only 11 individuals (4.31%) had lower membership probabilities and hence belonged to four overlapping clusters (Figure 5.2). The clustering solution found is concordant with the geographical locations of individuals for 4 populations: A (cluster 6), B (cluster 3 and 8), K (cluster 7) and L (cluster 4). Two overlapping clusters included individuals from nearby populations E and I (cluster 1); B, C and D (cluster 2); but cluster 5 included distant populations I and M. The population clustering analysis showed thus a lack of spatial structure among badger populations at the large scale of France. This result further supports also the lack of IBD and spatial structure already reported in previous analyses. 
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Table 5.3: Genetic differentiation matrix of pairwise F st [START_REF] Weir | Estimating F-Statistics for the Analysis of Population Structure[END_REF] among the 9 populations of badger (Meles meles) sampled in France in 2016 and 2017, corrected by the ENA correction [START_REF] Chapuis | Microsatellite null alleles and estimation of population differentiation[END_REF] 

Genetic structure within populations

Intra-population genetic structures were investigated only for populations A, B, C, D, I and L, for which more than 25 consensus genotypes per study site were identified (Table 5.1). Correlations between pairwise individual genetic distances âr and pairwise individual logarithmic Euclidian distances were significantly positive for these 6 populations (P < 0.0001; Figure 5.10 in Appendix 6).

The global spatial autocorrelation analysis of all individuals from the 6 populations retained revealed a significant fine-scale genetic structure within the 0-400 m distance class, which was more pronounced between 0 and 200 m (Figure 5.3). The global finescale genetic structure observed here is concordant with spatial autocorrelation analyses conducted considering separate populations (Figure 5.11 in Appendix 7). Therefore, the fine-scale genetic structure below 400 m was repeatable from one site to another strengthening the pattern.

Intra-site sPCA results showed local genetic structures within these populations (Figure 5.4). Within each site, there was a significant genetic structure (global sPCA randomization test, P < 0.0001). The sPCA results for populations C, L and I underlined that individuals belonging to setts located in the same forest patch are more closely-related. (A, B, C, D, I and L). Upper (U) and lower (L) confidence limits of the 95% confidence interval calculated from the hypothesis of no spatial structure for the combined data set as determined by 999 permutations is shown. 

Results

Discussion

To better understand the spatial genetic structure of badgers at large and fine scales, and to characterize gene flow among and within populations across France, 255 unique individuals were identified in 9 highly differentiated populations as proven by pairwise F st values. Our clustering method revealed the presence of 8 genetic groups at the national scale, some of which correspond to the 9 geographically-designated populations; however, these clusters had no spatial genetic structure which confirms results gained by the spatially-explicit analyses (no spatial structure and no IBD). In contrast, at the fine-scale genetic diversity within populations was associated with a significant pattern of isolation by distance. A global spatial autocorrelation analysis performed on 6 populations (with more than 25 identified individuals per site) highlighted significant fine-scale genetic structure at distances under 400 m, likely due to social grouping. Our results suggest that the drivers of genetic differentiation in European badger are likely to differ at large and fine scales.

Genetic diversity

Levels of genetic diversity in the European badger, determined from the 9 populations analyzed in this study, were within the range observed in other mustelid species such as North American wolverines (Gulo gulo; [START_REF] Kyle | Connectivity of peripheral and core populations of North American wolverines[END_REF], European otters (Lutra lutra; [START_REF] Randi | Genetic structure in otter (Lutra lutra) populations in Europe: Implications for conservation[END_REF], and pine martens (Martes martes; [START_REF] Mergey | Linking habitat characteristics with genetic diversity of the European pine marten (Martes martes) in France[END_REF]. Comparable studies in badgers suggest that this low level of genetic diversity is not unusual, as [START_REF] Pertoldi | Present and past microsatellite variation and assessment of genetic structure in Eurasian badger (Meles meles) in Denmark[END_REF] found similar values in Denmark (A r = 2.8, H e = 0.417, H o = 0.389). This low level of genetic diversity in European mustelids could be attributed to a recent glaciation event, which led to a decrease in effective population size and the recolonization of Europe from a single refugium, thus lowering the observed genetic diversity [START_REF] Davison | Mitochondrial phylogeography and population history of pine martens Martes martes compared with polecats Mustela putorius[END_REF][START_REF] Sommer | Late-and Post-Glacial history of the Mustelidae in Europe[END_REF].

The presence of loci deviating from Hardy-Weinberg equilibrium (up to 6 in population B), together with F is values significantly higher than zero in 6 populations (A, B, D, E, I and L), suggest a heterozygote deficit compared to the panmictic equilibrium in these populations. These results are likely due to a Wahlund effect [START_REF] Wahlund | Zusammensetzung von Populationen und Korrelationserscheinungen vom Standpunkt der Vererbungslehre aus betrachtet[END_REF], which refers to the reduction in observed heterozygosity caused by population substructure (see Results), and can be explained by the fact that badger hairs were sampled at setts, where both young and adult individuals were present representing several overlapping generations and hence family structures.

Population structure at the large scale

Analysis of inter-population genetic structure revealed a significant genetic differentiation among the 9 populations considered (global F st = 0.139). Other studies in Europe observed similarly high F st values among badger populations, for similar distance classes between populations. For example, [START_REF] Guerrero | The population and landscape genetics of the European badger (Meles meles) in Ireland. Ecology and Evolution[END_REF] found F st values in Ireland to range from 0.119 to 0.235 and [START_REF] Pope | Isolation by distance and gene flow in the Eurasian badger (Meles meles) at both a local and broad scale[END_REF] reported F st values from 0.05 to 0.30 in western European. This clear genetic differentiation among French populations indicates that there is little gene flow at large spatial scale, which could be due to the group-living behavior as shown by this social mammal. The observed large F st values could also be due to the fact that we sampled members of the same social groups leading to genetic substructure within populations (see below). Some spatially close populations revealed a high genetic differentiation (e.g., F st value between E and L population = 0.231), supporting the global lack of IBD among populations, in addition to genetic clustering which did not fully align with the spatial locations of the populations. Genetic differentiation across France might have resulted from multiple founder events from Pleistocene recolonization, through various geographical pathways depending on vegetation cover [START_REF] Sommer | Late-and Post-Glacial history of the Mustelidae in Europe[END_REF]Zigouris et al. 2013). Since geographic distance is not the main factor driving badger population differentiation, other factors such as landscape heterogeneity might explain our results. Known geographical barriers for badgers, such as mountains or a wide river (Frantz et al. 2010a) could be assessed through a landscape genetic approach, but would require a more continuous badger sampling across France. Similarly, variations in habitat quality may influence density and dispersal propensity in our badger populations, also explaining the absence of IBD. With regard to studies performed on badger populations outside France, some found an IBD among the studied populations [START_REF] Pope | Isolation by distance and gene flow in the Eurasian badger (Meles meles) at both a local and broad scale[END_REF]Frantz et al. 2010a;[START_REF] Guerrero | The population and landscape genetics of the European badger (Meles meles) in Ireland. Ecology and Evolution[END_REF], while others did not find such an effect [START_REF] Pertoldi | Present and past microsatellite variation and assessment of genetic structure in Eurasian badger (Meles meles) in Denmark[END_REF][START_REF] Van De Zande | Genetic structure within and among regional populations of the Eurasian badger (Meles meles) from Denmark and the Netherlands[END_REF]. This absence of a global trend could instead of attributed to habitat differences within and among countries.

Population structure at the fine scale

Badgers form social groups, which are particularly large at high density (Kruuk and Parish 1982), and the socio-spatial structure of this species may act to reduce gene flow among social groups at a fine scale. Our results at fine scale within 6 populations indicated that gene flow occurred with a significant IBD pattern. The spatial autocorrelation highlighted that individuals from both the same and nearby setts i.e., less than 400 m apart, were genetically related, with gene flow occurring mainly within this social network. However, this social group organization under 400 m was not visually clear on the geographic maps of the first global lag scores of sPCA for the 6 populations (Figure 5.4), suggesting that other processes might affect the genetic structure populations and gene flow of populations, such as environmental barriers or anthropogenic frontiers at the fine scale (e.g., roads in population B and L).

The threshold value of 400 m thus allows us to genetically distinguish social groups and supports previous results which defined badger social group boundaries and badger territory size through telemetry monitoring, bait marking and location of setts [START_REF] Doncaster | Den site can determine shape and size of badger territories: implications for group-living[END_REF][START_REF] Rogers | Movement of badgers (Meles meles) in a high-density population: Individual, population and disease effects[END_REF][START_REF] Delahay | The use of marked bait in studies of the territorial organization of the European Badger (Meles meles)[END_REF]Carter et al. 2018). In high population densities in the UK for example, badger social group territory was shown to encompass a 300 m radius around the main sett of the social group (unpublished data, Carter et al. 2018). When a social group occupies more than one sett, Krebs et al. (1997) further suggested that setts which are distant by less than 200 m belong to the same social group. Our finding of a 400 m threshold value, independent of population densities, is therefore in accordance with previous estimates of the scale over which sociality occurs in badgers. Sociality is the major structuring process within badger populations at the fine scale, which is also shown in other social species, such as Ethiopian wolves (Canis simensis), where individuals showed higher genetic similarity within packs than random pairs of individuals in the population (Randall et al. 2010). Indeed, the social structure and breeding behaviour of the species influences the genetic diversity and population substructure and can be better predictors of the genetic structure than geographic distance.

Gene flow at a fine scale may also depend on dispersal events which can vary depending on population demography, density, or habitat quality (Frantz et al. 2010b) and on contact between individuals from different social groups in the context of extra-group mating. A previous study conducted in a high-density population concluded that nearly 50% of all paternity was assigned to extra-group males from neighbouring social groups [START_REF] Carpenter | Mating system of the Eurasian badger, Meles meles, in a high density population[END_REF]. In our study, 27 badgers among the 264 identified were present in several setts (10.2%). These transient badgers were detected at setts spaced less than 400 m apart (on average 183.32 m ± 106.57 SD), excluding 2 individuals detected 412.35 m and 1063.51 m from setts at sites B and M respectively. This supports previous conclusions that movements of badgers occur mainly from nearby setts. Extending the duration of sample collection to more than 2 weeks would likely increase the detection of transient individuals at distant setts, revealing possible badger interactions among social groups, or dispersal events.

Conclusion

Our findings highlight the importance of studying genetic population structure at both large and fine spatial scales, especially in widespread and social species, such as the European badger. Here the high level of genetic differentiation among French badger populations was not geographically structured regarding isolation by distance and/or presence of patches, and seems to depend more on local environmental barriers and/or historic processes. Despite the lower population density and sociality level of French populations as compared to well-known UK populations (unpublished data, Jacquier et al.), our study revealed a fine-scale genetic structure. The role of social groups may thus be an important factor structuring populations at the fine scale. Although the study sites varied with respect to landscape features and habitat fragmentation (Table 5.4), we detected a significant genetic structure (i.e., sPCA and IBD pattern) with a threshold value below which badgers are genetically closed (< 400 m) in all 6 populations analyzed, highlighting that philopatry is a structuring process within badger populations despite rare but long-dispersal movements (> 400 m) ensuring gene flow between social groups within a population. The social structure of the species is thus the key driver of fine-scale spatial genetic structure, regardless of habitat features, in French badger populations. 271:302-309. Zigouris, J., J. A. Schaefer, C. Fortin, and C. J. Kyle. (2013). Phylogeography and post-glacial recolonization in wolverines (Gulo gulo) from across their circumpolar distribution. PloS one 8:e83837.

Appendix

Appendix 1 This chapter aims to present the methodology used and the preliminary results obtained from the deployment of GPS/Proximity collars on 21 badgers in France, in order to assess intra-and inter-group contacts. This does not constitute a research manuscript per se but rather a progress report detailing the methodology employed in this study population, which was never captured before, and the preliminary results at the 1 st of January 2020.

Introduction

Bovine tuberculosis (caused by the bacteria Mycobacterium bovis) is a zoonotic chronic disease. M. bovis is a multi-host pathogen, able to infect a large range of species, including humans. This zoonosis spreads not only in wildlife species (red deer Cervus elaphus, wild boars Sus scrofa or badgers Meles meles for example; [START_REF] Biet | Zoonotic aspects of Mycobacterium bovis and Mycobacterium avium-intracellulare complex (MAC)[END_REF], but also through livestock, and has great economic impacts regarding control or eradication programs [START_REF] Caminiti | Control and eradication of tuberculosis in cattle: A systematic review of economic evidence[END_REF]. Since 2001, France is officially considered as free from bTB infection, even though few cases still persist or are detected (Payne et al. 2012). The importance of this zoonosis throughout European countries, in particular in the UK and Ireland, as well as the difficulties to eradicate it, have caused an urgent need for a risk assessment in France. Better understanding how bTB may spread through wildlife species is crucial to better assess the risk of bTB maintenance in wildlife species and the transmission to cattle.

The spread of bTB in not only depends on local host density/abundance, but also on the host social and territorial behaviours (both of them being linked, see Chapter 1). In European badgers, sociality has been shown to affect bTB transmission within and among social groups [START_REF] Rogers | The role of setts in badger (Meles meles) group size, breeding success and status of TB (Mycobacterium bovis)[END_REF][START_REF] Woodroffe | Social group size affects Mycobacterium bovis infection in European badgers (Meles meles)[END_REF]. Badger movements may also increase the risk of transmission to cattle, which may occur when badgers are foraging at the vicinity or within pastures (e.g. by eating earthworms in pastures). Social organisation of badgers and their role in bTB transmission are particularly well studied in some UK populations (e.g. [START_REF] Drewe | Performance of proximity loggers in recording intra-and inter-species interactions: A laboratory and field-based validation study[END_REF]. For example, in some populations, infected male badgers show more inter-group contacts and use more secondary setts than other individuals (in Ireland, O'Mahony 2015; and in England, Silk et al. 2017). Yet, studies conducted in England, where badger densities are very high (>10 individuals /km ) do not accurately reflect or predict the situation in France, where densities are much lower (see Chapter 4). Estimating intra-and inter-group contacts in the context of medium density would thus be useful for a realistic assessment of bTB spread risk in badgers in France.

To fill this gap, we aimed to describe the social organisation and the spatio-temporal evolution of badger's groups by closely monitoring badger interactions at the local scale, among and within contiguous social groups over a long period (up to a year). We were in particular interested in the changes in intra-and inter-groups contacts over the biological cycle of this species. Former studies indeed showed that the frequency and duration of contacts in the groups are greater at dusk during summer, and greater in winter with no difference between day and night time (Silk et al. 2017b). To achieve these goals, we captured and equipped with GPS and proximity loggers 21 badgers among 4 distinct social groups in our study site since 2016 (still on-going). We hereafter present the methodology employed and the preliminary results obtained in this study at the 1st of January 2020.

Material and Methods

Study site and badger sett survey

After preliminary on-site investigations in spring 2016, we established the study site in the Ain department. The study site was 11.5 km large (Figure 6.1), and was located within the 50km -wide study site I in Chapters 4 and 5 (surveyed in spring 2016 to estimate badger density). The suitable areas of the study site (i.e. forests, forest edges and hedgerows) have been exhaustively prospected during one week in September 2016 in order to obtain detailed knowledge on the study site and detect all active and non-active badger setts. We walked, by 3 or 4 persons in line, and ensured that the entire area was scanned using a GPS trace mode. Each detected sett was identified, photographed, described (e.g. presence of latrines, active holes, badger paths, etc.), and its GPS coordinates were recorded. We walked each badger path in order to find secondary setts or latrines. In total, we detected 28 setts in the study site (6 main and 22 secondary; Figure 6.1). Between October 2016 and February 2017, we monitored the occupied main setts using camera traps to estimate the group size and the activity of the setts, in order to target specific setts for captures.

Badger captures using two methods

We started captures in May 2017, using either cage traps or wire-stopped restraints (from October 2017; with very limited risks for badgers as shown in Ireland, [START_REF] Murphy | An assessment of injury to European badgers (Meles meles) due to capture in stopped restraints[END_REF]; Figure 6.2). To remove any exogenous smell and habituate badgers before the captures started, blocked-open cages were left on the setts with baits in April 2017 (1 month before) and stopped restraints were buried 1 to 3 months before captures. We primarily used corn as baits, but we also tried nuts mixed with syrup, sardines, cat food and castoreum (i.e. oil exudate from mature European beaver Castor fiber; used as attractive in other studies, e.g. in lynx, [START_REF] Mcdaniel | Efficacy of lures and hair snares to detect lynx[END_REF] without any particular improvement in the frequency of badger visits here. We did not attempt captures during the parturition period and the beginning of cubs' emergence. 

GPS/Proximity collars

We equipped badgers with GPS collars coupled with proximity loggers (Sirtrack/Lotek; Figure 6.3), already successfully deployed in British [START_REF] Drewe | Performance of proximity loggers in recording intra-and inter-species interactions: A laboratory and field-based validation study[END_REF] and Irish populations (O'Mahony 2015). These proximity loggers recorded between-individual 'contacts' below a set distance (here < 60 cm to define the start of a contact and >100 cm to define its end; as calibrated in [START_REF] Drewe | Performance of proximity loggers in recording intra-and inter-species interactions: A laboratory and field-based validation study[END_REF]) and one GPS localisation every hour during 6 hours in night-time when contacts occurs. The GPS collars recorded at least one localisation at midnight in the absence of contact. With this setup, battery charge was supposed to last at least 8 months. One drawback is that all the data are stored in the collars themselves, we thus need to recapture the animals or retrieve lost collars. Besides, we used two different versions of GPS/Proximity collars, and the second generation of collars was much more tedious to calibrate than the first collars. We also had to send them back to Sirtrack/Lotek to reinforce the GPS attachment and to increase the UHF emission power to maintain a 1 m detection threshold for contacts. For all these reasons, the deployment took much longer than initially expected (i.e. 22 months between the first and the last capture; from the 9th of May 2017 to the 13th of February 2019). spectively). This discrepancy actually varied between periods: for example, in winter 2017-2018, captures were more successful with the wire-stopped restraints. Such temporal differences in trapping success likely result from differences in food availability or in weather conditions. It may also depend on the presence of youngs: in early summer, there were more captures with cages as youngs seem less neophobic.

GPS/Proximity loggers deployment

We equipped in total 21 individuals (11 males and 10 females) with GPS-proximity collars. Five badgers were recaptured and equipped with a second collar, and 1 badger was even equipped with a second and a third collar; in total 28 collars were deployed. At the 1st of January 2020, 13 collars were retrieved and 7 were lost (with no more VHF signal). Among the 8 collars that are still deployed on animals, 2 are indicating an immobility signal (maybe lost underground) and 6 are signalling a low or empty battery. For collars with empty batteries, recapture attempts would have to be performed blindly, i.e. we will not be able to target a specific sett or specific holes for cages/wire-stopped restraints deployment. Currently, recaptures of badgers are still in progress to retrieve the last collars in the field.

We did not start analysing the data yet, but from the first retrieved collars, we unfortunately obtained only very few GPS localisations and a low rate of contacts between equipped individuals. This is not so surprising given that the capture period covered 22 months, while the average deployment length per collar was 105.8 ± 68.2 days (min = 11; max = 216). Only few collars were deployed at the same time.

Overview of the results

In this chapter, I generally discuss the results of my thesis, starting by badger densities obtained in regards to other French studies. Then, I further discuss how environmental drivers affect badger abundance variation at different spatial scales, linking results from Chapters 3 and 4. Finally, I discuss the potential implications and perspectives originated from this work regarding bovine tuberculosis (bTB) management.

Overview of the results

The aim of this PhD was to study the spatial variation in abundance and social organisation of badger populations in France, at different scales.

At the large scale, we modelled the variation of badger abundance across metropolitan France and identified the main environmental determinants influencing this abundance (Chapter 3). We showed that drivers of badger abundance differed depending on the altitude: abundance in lowlands was mostly driven by biotic factors such as potential food resources and forest fragmentation. Conversely, in mountainous areas, abiotic factors (i.e. soil texture and climate) drove the variation in badger relative abundance.

At a smaller scale, the second part of this PhD focused on badger densities estimations in 13 contrasted sites of 50 km across France, using a common protocol and a combination of non-invasive methodological approaches (Chapter 4). The density of adult badgers ranged from 1.69 to 7.95 per km depending of the site, and was positively correlated with the density of setts but was not linked to the social group size. At this local scale, landscape fragmentation also explained the marked differences in adults density among sites, with highly fragmented landscapes supporting low adult densities.

Thirdly, we studied both between-and within-population genetic structure of badgers in 11 sites across France (Chapter 5). Genotyping badgers allowed us to observe a significant genetic differentiation among populations at large scale (global F st = 0.142), which was not related to the geographic distance between sites, suggesting few dispersal events at the large scale. Within populations, we detected a threshold value, below which badgers were genetically closed (< 400 m), highlighting that sociality is the major structuring process within badger populations at this fine scale.

Finally, through a still ongoing deployment of GPS/Proximity collars on badgers from four adjacent social groups, we focused on the spatio-temporal evolution of group composition and contact rates between individuals (intra-and inter-groups; Chapter 6). This PhD thesis, by making use of various methodological approaches, highlights the importance of both exogenous and endogenous factors in shaping badger abundance at multiple scales and broadens our knowledge on badger population genetic structures at fine and large scales. These results are of particular importance for deriving efficient population management programs (e.g. regarding bovine tuberculosis zoonosis).

Badger density in France

Comparison with former studies

In the Discussion of Chapter 4, we compared our estimates of badger densities with other studies in European countries. Here, I attempt to compare our estimates with the results from other local French studies. It is however important to keep in mind that the methodology employ to estimate the densities or group size, the surface of the study area, and the analytical approach differ among studies. In particular, our study presents the particularity to group setts into clusters, making also the distinction between secondary and main sett clusters. Care should thus be taken, and I will only derive rough relative comparisons.

In our 13 study sites, the density in adults ranged from 1.69 to 7.85 per km , which is overall greater than those previously found in other populations considering (from 0.53 to 1.17 adults per km ; [START_REF] Herbillon | Le blaireau européen: biologie, statut juridique et problématique actuelle[END_REF][START_REF] Braun | Estimation de la densité du blaireau d'europe (Meles meles) dans le piémont bas-rhinois[END_REF][START_REF] Lebecel | Le blaireau d'Eurasie Meles meles en Lorraine. Taille des groupes, succès reproductif et estimation de densités[END_REF][START_REF] Braun | Dernières nouvelles du terrier[END_REF], Rigaux and Chanu 2011[START_REF] Réveillaud | Estimations des densités de population de blaireaux (Meles meles) en Dordogne en 2011 en relation avec l'épizootie de tuberculose bovine[END_REF]. This is concordant with the fact that our estimates of sett cluster density are equivalent or larger than sett densities found elsewhere in France. As a reminder:

• Our estimates of occupied sett cluster density varied from 1.27 to 4.69 per km (mean = 2.57 ± 1.06 SD among the 13 study sites)

• Our estimates of occupied main sett cluster density varied from 0.76 to 2.75 per km (mean = 1.73 ± 0.54 SD among the 13 study sites)

• Our estimates of occupied secondary sett cluster density varied from 0.17 to 2.68 per km (mean = 0.84 ± 0.85 SD among the 13 study sites).

Considering 'sett clusters' density implies that our sett density estimates are even greater (as clusters are composed of several setts). Thus, our main sett densities are greater than those previously found in other French populations (from 0.15 to 1.2 main setts/km on average; [START_REF] Braun | Estimation de la densité du blaireau d'europe (Meles meles) dans le piémont bas-rhinois[END_REF][START_REF] Lebecel | Le blaireau d'Eurasie Meles meles en Lorraine. Taille des groupes, succès reproductif et estimation de densités[END_REF][START_REF] Braun | Dernières nouvelles du terrier[END_REF], Rigaux and Chanu 2011[START_REF] Réveillaud | Estimations des densités de population de blaireaux (Meles meles) en Dordogne en 2011 en relation avec l'épizootie de tuberculose bovine[END_REF]. When considering main and secondary setts together, this trend seems absent, as total sett density greatly varies among previous studies, being either rather small (0.12 setts/km on average in the Rhone region [Grand Lyon]; Daniel 2010) or intermediate/large (4-4.5 setts/km on average in Loir-et-Cher and Puy-de-Dôme regions; [START_REF] Bezannier | Essai de dénombrement de la population de blaireau Europeen (Meles meles) dans la réserve naturelle des vallées de la Grand-Pierre et de Vitain (Loir-et-Cher, France)[END_REF]Rigaux and Chanu 2011). Finally, one study estimated secondary sett density at 3.3/km on average (in Puy-de-Dôme; Rigaux and Chanu 2011), which would be of the same order of magnitude as our largest estimates.

This overall larger total sett density seems to be compensated by lower group size in our study sites compared to other regions in France. We estimated on average the mean number of adults per secondary sett cluster at 1.34 ± 0.41 SD, per main sett cluster at 1.62 ± 0.40 SD, and the mean total number of badgers -adults and youngs-per secondary sett cluster at 1.70 ± 0.81, per main sett cluster at 2.87 ± 1.07. These values are usually lower than those found (or arbitrarily used) in other French studies (usually 3 or more badgers/main sett; [START_REF] Herbillon | Le blaireau européen: biologie, statut juridique et problématique actuelle[END_REF][START_REF] Lebecel | Le blaireau d'Eurasie Meles meles en Lorraine. Taille des groupes, succès reproductif et estimation de densités[END_REF][START_REF] Braun | Dernières nouvelles du terrier[END_REF], Rigaux and Chanu 2011).

Overall, results from our study seems to indicate, despite the detection of smaller groups, that we detected more setts and estimated greater overall densities than previous studies in France (with however great local variation). These discrepancies could either result from real biological differences or from the use of different methodological approach (e.g. combining camera traps at certain season, genetic analyses, etc.). In particular, as previously discussed in this thesis, our methods may lead (as most methods) to some upward and downward bias (see Discussion from Chapter 4).

One possibility to refine even more our density estimates would be to distinguish main sett clusters where we detected reproductive events (i.e. cubs) from main sett clusters where we did not detect cubs with the camera traps.

Refining sett cluster categorisation: accounting for detected reproduction?

In our methodological approach to estimate badger densities (Chapter 4), we classified sett clusters into two groups, namely MSC for Main Sett Clusters and SSC for Secondary Sett Clusters. However, as we have seen in the field, cubs were not always detected on main setts. In fact, it is known that not all females and social groups produce youngs every year [START_REF] Anderson | Population dynamics of the badger (Meles meles) and the epidemiology of bovine tuberculosis (Mycobacterium bovis)[END_REF]. By applying the mean social group size among all main sett clusters, we may have overestimated our densities. One possibility to improve our density estimations would be to make the distinction between the density of active Main Sett Clusters with detected reproduction (MSCR) or without detected reproduction (MSCNR; Table 7.1). Densities per square kilometres could thus be calculated as follow: 

Abundance variation and its drivers at different spatial scales

Large and small spatial scales: comparing estimates

To investigate whether variation in badger relative abundance across SARs are concordant with density variation among study sites of the same SARs, we tested the correlation between indices obtained in Chapter 3 and density estimates obtained in Chapter 4.

Before testing this correlation, it is crucial to remember that the density of sett clusters, which is the main ecological driver of abundance variation, depends on the suitable habitat surface. Yet, the study sites of 50 km are not truly representative of the Small Agricultural Region (SAR) they belong to. For example, the proportion of suitable habitats (which includes forests, forest edges and hedgerows) is strikingly different between site H and its SAR 79371 (Figure 7.1). This therefore precludes us from directly comparing densities estimated in study sites and relative abundances estimated in SARs (Table 7.2). To circumvent this bias, we replaced the proportion of suitable habitat per site in our densities estimates, by the proportion of suitable habitat in each SAR, in order to obtain a more reliable estimate of sett cluster density and thus of badger densities within SARs (right-hand side of Table 7.2).

We tested the correlation between these new density estimates and the abundance index per SAR using non-parametric Spearman's rank correlation tests using the pspearman package [START_REF] Savicky | pspearman: Spearman's rank correlation test[END_REF] operating in the R software (R Development Core Team, 2018). Correlations were neither significant for Density ad (rho = 0.349; p-value = 0.242) nor for Density badger (rho = 0.459; p-value = 0.114). Thanks to our correction of suitable area, this absence of difference should not due to an inappropriate estimation of sett cluster density (or at least this should not be its main driver). Instead, considering that all sett clusters have the same group size within the entire SAR might explain this discrepancy. We attributed to each sett cluster the mean group size from the sett clusters studied in each study site. Yet, as group size does not greatly vary between distant and contrasted study sites, other explanations and further investigations would be necessary.

Nonetheless, the density estimates are very useful to 'calibrate' the relative abundance index, which varies between 0 and 1 (from low to high relative abundance). Locally, we observed contrasted densities, ranging from 1.69 to 7.85 adults per km . Comparing these estimates to the abundance indices we found across France can give us a (very rough) idea of badger abundance range and variation in this country.

7.3 Abundance variation and its drivers at different spatial scales 

Large and small spatial scales: differences in environmental drivers

At large scale, we showed that altitude shaped the environmental drivers of badger relative abundance. In lowlands, abundance were mostly driven by biotic factors such as potential food resources (e.g. earthworm abundance and fruit crops), while in more mountainous areas, abundance were driven by abiotic factors (e.g. soil texture and climate; Chapter 3). However, at the local scale, only habitat fragmentation seemed to affect badger densities (marginal trend); earthworm abundance and pasture coverage had conversely no effect on the estimated densities (Chapter 4). It will be interesting to test other environmental variables, more pertinent at such a small scale. Indeed, at the moment, we tested the same variables between these two very different spatial scales: we may expect more local environmental conditions to affect group sizes and thus local densities. Feore and Montgomery 1999 for example showed that the sett location is mostly influence by the availability of cover at the interface with pastures (i.e. nearby resource availability).

Bovine tuberculosis (bTB) and management

Population genetic structure and bTB transmission risks

As mentioned previously in this thesis, badgers are an important vector of bovine tuberculosis (bTB) transmission in the United Kingdom (UK) and Ireland [START_REF] Sheppard | An economic impact assessment of bovine tuberculosis in south west England[END_REF], where the species is considered as a bTB wildlife reservoir (Corner et al. 2011). In France, bTB circulates in a multi-host system, including wild species (e.g. wild boars Sus scrufa or red deer Cervus elaphus, and badgers, considered as spillover host). The European Union declared France as officially free of bTB in 2001, but infections have broken out again in domestic cattle in several regions since 2004, and surveillance programs detected cases of infected badgers (Payne et al. 2012).

Determining population genetic structures allows understanding how this level of partitioning might affect gene flow, and indirectly the transmission and spread of diseases [START_REF] Pope | Genetic evidence that culling increases badger movement: Implications for the spread of bovine tuberculosis[END_REF]. Indeed, host dispersal (as detected by genetic mixing) plays an important role in disease transmission and is a key parameter in epidemiological models [START_REF] Coyne | Mathematic model for the population biology of rabies in raccoons in the mid-Atlantic states[END_REF]. For example, estimating large-scale migration rates between populations with population genetic models allows us to detect whether disease transmission occurs at the large scale (among populations) or at the local scale (within a population; e.g. in feral pig; [START_REF] Hampton | Molecular techniques, wildlife management and the importance of genetic population structure and dispersal: A case study with feral pigs[END_REF]. With a population genetic approach, we can then broaden our knowledge on movements of -and interactions among-badgers (Frantz et al. 2010), which is crucial for assessing the risk of bTB spread at local scale [START_REF] Gaughran | Super-ranging. A new ranging strategy in European badgers[END_REF].

Our results from Chapter 5, while discussed in light of gene flows and population structure, can thus help us determine the distance threshold below which tuberculosis transmission should be the highest and above which individual dispersal would contribute to the spread of disease. In particular, our results show that most gene flows occur inside groups (below 400 meters) which suggests that bTB transmission may be the highest within social groups (small scale, intra-groups) and that philopatry might contribute to the maintenance of local M. bovis-infected areas. In that respect, it will be very interesting to analyse data from the proximity loggers (Chapter 6). This has already been well studied in UK populations, but, as our density estimates differ from those found in the UK, we may also expect differences in the badger social organisation or in the rate of social contacts in French compared to British badgers.

This study allowed us to show that badger populations are geographically isolated, and not continuously connected throughout France, which would have strong implications for bTB transmission. Indeed. bTB should spread faster in fully connected populations than in relatively isolated populations. These results might have important implications in both host and disease management. From our findings, we can also infer that there should be only few dispersal events at the large scale, and hence a low rate of disease transmission between distant populations. bTB transmissions by badgers at the large scale would then be dependent only on dispersing or transient individuals (super rangers; [START_REF] Gaughran | Super-ranging. A new ranging strategy in European badgers[END_REF]. We may thus wonder how other host species may contribute to disease spread at the large scale (see for example Ortiz-Pelaez et al. 2006 andNatale et al. 2009 for examples of country-scale disease spreading due to cattle exchange between farms).

Inferring the effects of culling measures in bTB-infected areas on badger abundance

In order to limit bTB spread, culling measures on badgers were put in place since 2009 in two of the 13 sites studied in this thesis, namely study sites E and F. In 2012, a field protocol similar to the one implemented across all 13 sites (Chapter 4) was set-up (Payne 2014) in Côte d'Or region, on 3 study sites varying in size (respectively 103, 112 and 97km ). Two of these study sites fully overlapped our own sites E and F.

It will therefore be highly interesting to test whether densities in sites E and F varied between 2012 and 2017, to measure the impact of culling measures on managing badger population sizes. I used the data collected in 2012 to estimate adult densities in sites E and F and compare them to our findings in 2017 (NB: estimates from 2017 slightly changed from reported results in Chapter 4 because incorporating additional setts, the ones form 2012, in the distance sampling method very slightly changes all estimates). I found that between 2012 and 2017, badger adult abundance decreased by 0.64 adults/km in site E and by 0.38 adults/km in site F. These changes are very low, and actually lower than the associated standard deviations. Such a comparison should thus be taken with caution for several reasons. First, culling started in 2009, and trapping pressure was probably quite high already between 2009 and 2012. The densities estimated for 2012 might be already lower than estimates from 2009, for which we unfortunately do not have data. Besides, the field protocol employed in 2012 slightly differed from the one we implemented in 2017: there was no hair trapping for genetic sampling, camera traps were deployed for a shorter period (7-10 nights instead of 14 here), and some presence indices used for sett occupancy determination were not recorded (e.g. badger paths). It is therefore possible that I overestimated densities for 2012 (if group size are effectively lower than what it would have been with the exact same protocol as in 2017).

One possibility to compare abundance estimates before and after culling started (in 2009) would be to use the badger relative abundance indices estimated for each small agricultural regions in France (as in Calenge et al. 2015 andin Jacquier et al. 2020, i.e. Chapter 3). Indeed, badger detection data are available since 2002 from the "small carnivorous species logbooks" (i.e. SCSL, see Chapter 2 for more information on this program). We could thus compare the corrected relative abundance indices (as in Chapter 3) of the SAR where culling occurred between the pre-culling period 2002-2009, and after 2009. 
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 1 Figure 1.1: Non-exhaustive overview of factors influencing abundance variation and of the interplay between population abundance and key research area.
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 12 Figure 1.2: Representation of habitat selection, defined at different temporal and spatial scales depending on the unit of interest (individuals, population, species; adapted from Mayor et al. 2009)
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 13 Figure 1.3: Representation of the five eco-epidemiological parameters affecting disease transmission.
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 21 Figure 2.1: Distribution map of the European badger Meles meles (source IUCN 2016)
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 23 Figure 2.3: Animal detection recording in the small carnivorous species logbook by a wildlife protection officer from the National Hunting and Wildlife Agency (Massit P., ONCFS)

  ). Study sites areas are similar and range from 46.55 to 59.31 km .
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 24 Figure 2.4: Localisation of the 13 study sites in metropolitan France.

  ; Calenge et al. 2015): precise densities are thus expected to greatly vary among sites, which should accurately represent variation range in metropolitan France.
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 25 Figure 2.5: Percentage of each land cover type within the 13 study sites (calculated with: IGN BD Topo 2015, French Institute of Geography, www.ign.fr, and CORINE land cover for urban area)
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 31 Figure 3.1: Number of detected badgers (Meles meles) in each SAR of France from 2006 to 2009 (the inset contains the legend). Bold black lines surround SARs above 400 m mean elevation, representing the limit between mountainous and nonmountainous SARs groups.
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 32 Figure 3.2: Relative abundance of badgers (Meles meles) a bj as estimated by the best linear combination of selected environmental variables, in the 703 SAR of France for the 2006 -2009 period (from 0 to 1: darker areas correspond to higher abundance).
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 33 Figure 3.3: Cartography of the landscape variables with: (A) the edge density (in m / m ; Edge) and (B) the mean distance to the nearest vegetation patch (in m; Dist.), calculated for each 703 small agricultural region in metropolitan France. Colour shades correspond to quartiles of each variable.
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 34 Figure 3.4: Cartography of the soil features variables, with: (A) the mean Vector Ruggedness Measure (in degrees; VRM); (B) the mean index of dominant surface textural class (from 0 = coarse to 5 = fine; Texture) and (C) the mean index of soil depth class (from 1 = no obstacle to roots to 4 = obstacle between 0 and 40 cm depth; Depth), calculated for each 703 small agricultural region in metropolitan France. Colour shades correspond to quartiles of each variable
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 36 Figure 3.6: Cartography of the climatic variables, with: the (A) first, (B) second and (C) third axis of the Principal Component Analysis (Alpi., Coastal and Conti. respectively) using the 24 precipitation and temperature GIS layers from World-Clim 1.4.
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 37 Figure 3.7: Cartography of the anthropic pressure, with the percentage of urbanised area (in %; Urban.) calculated for each 703 small agricultural region in metropolitan France. Colour shades correspond to quartiles of the variable.
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 310 Figure 3.10: Cartography of the 703 SARs in metropolitan France. Black area represents SARs above 400 m mean altitude (n = 172).
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 41 Figure 4.1: Localisation of the thirteen study sites in France (from A to M; black diamonds). Prospected sites in 2014: G ; 2016: B. D. E. H. I and M ; in 2017: A. C. F. K and L ; in 2018: J.
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 43 Figure 4.3: Estimates of badger densities obtained for the thirteen study sites in France. Black circles indicate the minimum density in adult badgers (Density ad ), considering only adults identified by camera trapping. Grey squares indicate the badger density (i.e. both adults and cubs; Density badger ), considering the maximum number of individuals identified by camera trapping or genetic identification surveys. Study sites were ordered per increasing minimum Density ad . Error bars correspond to the standard deviations of cluster densities estimated via distance sampling.
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 44 Figure 4.4: Correlation circle of the Principal Component Analysis included the adult badger density (Density ad ) and the 5 variables used in the Equation 1, namely D C the density of sett clusters in km , p SSC and p M SC the proportion of occupied SSC and MSC, and finally ad SSC and ad M SC the mean social group size in adults per SSC and MSC. The sum of the eigenvalues for the first three axes of the PCA accounted for more than 80% of the total variability.

Figure 4 . 6 :

 46 Figure 4.6: Contributions of the 14 variables and their categories to each dimension of the MCA.

  Abbreviation Description Categories THAB Transect's habitat Forest Forest edge Hedgerow SHAB Sett's habitat Stump Wilderness Rocks Embankment SLP Slope at the sett flat (0%) weak (<5%) medium high (>20%) HO Total number of hole entrances 1 2 ≤ x ≤ 5 x ≥ 6 UHO Number of used hole entrances 0 1 2 ≤ x ≤ 5 x ≥ 6 PRU Proportion of used hole entrances 0 x < 0.5 x ≥ 0.5 FEC Presence of feces in latrines Yes No LIT Presence of litter Yes No PRI Yes No LAT Number of latrines 01 ≤ x ≤ 2 x ≥ 3 EXC Number of fresh excavated zones 0 1 x ≥ 2 PLA Yes No PINT 0 1 x ≥ 2 PEXT 0 1 ≤ x ≤ 2 x ≥ 3Presence of prints, scratches on truncs, hair

Figure 4 . 7 :

 47 Figure 4.7: Bar plots of the variable category contributions for each MCA dimension (Dim1 at the top and Dim2 at the bottom). The red dashed line indicates the expected average value under uniform contributions.

Figure 4 . 8 :

 48 Figure 4.8: Biplot of variable categories on each dimension of the MCA, and the individuals (here 594 setts) depending of their score (i.e. unoccupied setts in black, secondary setts in yellow and main setts in red). Setts with incomplete description (n = 56) are represented with blue dots.

Figure 5 . 1 :

 51 Figure 5.1: Locations of the 11 study sites in France where badgers (Meles meles) were sampled. Black diamonds represented sites sampled in 2016, while white diamonds represent sites sampled in 2017), with first the number of genotyped badger hair samples , and the number of individuals identified by site. Study sites G and J with no genetic data are shown with black dots. Study sites E and M are those that enacted culling campaign due to bovine Tuberculosis presence.

Figure 5 . 2 :

 52 Figure 5.2: Illustration of the Discriminant Analysis of Principal Components (DAPC) using badger (Meles meles) microsatellite data, obtained from 9 populations sampled in France in 2016 and 2017. A-DAPC scatterplot with individuals as dots and groups inertia ellipses (here K = 8). Top-left subchart shows the principal component analysis eigenvalue plot and bottom-left subchart shows the distribution of the linear discriminant functions of the discriminant analysis. B-Representation of the Akaike Criterion value according to the number of populations K considered. C-Density functions of the individual scores on the first discriminant axis showing the overlap between clusters.

Figure 5 . 3 :

 53 Figure 5.3: Spatial correlogram plot of the genetic autocorrelation coefficient (r) as a function of distance class (m) across 6 populations of badger (Meles meles) sampled in France in 2016 and 2017 (A, B, C, D, I and L). Upper (U) and lower (L) confidence limits of the 95% confidence interval calculated from the hypothesis of no spatial structure for the combined data set as determined by 999 permutations is shown.

Figure 5 . 4 :

 54 Figure 5.4: Geographic maps of the first global lag scores of sPCA for the 6 retained populations of badger Meles meles (A, B, C, D, I and L) sampled in France in 2016 and 2017. Square sizes are proportional to individuals' scores (i.e., the maximum differentiation is between large black squares and large white squares). Black lines represent the main roads crossing the study areas, with open areas (white) versus forested habitats (green).

Figure 5 . 10 :

 510 Figure 5.10: Pairwise genetic distances between badger (Meles meles) individuals (â r ) as a function of the logarithm of pairwise geographical distances between individuals, for the 6 populations A, B, C, D, I and L.

Figure 5 . 11 :

 511 Figure 5.11: Correlogram plots of the genetic autocorrelation coefficient (r) as a function of distance (m), generated using GenALEx (Peakall and Smouse 2012) for each study site (A, B, C, D, I and L). Upper (U) and lower (L) confidence limits (two red lines) bind the 95% confidence interval around the hypothesis of no spatial structure for the combined data set as determined by 999 permutations and 1,000 bootstraps to estimate the 95% interval around the coefficient r.

Figure 6 . 1 :

 61 Figure 6.1: Detailed map of the study site, with the five occupied main setts (red squares). Secondary sett activity represented here corresponds to what was determined at the beginning of the program; but secondary sett activity varies over time (between 2016 and 2019). Background map from IGN Scan 25 Topo 2015 (French Institute of Geography, www.ign.fr).

Figure 6 . 2 :

 62 Figure 6.2: Different capture methods used in the field: baited cages on the left, and wirestopped restraints on the right.

Figure 6

 6 Figure 6.3: GPS/Proximity collars used in the present study (Sirtrack/Lotek).

Figure 7 . 1 :

 71 Figure 7.1: Detailed map of the localisation of study site H in the corresponding small agricultural region (SAR code = 79371). Vegetation cover data originates from IGN BD Topo 2015 (French Institute of Geography, www.ign.fr).
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Table 1 . 1 :

 11 Potential benefits and costs of group living in animals.

	Potential benefits	Potential costs
	Increased foraging efficiency	Competition for food
	Reduced predation	Attraction of predators
	Increased access to mates	Loss of paternity
	Help from members	Loss of individual reproduction
	Access to information	Increased risk of disease or parasites
	...	...
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	Chapter 2
	The thesis is composed of 7 chapters:
	Chapter 1 -General Introduction
	Chapter 2 -Material and Methods
	Chapter 3 -Chapter 6 -Unpublished work in progress
	Chapter 7 -General Discussion and Perspectives

Table 2 .

 2 

		Study site Department	SAR code	Study site name	Abundance index (Calenge et al. 2015)
	2014	G	85	85368	Vendée	0.074
		I	1	01451	Bresse du Revermont	0.147
		F	21	21442	Haut Auxois (Zone B)	0.403
	2016	D B	52 54	52322 54305	Chateauvillain Forêt de Haye	0.152 0.154
		M	64	64379	Zone du Béarn	0.322
		H	79	79371	Forêt de Chizé	0.066
		E	21	21442	Haut Auxois (Zone A)	0.403
		C	54	54306	Secteur de Lunéville	0.153
	2017	K	63	63166	Zone d'Olby	0.100
		A	76	76332	Forêt de Brotonne	0.053
		L	69	69194	Mont du Lyonnais	0.014
	2018	J	24	24432	Dordogne	0.033

1: Identification of each study site surveyed in France between 2014 and 2018 (name, French department, SAR code), and the corresponding badger relative abundance index from

Calenge et al. 2015 

(scaled between 0 and 1, from low to high relative abundance).

Table 3 . 1 :

 31 Environmental variables (n = 13) calculated for each spatial unit (i.e. small agricultural region) in metropolitan France.

	Variable	Description	Unit	Source	
		Landscape			
	Edge	Sum of the lengths (m) of all edge segments, divided	m / m²	BD TOPO Vegetation
		by total vegetation area (m²)		2015 (IGN a )
	Dist.	Mean distance to the nearest vegetation patch	m	BD TOPO Vegetation
				2015 (IGN a )
		Soil features			
	VRM	Mean Vector Ruggedness Measure (VRM) of terrain	°BD ALTI 2011 (IGN a )
	Texture	Mean index of dominant surface textural class	from 0 to 5 BDGSF 1998 c
		derived from clay, silt and sand topsoil maps			
		(measured in 5 categories: from 0 = coarse to			
		5 = fine)			
	Depth	Mean index of depth class of an obstacle to roots	from 1 to 4 BDGSF 1998 c
		(measured in 4 categories: 1 = no obstacle to roots			
		between 0 and 80 cm, 2 = obstacle to roots between			
		60 and 80 cm depth, 3 = obstacle to roots between 40			
		and 60 cm depth, and/or 4 = obstacle to roots			
		between 0 and 40 cm depth)			
		Potential food resources			
	Earthworm	Predicted median earthworm abundance	Ind. / m²	Rutgers et al. 2016 d
	Pasture	Percentage of permanent pastures surface	%	RPG 2009 b
	Maize	Percentage of maize crop surface	%	RPG 2009 b
	Fruit	Percentage of orchards and vine crop surface	%	RPG 2009	b
		Climate			
	Temperature	Average monthly temperature of current climate	°C	WorldClim 1.4 e
	Precipitation	Average monthly rainfall of current climate	mm	WorldClim 1.4 e
	Alpi.; Conti.;	From Principal Component Analysis	-	WorldClim 1.4 e
	Coastal	(Appendix 1)			
		Anthropic pressure			
	Urban.	Percentage of urbanised area	%	Corine Land Cover 2015 f
		(classes: 11; 121; 123; 124)			
				fr)
	d : Digital soil mapping from habitat-response models (Rutgers et al. 2016) e : Global Climate Data -Free climate data for ecological modelling and GIS (Hijmans et al. 2005)
	f : CORINE Land Cover 2015, European Environment Agency (www.eea.europa.eu)	

a : "Institut National de l'Information Géographique et Forestière", geographical dataset (www.ign.fr) b : "Relevé Parcellaire Graphique", geographical dataset (www.geoportail.gouv.fr) c : "Base de Données Géographique des Sols de France", geographical dataset (www.gissol.

Table 3 . 2 :

 32 Posterior probability p r of the first eight environmental variables to belong to the best model describing badger relative abundance in metropolitan France, between 2006 and 2009, considering the two SARs groups (i.Model structure (i.e. variables combination) and associated posterior model probabilities P (γ 1 , γ 2 , ...γ r ) of the first four best models describing badger relative abundance in metropolitan France, between 2006 and 2009, considering the two SARs groups (i.e. < 400 and > 400 m elevation).

	Variable	Posterior probability (p r ) estimate (β r ) interval (β r ) Coefficient 95% Credible
	Non-mountainous SARs (< 400 m)	
	Earthworm	1.000	0.461	0.322; 0.600
	Fruit	1.000	0.400	0.284; 0.518
	Pasture	1.000	0.541	0.408; 0.680
	Edge	1.000	-0.407	-0.537; -0.279
	VRM	0.401		
	Dist.	0.060		
	Conti.	0.043		
	Maize	0.039		
	Mountainous SARs (> 400 m)		
	Texture	0.769	0.355	0.183; 0.523
	Conti.	0.519	0.419	0.247; 0.591
	Maize	0.253		
	Earthworm	0.247		
	Pasture	0.237		
	Urban.	0.195		
	VRM	0.151		
	Depth	0.010		

e. < 400 and > 400 m elevation). Associated mean β r coefficient of selected variables in the best model (i.e. withp r > 0.5) are provided along with 95% posterior credible intervals.
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 41 Description of the 13 study sites (from A to M) surveyed in France between 2014 and 2018, with the corresponding number of prospected transects. Suitable habitat (Suit.area) for badger settlement corresponds to the proportion of forest, forest edge and hedgerow in the whole study site.

	Study site	Year	Study site area (km²)	Forest (km²)	Forest edge (km²)	Hedgerow (km²)	Open area (km²)	Suit.area (%)	Number of transects in the survey
	A	2017	53.11	37.19	5.46	0.45	10.01	81.16	
	B	2016	49.65	35.43	5.41	0.35	8.46	82.96	
	C	2017	54.26	7.93	6.25	0.87	39.20	27.75	
	D	2016	49.52	36.98	4.18	0.11	8.25	83.33	
	E	2017	56.36	10.66	5.05	1.48	39.16	30.51	
	F	2016	48.92	10.01	9.31	1.23	28.37	42.01	
	G	2014	59.31	4.77	4.39	3.65	46.50	21.60	
	H	2016	49.49	37.07	3.58	0.16	8.68	82.46	
	I	2016	46.55	6.81	5.90	1.06	32.77	29.61	
	J	2018	53.36	7.76	12.97	1.08	31.55	40.88	
	K	2017	47.72	0.62	5.61	3.66	37.84	20.71	
	L	2017	57.67	7.02	8.92	2.00	39.73	31.09	
	M	2016	49.88	13.98	9.58	1.38	24.93	50.02	

Edge density (m / ha) = Sum of the lengths of all edge segments (in meters), divided by total vegetation area (i.e. m ) multiplied by 10,000

(IGN 2015 a )

.

VRM (°) = Mean Vector

Ruggedness Measure (VRM) of terrain (IGN 2011 b ). Soil texture (index) = Mean index of dominant surface textural class derived from clay, silt and sand topsoil maps (measured in 5 categories: from 0 = coarse to 5 = fine; BDGSF 1998 c ). Soil depth (index) = Mean index of depth class of an obstacle to roots (measured in 4 categories: 1 = no obstacle to roots between 0 and 80 cm, 2 = obstacle to roots between 60 and 80 cm depth, 3 = obstacle to roots between 40 and 60 cm depth, and/or 4 = obstacle to roots between 0 and 40 cm depth; BDGSF 1998 c ). Earthworm (ind. / m ) = Predicted median earthworm abundance from Rutgers et al. 2016 d . Pasture (%) = Percentage of permanent pasture surface (RPG 2012 e ). Maize (%) = Percentage of maize crop surface (RPG 2012 e ).
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 43 Number of setts detected during the walked transects survey and surveyed in

		Density of settclustersestimation		Group size estimation
		Number	Number of		Number of	Number of	Number of main
	Study site	of setts	sett clusters	pUSC pSSC pMSC	setts	secondary sett	sett clusters
		detected	formed		surveyed	clusterswith results	with results
	A	78	24	0.62 0.13 0.25	19	2	8
	B	40	21	0.37 0.13 0.50	27	1	9
	C	35	19	0.42 0.10 0.48	20	2	13
	D	66	29	0.17 0.52 0.31	20	5	9
	E	35	18	0.38 0.06 0.56	16	0	11
	F	36	22	0.41 0.32 0.27	17	3	5
	G	38	18	0.45 0.22 0.33	9	2	6
	H	46	26	0.27 0.38 0.35	16	2	9
	I	29	14	0.20 0.07 0.73	20	0	13
	J	21	16	0.63 0.06 0.31	16	1	13
	K	68	27	0.23 0.21 0.56	20	1	7
	L	11	9	0.09 0.09 0.82	14	0	10
	M	30	14	0.31 0.13 0.56	17	1	7
	Total/Mean	533	257	0.35 0.19 0.46	231	20	120

the determination of social group size during the survey in the 13 study sites (from A to M) in France. p U SC , p SSC and p M SC correspond respectively to the proportion of unoccupied sett clusters, secondary sett clusters and main sett clusters per site.

Table 4 .

 4 4: Estimates of sett cluster density from walked transect surveys in the 13 study sites in France using distance sampling. D C.Distance and D C correspond respectively to the density of clusters estimated in suitable habitats and corrected for the proportion of suitable habitat in each site.

	Study site DC.Distance(/km²)	DC(/km²)	DC95% Confidence Interval	DC% CV*
	A	6.952	5.39	3.08-8.64	27.01
	B	6.622	5.50	3.11-9.32	28.01
	C	12.792	3.55	2.19-5.24	21.71
	D	6.206	5.17	2.96-8.54	27.07
	E	10.390	3.12	1.81-4.78	24.44
	F	10.303	4.75	2.96-7.09	23.85
	G	10.618	2.29	1.28-3.52	25.08
	H	7.799	6.42	3.75-10.63	27.72
	I	9.421	2.62	1.30-4.36	29.44
	J	8.803	3.59	2.09-5.45	24.68
	K	18.31	3.79	1.95-6.04	28.80
	L	6.697	1.99	0.67 -3.78	39.54
	M	8.210	4.11	2.26-6.49	25.98
	*2.5% and 97.5% quantiles of the bootstrap estimates (n = 999)	
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 45 Parameters estimates of the 7 top ranked models for estimating badger sett cluster abundance using distance sampling analyses, with the associated Akaike's Information Criteria(AIC and AICC). The top ranked models used the hazard rate (HR) detection fonction..

	Model rank	Key model	Covariates	Number of parameters	AIC ΔAIC AICc ΔAICc GOF Chi-p
	5	HR		2	826.23 17.38 826.28 17.21	0.93
			CDS			
	1	HR	SIT	4	808.85 0.00 809.06 0.00	
	2	HR	HAB	4	813.64 4.79 813.84 4.78	
	6	HR	TER	4	826.74 17.90 826.95 17.89	
			MCDS			
	3	HR	SIT	3	813.70 4.85 813.80 4.74	0.47
	4	HR	HAB	6	821.34 12.49 821.69 12.63	
	7	HR	TER	6	838.89 30.04 839.24 30.18	
	CDS = Conventional Distance Sampling.		
	MCDS = Multiple Covariates Distance Sampling.	

SIT = The habitat type of the whole study site (i.e. forested or hedgerow sites). HAB = The habitat type along the transect (i.e. forest, forest edge or hedgerows). TER = The type of sett cluster (i.e. unoccupied, secondary or main sett cluster).
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	Secondarysett

.6: Mean badger social group size for secondary (SSC) and main sett clusters (MSC) in the 13 study sites in France, based on (i) adults using camera traps (ad SSC , ad M SC ) and (ii) badgers (adults and cubs) using camera traps and genetic identification (badger SSC , badger M SC ). For missing values (NA), we considered the mean of the category to estimate densities (c.f. Equations 4.1 and 4.2).

clusters Main sett clusters Study site Mean number of adults (adSSC) Mean total number (adults and cubs, badgerSSC) Mean number of adults (adMSC) Mean total number (adults and cubs, badgerMSC)

  

					4.3 Results
	A	1.00	1.00	2.45	4.27
	B	1.00	2.00	2.00	5.13
	C	2.00	3.50	1.80	3.47
	D	1.60	2.20	2.22	4.00
	E	NA	NA	1.33	2.25
	F	1.33	1.33	1.40	1.80
	G	1.50	2.00	1.33	1.83
	H	1.00	1.00	1.11	1.78
	I	NA	NA	1.71	3.07
	J	1.00	1.00	1.31	2.38
	K	2.00	2.00	1.42	2.17
	L	NA	NA	1.36	2.91
	M	1.00	1.00	1.56	2.22
	Mean ± SD	1.34± 0.41	1.70± 0.81	1.62± 0.40	2.87± 1.07

Table 4 .

 4 7: Categorical variables (n = 14) used to perform the Multiple CorrespondenceAnalysis.

	Abbreviation Description	Categories
	THAB	Transect's habitat	Forest
			Forest edge
			Hedgerow
	SHAB	Sett's habitat	Stump
			Wilderness
			Rocks
			Embankment
	SLP	Slope at the sett	flat (0%)
			weak (<5%)
			medium
			high (>20%)
	HO	Total number of hole entrances	1
			2 ≤ x ≤ 5 x ≥ 6
	UHO	Number of used hole entrances	0
			1
			2 ≤ x ≤ 5 x ≥ 6
	PRU	Proportion of used hole entrances 0
			x < 0.5
			x ≥ 0.5
	FEC	Presence of feces in latrines	Yes
			No
	LIT	Presence of litter	Yes
			No
	PRI		Yes
			No
	LAT	Number of latrines	0

Table 4 .

 4 8: Attribution of points to established an occupational score for each sett, depending on the six main signs of activity.

	Points attributed to each activity sign	+0 point	+1 point	+2 points
	Used holes	0	1	≥ 2
	Excavation	0	1	≥ 2
	Internal path	0	1	≥ 2
	External path	0	1 or 2	≥ 3
	Grooming or playing zones	None	Presence of a grooming zone	Presence of a playing zone
			Presence of prints	
	Prints or scratched trunks	None	and/or scratches	
			on trunks	

Table 5

 5 

	.1: Number of badger (Meles meles) setts surveyed, number of genotyped hair
	samples (Nhair), number of individuals identified (Nbadger), number of setts
	presenting individuals (Nsett), with the maximum number of different badgers
	identified per single sett (Nmax/sett) at the 11 study sites in France in 2016
	and 2017.				
	Study site	Number of	Nhair	Nbadger	Nsett	Nmax/sett
		setts surveyed				
	A	19	63	25	11/19	4
	B	27	172	69	23/27	11
	C	20	78	35	19/20	4
	D	20	79	30	10/20	7
	E	16	62	14	7/16	6
	F	17	5	5	3/17	2
	H	16	6	4	4/16	1
	I	20	83	27	15/20	6
	K	20	42	13	8/20	3
	L	14	78	26	8/14	8
	M	17	73	16	10/17	4
	Total	206	741	264	118/206	-
	Mean ± SD	18.72 ± 3.44 67.36 ± 44.65 28.33±17.00*	12.33±5.52*	5.89±2.52*

Table 5
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		.2: Sample size (n) and mean diversity indices ± SE standard error across 24 mi-
		crosatellite loci and fixation index (F is ) per study site. Badgers (Meles meles)
		were sampled at 9 study sites in France, in 2016 and 2017. Na-average num-
		ber of different alleles per locus; Ar-allelic richness per locus; Ho-observed
		heterozygosity; He-expected heterozygosity.	
	Study site n	N a	A r	H o	H e	F is
	A	25 4.000 ± 0.351	3.523 ± 1.364	0.483 ± 0.045	0.538 ± 0.047 0.1231*
	B	69 4.875 ± 0.284	3.933 ± 1.026	0.548 ± 0.029	0.618 ± 0.030 0.1194*
	C	35 5.417 ± 0.294	4.378 ± 1.033	0.632 ± 0.027	0.643 ± 0.020 0.0307
	D	30 4.875 ± 0.309	4.174 ± 1.194	0.609 ± 0.034	0.624 ± 0.031 0.0407*
	E	14 3.833 ± 0.238	3.614 ± 1.072	0.512 ± 0.044	0.529 ± 0.039 0.0691*
	I	27 4.750 ± 0.336	3.981 ± 1.327	0.550 ± 0.039	0.598 ± 0.038 0.0965*
	K	13 3.333 ± 0.339	3.206 ± 1.512	0.484 ± 0.061	0.467 ± 0.055 0.0038
	L	26 3.500 ± 0.262	3.144 ± 1.097	0.458 ± 0.044	0.496 ± 0.039 0.0982*
	M	16 3.833 ± 0.287	3.584 ± 1.216	0.600 ± 0.045	0.566 ± 0.035 -0.0222

  and Allendorf-Phelps effect (above diagonal), and Euclidian distances (m) between populations (under diagonal).

	Study site	A	B	C	D	E	I	K	L	M
	A	-	0.124* 0.101* 0.092* 0.143* 0.113* 0.188* 0.181* 0.128*
	B	401344	-	0.081* 0.079* 0.143* 0.109* 0.190* 0.189* 0.162*
	C	424484 23971	-	0.046* 0.079* 0.064* 0.142* 0.123* 0.089*
	D	350198 107918 127418	-	0.080* 0.076* 0.187* 0.162* 0.129*
	E	348632 186292 204038 79571	-	0.074* 0.192* 0.231* 0.142*
	I	490099 266759 273326 192613 146568	-	0.124* 0.157* 0.083*
	K	442003 407130 422717 302198 222740 203570	-	0.226* 0.160*
	L	506062 340486 349395 254051 189784 81302 141687	-	0.183*
	M	698269 799546 816595 692347 613267 588161 396141 510746	-
	*Significant F st value at P < 0.0015 (adjusted p-value for multiple tests) based on 30,000
	permutations.								
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 54 Description of the 11 study sites surveyed in France between 2016 and 2017, with the corresponding total area, forest and hedgerow areas(km ). Study sites presented contrasting landscape features, described by the edge density, the proportion of pasture and urbanized areas, and finally the road density.

	Study site	Year of the survey	Study site area (km²)	Forest (km²)	Hedgerow (km²)	Edge density (m/ha)	Pasture (%)	Urban. (%)	Road (km/km²)
	A	2017	52.96	40.63	0.45	57.60	4.78	0.60	2.27
	B	2016	49.59	40.84	0.35	61.63	0.23	9.15	3.81
	C	2017	54.19	14.19	0.87	252.16 16.30	3.90	2.21
	D	2016	49.52	41.16	0.11	32.03	1.90	0.03	1.54
	E	2017	56.39	15.72	1.48	284.34 25.85	0.10	1.83
	F	2016	48.94	19.32	1.23	279.99 50.50	1.48	1.86
	H	2016	49.55	40.65	0.16	29.93	0.00	0.00	2.68
	I	2016	46.61	11.90	1.05	292.51 18.38	1.95	3.04
	K	2017	47.79	6.23	3.66	878.19 74.85	3.87	3.95
	L	2017	57.74	15.12	2.00	433.59 18.18	21.41	5.23
	M	2016	49.85	23.56	1.38	206.78 7.53	2.90	2.72
	Forest (km ) = Total area of forested cover within a study site.		
	Hedgerow (km ) = Total area of hedgerow cover within a study site.		
	Edge density (m/ha) = Sum of the lengths of all edge segments (in meters), divided by total vegetation area (i.e. m ) multiplied by 10,000 (IGN 2015 a ).
	Pasture (%) = Percentage of permanent pasture surface (RPG 2012 b ).		
	Urban. (%) = Percentage of urbanized area surface (classes: 11; 121; 123; 124; CORINE Land Cover 2015 c ). Road (km/km ) = Road density (including main and secondary roads; IGN 2015 a ). a : IGN BD Topo Vegetation 2015, French Institute of Geography, www.ign.fr b : RPG 2012, French Ministry of Agriculture, www.geoportail.gouv.fr

c :

CORINE Land Cover 2015, European Environment Agency, www.eea.europa.eu 

Table 7 .

 7 1: Density estimates in adults (Density ad ) and badgers -adults and youngs-(Density badger ) per km in the 13 study sites in France, determined (i) using Main Sett Clusters (MSC) only (Chapter 4) or (ii) using the distinction between Main Sett Clusters without and with reproduction (respectively MSC NR and MSC R )

		Original (Chapter 4)	Distinguishing MSC NR	R and MSC
	Study site	Densityad	Densitybadger	Densityad	Densitybadger
	A	3.98	6.43	4.06		6.94
	B	6.19	15.49	5.57	12.11
	C	3.72	7.05	3.23		6.19
	D	7.85	12.31	8.11	12.16
	E	2.54	4.19	2.48		3.51
	F	3.83	4.34	4.01		5.05
	G	1.78	2.42	1.78		2.41
	H	4.94	6.42	4.99		6.38
	I	3.52	6.19	3.31		5.93
	J	1.69	2.90	1.70		2.91
	K	4.56	6.15	3.64		5.16
	L	2.46	5.03	2.11		4.52
	M	4.11	5.65	3.74		6.74
	Mean ±SD	3.94 ±1.73	6.51 ± 3.62	3.75 ± 1.75	6.15 ± 3.01

Table 7 . 2 :

 72 Comparison of the badger relative abundance index(Jacquier et al. 2020) with the adult and badger (adults and youngs) densities (Density ad ,Density badger ) estimated both for (i) the study sites (A-M) and for (ii) the corresponding small agricultural region (SAR). Suitable area (Suit.area) corresponds to the proportion of forests, forest edges and hedgerows.

	Dep.
	Study	site

SAR code Study site name Abundance index corr (Jacquier et al. 2020) Study site (50km²) SAR

  

	Densityad Densitybadger	1.62 2.20	7.75 13.62		2.99 3.40	4.37 6.86	4.13 10.34	3.87 5.33	1.10 1.43		2.78 4.59	5.09 9.65	9.84 13.26	2.27 3.67	3.36 6.89	2.03 3.48
	Suit.area	(%)	20	61		33	46	55	47	18		33	38	45	44	41	49
	Densityad Densitybadger	1.78 2.42	3.52 6.19		3.83 4.34	7.85 12.31	6.19 15.49	4.11 5.65	4.94 6.42		2.54 4.19	3.72 7.05	4.56 6.15	3.98 6.43	2.46 5.03	1.69 2.90
	Suit.area	(%)	22	30		42	83	83	50	82		31	28	21	81	31	41
			0.447	0.854	0.617	0.457	0.623	0.608	0.257	0.617	0.717	0.322	0.289	0.673	0.730
			Vendée	Bresse du Revermont	Haut Auxois (Zone	B)	Chateauvillain	Forêt de Haye	Zone du Béarn	Forêt de Chizé	Haut Auxois (Zone	A)	Secteur de Lunéville	Zone d'Olby	Forêt de Brotonne	Mont du Lyonnais	Dordogne
			85368	1451	21442	52322	54305	64379	79371	21442	54306	63166	76332	69194	24432
			85	1	21	52	54	64	79	21	54	63	76	69	24
			G	I	F	D	B	M	H	E	C	K	A	L	J
			2014				2016						2017		2018
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Chapter 3

Environmental drivers of large-scale variation in badger abundance
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Appendix 2

This document provides more details about the separation of the 703 small agricultural regions (i.e. SARs) into two distinct groups, based on mean SAR altitude.

We carried out a Principal Component Analysis of the table giving the value of the 13 relevant environmental variables in each SAR, using the ade4 package (Dray and Dufour, 2007) operating in R software (R Development Core Team, 2017). The first axis of this PCA, accounting for more than 30% of the total variability, expressed a strong elevation gradient in France, opposing lowlands on the negative values of this axis, to mountainous SARs with high ruggedness values, and low depth soils (Figure 3.8). Note that many of our variables of interest were highly correlated with this first axis (earthworm, VRM, depth, etc.). Thus, as a whole, the main structure of the environmental variables identified by this PCA is the elevation gradient (see Figure 3.9). Modelling badger abundance at the national scale without accounting for this gradient would result in an erroneous interpretation: the variables the most correlated with the first axis would mainly express the elevation gradient, and not necessarily the biotic or abiotic factors of interest.

To avoid this problem, within the 703 SARs, spatial units were separated into two elevation groups. Indeed, we examined the relationship between SAR mean altitudes and the scores of the SAR on the first component of the PCA, and we visually identified 400 m as the best separation between two groups of SARs (Figure 3.9). We retained as different groups: -SARs with an average altitude lower than 400 m (n = 531); and -SARs with an average altitude higher than 400 m (n = 172). Figure 3.10 illustrates the localisation of non-mountainous and mountainous SARs in France. Chapter 4

Spatial variation in badger density and its main determinants in France

Abstract

Population size and densities are the key parameters in both fundamental (e.g. population dynamic) and applied ecology (e.g. wildlife management), as it will affect population resilience to density-dependent and stochastic events. Deriving efficient management measures (e.g. for disease and pest control) or species conservation program thus require accurate estimates of population sizes and densities, especially for continuously distributed species, present on such a large range. Here, we aimed at determining European badger Meles meles local densities in 13 contrasted sites of 50 km across France, using a combination of non-invasive methodological approaches. We first estimated the density of sett clusters in each study site using distance sampling, through walked transects surveys in suitable habitats for badger settlement (i.e. forest, forest edge and hedgerow). As the territory of a badger social group can encompass several setts, we determined the mean social group size of badgers per cluster of neighbouring setts, using camera trapping and hair trapping for genetic identification. The density of adult badgers was on average 3.94 per km (from 1.69 to 7.85 depending of the site) and was positively correlated with the density of sett clusters (r = 0.71). The density of adult badgers per site was however independent from the social group size or the proportion of occupied sett clusters on each site. Besides to the ecological factors of variation, we also assessed whether habitat characteristics drove the local population densities of badgers. Landscape fragmentation explained these marked differences in adults densities, with highly fragmented landscapes supporting lower adult densities (r = -0.70). These results can guide management of badgers in France, and highlight the importance of good estimates of population densities to investigate host-parasite relationship in the context of bTB.

Badger density estimates

For each study site, we estimated the adult density Density ad and the badger density Density badger (i.e. adults and cubs) per square kilometres as follow:

Where D C is the density of sett clusters in km estimated by distance sampling corrected for suitable areas proportion (i.e. composed of forest, forest edge and hedgerow), p SSC and p M SC the proportions of occupied SSC and MSC, ad SSC and ad M SC the mean number of adults per SSC and MSC;

Where D C is the density of sett clusters in km estimated by distance sampling and corrected for suitable habitat proportions, p SSC and p M SC the proportions of occupied SSC and MSC, badger SSC and badger M SC the mean social group size in badgers (adults and cubs) per SSC and MSC.

Determinants of density spatial variation

To identify which ecological components influenced the most the spatial variation of density, we estimated the correlation between Density ad and each components of Equation 1 using non-parametric Spearman's rank correlation tests using the pspearman package [START_REF] Savicky | pspearman: Spearman's rank correlation test[END_REF] operating in R software (R Development Core Team, 2018). p-values were adjusted using the Bonferroni procedure for multiple comparisons (Bonferroni 1936). We performed a Principal Component Analysis (PCA) on the same variables (R package FactomineR, [START_REF] Lê | FactoMineR: an R package for multivariate analysis[END_REF].

To detect whether the density in adult badgers was correlated with local environmental variables, we also performed a PCA with Density ad , Suit.area, and all variables defined in Table 4.2, namely edge density (m/ha), VRM (°), soil texture and depth (indices), earthworm abundance (ind./m ), percentage of pasture, maize, urbanised area in the study site and road density (km/km ). See Appendix 4 for the Coefficient of Variation (CV%) of each variable. D; Figure 4.3) with an average of 3.93 ± 1.72 across study sites. Considering the maximum number of individuals per cluster, the density of adult and young badgers (Density badger ) ranged from 2.42 (site G) to 15.49 per km (site B; Figure 4.3), with an average of 6.51 ± 3.62 across study sites.

Determinants of density spatial variation

The density of adult badgers was positively correlated with sett cluster density (rho = 0.71; p-value < 0.01 after Bonferroni correction), but not significantly correlated with the group sizes or the proportion of main and secondary occupied sett clusters (despite an apparent strong correlation with p SSC , all p-values > 0.01; Figure 4.4). The PCA on local environmental variables revealed that fragmented landscapes (with a high edge density) tend to support lower adult densities (rho = -0.70; p-value = 0.009), while suitable habitats tend to support higher badger densities (rho = 0.68; p-value = 0.014; see Figure 4.5), however these effects were only marginally significant after Bonferroni correction. The proportion of urban areas and the density of roads in the study sites was unrelated with adult density (see Appendix 4 for CV%, rho and associated p-values). 
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Appendix Appendix 1

Geographic maps of the 13 study sites spread throughout France (from A to M), with open areas (white), forest (green), forest edges of 50 m wide (light green) and hedgerows (brown) from BD TOPO Vegetation 2015 (IGN a ). On each following page, we provide two maps per site with a scale of 1 / 75,000 representing first, the walked transect survey (red lines), and second, the discovered badger setts (black points), with 250 m-radius buffers representing badger sett clusters (red circles).

a : IGN BD Topo 2015, French Institute of Geography, www.ign.fr

Appendix 2

This Appendix describes the standardized scoring system used in order to distinguish main setts, occupied secondary setts, and unoccupied setts across all study sites. This method allows for controlling for observer bias in sett classification.

Firstly, we performed a Multiple Correspondence Analysis (MCA; Figure 4.6) on 14 categorical variables recorded on 650 setts in April during a 5-days field session to assess sett activity (i.e. different type of activity signs; described in the Table 4.7). The database included all setts present in the main text of this manuscript (i.e. = 533), and some other setts out of the protocol (e.g. known but not discovered during the walked transects survey; n = 117). We performed the MCA only considering the 594 setts, among the 650 in total, for which all 14 variables were described. The statistical analysis was done using the FactoMineR package [START_REF] Lê | FactoMineR: an R package for multivariate analysis[END_REF] operating in R software (R Development Core Team, 2018).

The two first dimensions of the MCA explained 33.6% of the total variance in the data (contribution of 24.9% and 8.7% for dimensions 1 and 2 respectively). The categories "1" for PLA and PRI, "2" for PINT, EXC and PEXT, and "3" for UHO have an important contribution to the positive pole of the first dimension, while the categories "1" for UHO, EXC and PEXT have a major contribution to the positive pole of the second dimension ( Secondly, based on these 6 variables that best discriminate setts (namely UHO, EXC, PLA, PRI, PINT, PEXT), we developed a scoring system to classify the 594 setts in either (i) unoccupied setts (score =0), (ii) occupied secondary setts (scores between 1 and 4) or (iii) main setts (score above 4). Theses scores were obtained by summing points according to the criteria described in Table 4.8 (see the graphical representation in Figure 4.8). We also calculated scores for the 56 setts for which some variables were not recorded, by attributing the mean value of the considered variable for any missing data (blue dots in Figure 4.8).

The accuracy of our scoring system to distinguish main, from secondary or unoccupied setts was tested by discriminant analysis. We found that the vast majority of the 594 setts were well grouped with the discriminant analyses compared to their attributed scores (99%, 74%, and 90% of the setts classified as unoccupied, secondary or main setts respectively). Our scoring method thus seem to be a powerful approach to categorise setts, and can be easily implemented in the field by only monitoring 6 activity signs (instead of 14 here initially). 

Abstract

Population viability and metapopulation dynamics are strongly affected by gene flow.

Identifying ecological correlates of genetic structure and gene flow in wild populations is therefore a major issue in both evolutionary ecology and species management.

Studying the genetic structure of populations also enables identification of the spatial scale at which most gene flow occurs, hence the scale of the functional connectivity, which is of paramount importance for species ecology. In this study, we examined the genetic structure of a social, continuously distributed mammal, the European badger Meles meles, at both large spatial scales (among populations) and fine (within populations) spatial scales. The study was carried out at 11 sites across France utilizing a non-invasive hair trapping protocol at 206 monitored setts. In total, we identified 264 badgers genotyped at 24 microsatellite DNA loci. At the large scale, we observed high and significant genetic differentiation among populations (global F st = 0.139; range of pairwise F st [0.046-0.231]) that was not related to the geographic distance between sites, suggesting few dispersal events at the large scale. Within populations, we detected a threshold value below which badgers were genetically closed (< 400 m), highlighting that sociality is the major structuring process within badger populations at the fine scale.

Material and Methods

Study sites

The study was conducted at 11 sites (n = 6 in 2016, n = 5 in 2017) spread over metropolitan France (Figure 5.1). Please note that two additional sites were monitored during the research project but with no genetic data collected (Figure 5.1). Study site' areas ranged from 46.61 to 57.74 km , and between site distances ranged from 14.57 km to 816.6 km. Each study site exhibited varying degrees of habitat fragmentation, edge density, urbanized area, road density, and forest cover (Table 5.4 in Appendix 1). Among the 11 populations, only two (E and M) have been officially described as infected by bTB and enacted culling measures. To avoid confounding effects of such management measures on localized badger movements, these two populations were only studied at the inter-population scale.

Sample collection

Sampling design was based on surveying on 48 to 53 random transects (n = 558) within each site, between March and April (before vegetation emergence) in order to find badger setts. Transects averaged 2 km long and were defined from a systematic grid of 1 km spaced points placed on a SIG map (IGN BD Carto 2015; French National Institute of Geography). We restricted transects to favorable habitats for badger settlements, placing transects only along hedgerows, forest edges, and in forests in relative proportions to their availability at each site. The transects averaged 1673.56 m long ± 390.57 SD [min = 403.19 m;max = 3220.79 m]. We categorized each sett as active or non-active based on cues in the field (e.g., recent footprints or freshly excavated soil), and recorded the GPS coordinates of the sett centroid, as badger setts can have several entrances and highly variable surface sizes (Roper 1992).

Between April and June each year of the monitoring, we non-invasively sampled badger hair on randomly chosen active setts (from 14 to 27 setts per site, mean = 18.73 ± 3.44 SD) during a two week period using hair traps. These consisted of a 1.7 mm width segment of barber wire with barbs spaced every 10 cm suspended approximatively 20 cm above ground level over visible badger runs or entrance holes. We used between 1 and 15 hair traps per sett (mean = 3.18 ± 1.65 SD) depending on the size of the sett.

Hair samples were collected every two or three days. To avoid cross-contamination, samples were collected using forceps cleaned with 90% alcohol and field researchers wore mono-use latex gloves. Hairs from different barbs on the same trap were considered separate samples. Hair samples were stored in labelled envelopes at room temperature. We recorded the number of hairs per sample, identified the species via hair morphology

Results

Individual identification

Out of the 741 genotyped badger hair samples collected from the 11 sampling sites, 41 samples were mixed (e.g., genetic pool of different individuals) and thus withdrawn from the analyses. We obtained a high amplification success rate (83.33% of loci that were amplified per individual on average) for the remaining 700 samples, and 607 were successfully genotyped to at least 8 microsatellite loci (mean number of amplified loci equals to 22.94 ± 2.88 SD, range 8-24; percentage of missing data equals to 4%; detailed in Appendix 3). Over the whole study, remaining disagreement between the two analysts (see Methods) were extremely rare and occurred only two times.

The individual identification of badgers allowed us to identify 264 consensus genotypes (137 males and 127 females, 23.03 ± 2.797 amplified loci per individual on average, range 8-24, 4% of missing data) distributed over the 11 sites. Consensus genotypes were always obtained from the pooling of genotypes obtained in a single study site. The probability that two siblings drawn at random from all populations would have identical genotypes was very low (Prod (P I sib ) estimation = 2.970 10-9).

At 73 of the 206 monitored setts (35.44%), hair traps failed to catch samples, and at 15 setts (7.28%) sample quality did not allow us to identify individuals. This resulted in small sample sizes for sites F (n = 5 individuals) and H (n = 4 individuals), thus they were excluded from further analyses (Table 5.1 and Figure 5.1). Among the other 9 study sites, badgers were identified at 7 to 23 setts per study site (mean = 12.33 ± 5.52 SD, N sett in Table 5.1). The number of identified individuals per study site ranged from 13 to 69 with an average of 28.33 ± 17.00 SD (Figure 5.1). The maximum number of unique badgers per sett ranged from 3 to 11 (Table 5.1).
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Appendix 2

Social organisation in badgers: Intra-and inter-group contacts at a small spatial scale

Abstract

To better assess the risk of bovine tuberculosis (bTB) transmission and the potential of badger Meles meles as a reservoir species for this zoonotic disease in France, it is crucial to deeply understand badgers' ecology. In particular, intra-and inter-group contacts are a likely promoter of bTB transmission, as it has been already shown for example in infected populations in the UK. Given that badger densities seem smaller in France than in the UK, we may expect also some differences in badger social organisation, with potentially lower frequency and duration of badger contacts in France. Here, we deployed GPS collars with proximity loggers on 21 badgers leaving in 4 distinct social groups in the Ain department (French administrative division). We present in this chapter the detailed methodology used for this deployment and the preliminary results originating from this work.

Preliminary results

Detected setts

Within the study site, we detected 28 badger setts (6 main and 22 secondary ones; Figure 6.1). Among the 6 main setts, 5 were occupied at the beginning of the program during the week survey, the last one was unoccupied (old abandoned one). With the camera-taps, we detected a maximum of 19 individuals among the 5 main setts (in February 2017).

Success at captures

In total, we captured 24 different individuals over 66 captures (53 captures with cages, 13 captures with wire-stopped restraints; 14 individuals, mostly youngs, were captured 2 to 14 times; Figure 6.4). The trapping success rate was of 2.5 captures per 100 trap-nights over the entire trapping period (2621 trap-nights in total). Overall, the trapping success was greater with cages than with wire-stopped restraints (3. When considering the average estimates, densities tend to be smaller when taking into account the type of main sett cluster (with or without reproduction; Table 7.1). This difference is stronger for some sites (e.g. site B) but does not hold for some others (e.g. site A). Hence, even though the newly obtained density estimates are overall not significantly different from the original estimates, applying this method might allow for more accurate local density measures.