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Résumé

Les chutes de pierres sont l'un des processus géomorphologiques les plus courants dans les milieux à forte pente. Elles sont caractérisées par le détachement brutal et rapide de masses rocheuses ayant un volume moyen de l'ordre du mètre cube le long d'une paroi rocheuse. Les causes d'une chute de bloc sont diverses. La présence de discontinuités au sein d'un aeurement ainsi que la géométrie de ces discontinuités fournissent des éléments importants permettant d'estimer la probabilité de détachement. Malgré leur volume limité, les chutes de pierres constituent un danger important, en raison de leur évolution rapide, de leur vitesse élevée et de leur énergie d'impact. Leur caractère imprévisible peut être problématique lorsque l'on souhaite étudier en détail leur dynamique et leurs facteurs déclenchants dans des conditions naturelles.

L'inuence relative des précipitations, de la fonte des neiges, de la température ou des cycles de gel-dégel est depuis longtemps reconnue, notamment grâce à des méthodes de surveillance des parois à moyen terme. Parallèlement, l'augmentation potentielle du risque de chutes de pierres due aux changements climatiques est une préoccupation majeure exprimée dans les milieux scientiques et non scientiques. A très haute altitude, des relations sans équivoque ont été établies entre l'augmentation de l'activité des chutes de pierres, le dégel du pergélisol et le réchauement climatique. En revanche, en dessous de la limite du pergélisol, l'absence d'évaluations à long terme des facteurs déclenchants et la rareté de bases de données exhaustives et précises rend nos connaissances de la dynamique de cet aléa encore lacunaires. Au cours des deux dernières décennies, la dendrogéomorphologie -une approche basée sur l'analyse des dommages inigés aux arbres suite à des processus géomorphologiques -a été utilisée pour combler certaines lacunes et limites inhérentes aux archives historiques. Ainsi, des reconstitutions de l'activité des chutes de pierres ont été développées dans les régions montagneuses du monde entier. Paradoxalement, ces reconstitutions issues de l'analyse des cernes de croissance des arbres n'ont que rarement été comparées aux données climatiques an de déterminer précisément les facteurs météorologiques potentiellement déclenchants ou encore pour détecter les inuences du réchauement climatique sur l'activité des chutes de pierres. Cela peut s'expliquer par l'absence de recommandations claires pour extraire des reconstitutions le signal climatique dans les environnements sujets aux chutes de pierres. Dans ce contexte, cette thèse vise d'abord à proposer des recommandations méthodologiques claires pour optimiser les stratégies d'échantillonnage an de quantier précisément les incertitudes des reconstitutions dendrogéomorphologiques dans le temps .

Nos résultats montrent clairement que la cartographie à haute résolution des tiges sur les parcelles étudiées (Chap. 2) combinée à une sélection rigoureuse des espèces d'arbres (Chap. 3) principalement situées à proximité des falaises (Chap. 4) améliorent la robustesse de nos reconstitutions sur les parcelles étudiées à Saint-Guillaume (peuplement forestier mixte, massif du Vercors, Alpes françaises) et à Valdrôme (peuplements forestiers monospéciques plantés, massif du Diois, Alpes françaises). Dans la deuxième partie (Chaps. [4][5], nous nous servons des reconstitutions obtenues et de données météorologiques à haute résolution spatio-temporelle pour identier précisément les facteurs météorologiques favorisant l'occurence des chutes de pierres.

A l'échelle interannuelle, nos résultats montrent que les précipitations estivales et les événements pluvieux intenses sont les principaux facteurs de l'activité des chutes de pierres sur les deux sites. Aucun eet des températures ou des cycles de gel-dégel n'a pu être détecté. Ces résultats, conformes à la documentation de surveillance des parois rocheuses disponible pour les Préalpes calcaires, conrment la robustesse de notre approche. Enn, dans le chapitre 6 nous comparons les uctuations décennales dans les deux reconstitutions dendrogéomorphologiques avec les séries climatiques disponibles pour la période 1959-2017, dans le but de détecter les impacts potentiels des changements climatiques sur l'activité des chutes de pierres. Dans le massif du Vercors, nous expliquons l'augmentation de l'activité des chutes de pierres observée dans la reconstitution depuis 1959 par une recolonisation forestière rapide et par la sur-représentation des jeunes arbres, plus sensibles, plutôt que par le changement climatique. Dans le massif du Diois, l'absence de tendance signicative suggère qu'une légère augmentation de l'activité n'est pas soutenu par les données météorologiques existantes. Cependant, la faible robustesse des modèles de régression multiple utilisés ici, l'augmentation limitée de la température sur les sites d'études et le caractère incomplet de nos reconstitutions dendrogémorphologiques suggèrent que ces résultats doivent être traités avec prudence. Au total, cette thèse démontre clairement la x valeur ajoutée de l'approche dendrogéomorphologique pour reconstituer l'activité des chutes de pierres, évaluer le rôle des conditions météorologiques sur l'activité ainsi que pour détecter les impacts potentiels des changements environnementaux sur la dynamique de l'aléa. A ce titre, les résultats présentés ici sont d'un intérêt majeur pour la communauté scientique mais aussi pour les acteurs en charge de la gestion des risques. Ils pourraient constituer, à terme, une base importante pour l'aménagement des territoires de montagne.

Mots clés : Dendrogéomorphologie, chute de pierres, statistiques, facteurs météorologiques déclenchants, changements environnementaux, Préalpes calcaires.

CHAPITRE 1

General introduction 1.1 Context Mountain areas are particularly aected by a high concentration of natural hazards, particularly due to favourable topographical and climatic characteristics [START_REF] Hewitt | Regions of Risk: A Geographical Introduction to Disasters[END_REF]. Rockfall is one of the most common geomorphological process in steeply sloping environments. Rockfall occurrence can lead to important economic loses and even casualties [START_REF] Hantz | An historical, geomechanical and probabilistic approach to rock-fall hazard assessment[END_REF][START_REF] Gardner | Rockfall: a geomorphic process in high mountain terrain[END_REF][START_REF] Erismann | Dynamics of Rockslides and Rockfalls[END_REF][START_REF] Dussauge-Peisser | Evaluation de l'aléa éboulement rocheux : développements méthodologiques et approches expérimentales ; application aux falaises calcaires du Y grenoblois[END_REF]. The improvement of the understanding of this hazard from a spatial and temporal point of view is therefore an essential issue for land use planning and risk management.

Recent IPCC reports have clearly demonstrated that the temperature increase observed in recent decades has not had any known analogues over the past two millennia. In the Alps, the temperature increase is double (1.5°C) compared to the rest of the world [START_REF] Auer | HISTALPhistorical instrumental climatological surface time series of the Greater Alpine Region[END_REF] (SROCC, 2019). Several authors have demonstrated the decisive role of meteorological variables on rockfall activity. Freeze-thaw cycles (cryoclasty), rapid temperature variations, cumulative precipitation, intense rainfalls or snowmelt were thus reported as main triggering factors (see e.g D 'Amato et al. (2016)). As a result of this meteorological control, uctuations of rockfall intense related to climate warming are expected [START_REF] Allen | Exploring steep bedrock permafrost and its relationship with recent slope failures in the Southern Alps of New Zealand[END_REF]Huggel et al., 2012b;[START_REF] Stoel | Eects of climate change on mass movements in mountain environments[END_REF][START_REF] Allen | Extremely warm temperatures as a potential cause of recent high mountain rockfall[END_REF]. Historical archives have been used to document the evolution of the frequency of gravity hazards. For the Alps, these catalogues (see e.g. [START_REF] Ravanel | Climate inuence on rockfalls in high-Alpine steep rockwalls: The north side of the Aiguilles de Chamonix (Mont Blanc massif ) since the end of the `Little Ice Age[END_REF]Huggel et al., 2012b)) show a very signicant increase in the frequency of events since the 1990s. This evolution, that coincides with rising temperatures, suggests a direct link between climate warming, the thawing of permafrost in the clis and increasing rockfall activity at high altitude. However, due to the multiplicity of the triggering potential factors, it is dicult to establish a relationship between these collapses and global warming (Huggel et al., 2012a). In addition, given the fact that monitoring and documentation eorts have been intensied during the past decades, it remains unclear to which degree this correlation is aected by varying temporal completeness of the underlying datasets [START_REF] Beniston | The European mountain cryosphere: a review of its current state, trends, and future challenges[END_REF].

In addition, the above-mentioned studies focused on large-scale events (often larger than 100 m 3 ) at high elevations (>2500 m) on clis characterized by the presence of permafrost. By contrast, knowledge remains limited at lower elevations in areas where most of the vulnerable elements are located. Only [START_REF] Sass | Is climate change causing increased rockfall frequency in Austria? Natural Hazards and Earth System Sciences[END_REF], analysed the evolution of rockfalls at lower elevations on the basis of a historical inventory. The latter lists 252 rockfalls in Austria between 1900 and 2010 and shows a rst peak in activity in spring and for two decades, a second in summer. The authors conclude, however, no signicant increase in the frequency/intensity of rockfalls could be detected below the permafrost limit.

Another bias identied in most studies is the incompleteness of historical chronicles. Generally, historical records only report events of sucient intensity to cause loss and damages [START_REF] Ibsen | The nature, use and problems of historical archives for the temporal occurrence of landslides, with specic reference to the south coast of Britain, Ventnor, Isle of Wight[END_REF]. As a result, signicant gaps exist and require to be fullled in the assessment of low and medium intensity as well as high and medium frequency hazards (Schneuwly et al., 2009a). This historical gap in events is even more marked in urban and peri-urban areas exposed to rockfalls where population mobility tends to make it dicult to build a collective memory of risk [START_REF] Astrade | Periurbanisation and natural hazards: Evolution of a mountainous area at an urban periphery and its inhabitants' awareness of natural hazards: the Lavanchon basin[END_REF]. This phenomenon is reinforced by (i) the complexity of the process and its sudden and unpredictable nature, (ii) the limited spatial hold, (iii) a return period greater than human life expectancy [START_REF] Dussauge | Statistical analysis of rockfall volume distributions: implications for rockfall dynamics[END_REF]. This complexity can be problematic in the consideration of danger by public authorities and the population, which tend to minimize risk by considering it at the individual level [START_REF] Leroi | Risk assessment and management[END_REF].

On forested slopes, tree rings have repeatedly been shown as reliable proxies for the reconstruction of past events. Tree-ring analyses of geomorphic processes known as dendrogeomorphology [START_REF] Alestalo | Dendrochronological interpretation of geomorphic processes[END_REF] are usually based on the `processeventresponse' concept dened by [START_REF] Shroder | Dendrogeomorphological Analysis of Mass Movement on Table Clis Plateau, Utah[END_REF]. In this concept, a geomorphic 'process' (rockfall in our case) cause an external disturbance (the 'event') on a tree that will react through a specic growth 'response'.

In the case of rockfall, the dendrogeomorphic approach have been used to (i) reconstruct the frequency of past events [START_REF] Stoel | A Review of Studies Dealing with Tree Rings and Rockfall Activity: The Role of Dendrogeomorphology in Natural Hazard Research[END_REF][START_REF] Trappmann | Achieving a more realistic assessment of rockfall hazards by coupling three-dimensional process models and eld-based tree-ring data: AS-SESSMENT OF ROCKFALLS BY COUPLING ROCKFALL MODELS AND TREE-RING DATA[END_REF]Mainieri et al., 2019a), and to (ii) map preferential trajectories or parameterize three-dimensional, process-based rockfall models (Stoel et al., 2006;[START_REF] Corona | Parameterization of rockfall source areas and magnitudes with ecological recorders: When disturbances in trees serve the calibration and validation of simulation runs[END_REF][START_REF] Corona | Modeling rockfall frequency and bounce height from threedimensional simulation process models and growth disturbances in submontane broadleaved trees[END_REF][START_REF] Zielonka | Can we distinguish meteorological conditions associated with rockfall activity using dendrochronological analysis? -An example from the Tatra Mountains (Southern Poland)[END_REF]). Yet, with the exception of [START_REF] Perret | Spatial and temporal rockfall activity in a forest stand in the Swiss PrealpsA dendrogeomorphological case study[END_REF]Perret et al. ( ), ilhán et al. (2011) ) and [START_REF] Zielonka | Can we distinguish meteorological conditions associated with rockfall activity using dendrochronological analysis? -An example from the Tatra Mountains (Southern Poland)[END_REF], tree-ring reconstructions were rarely compared with instrumental series in order to assess potential meteorologic triggers or to detect potential impacts of climate uctuations on rockfall activity.

In that sense, the overall aim of the thesis is to use tree-ring analysis to (1) reconstruct multidecadal uctuations of rockfall frequency at non-englaciated calcareous clis of the french Alps, (2) identify the meteorological drivers of rockfall activity so as (3) to detect potential relationships with global warming. From the methodological perspective, it will aim at (1) proposing optimized sampling procedure from the individual to the slope scales, (2) for both conifer and broadleaved species in order to (3) precisely quantify the robustness and the reliability of tree-ring reconstructions back in time. 1.2 Rockfall as a natural hazard 1.2

.1 Denitions and classication

Several denitions of rockfall were proposed in the literature :

A fragment of rock detached by sliding, toppling or falling from a vertical or subvertical cli, before proceeding downslope by bouncing and ying along parabolic trajectories or by rolling on talus or debris slope [START_REF] Varnes | Slope movement and types and processes[END_REF] A relatively small landslide conned to the removal of individual and supercial rock fragment from cli faces [START_REF] Selby | Hillslope materials and processes. Hillslope materials and processes[END_REF] A displacement of a single fragment or several pieces [...] with an episode of free fall during the movement [START_REF] Evans | The assessment of rockfall hazard at the base of talus slopes[END_REF] The free falling of a newly detached rock from a cli [START_REF] Easterbrook | Surface Processes and Landforms[END_REF] A single mass that travels as a freely falling body with little or no interaction with other solids.

Movement is normally through the air, although occasional bouncing or rolling may be considered as part of the motion [START_REF] Ritter | Process Geomorphology[END_REF] Rock/ice fall: Detachment, fall, rolling, and bouncing of rock or ice fragments. May occur singly or in clusters, but there is little dynamic interaction between the most mobile moving fragments, which interact mainly with the substrate (path). Fragment deformation is unimportant, although fragments can break during impacts. Usually of limited volume [START_REF] Hungr | The Varnes classication of landslide types, an update[END_REF] 
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Figure 1.1 Schematic representation of the rockfall process on a forested slope. Following [START_REF] Dupire | Evaluation des eets des incendies sur la capacité de protection des forêts contre les chutes de blocs dans les Alpes françaises[END_REF].

Based on the above-mentioned denition, we will consider rockfall as a complex gravitational process of sporadic nature that involve independent movement of individual rock fragments that detach from bedrock along new or previously existing discontinuities such as bedding planes, joints, fractures, cleavage, and foliation [START_REF] Selby | Hillslope Materials and Processes[END_REF] by creeping, sliding, toppling or falling.

They fall along a cli, proceed down slope by bouncing and ying along ballistic trajectories, or by rolling on talus or debris slopes. In general, fragmental rockfalls involve relatively small detachments (<100 m 3 ) of isolated rocks or/and boulders that move downslope with a maximum velocity that normally do not exceed 30 m.s -1.

Many rockfall classications have been established based on the volume or the intensity of the considered events. In France, three main categories are usually distinguished:

1. Rockfalls designate falling, bouncing and rolling of fragments with a diameter less than 50 cm to a few cubic meters. If the diameter of travelling blocks exceeds 50 cm, the term boulder can be is used.

2. Large rockfalls involve the fall of one or more blocks with a total volume of several hundred cubic meters to a hundred thousand cubic meters; 3. Above this volume, the terms "very large rockfall" or "collapses" are used to characterize potentially catastrophic events with high speeds and long stopping distances. 

A risk-generating hazard

Rockfall hazard is characterized by the sudden and rapid detachment of rock masses with an average volume in the order of one cubic meter from a cli (Dorren et al., 2005a). The initiation causes of rockfall are diverse. The presence of discontinuities within an outcrop and the geometry of these discontinuities provide important elements for estimating the probability and the volume of potentially detachemented blocks. The timing of such an event is dicult to predict but certain conditions are favourable to its initiation. For example, a meteorological event (heavy rainfall, freeze/thaw cycle, etc.), seismic event or event related to plant or human activity may initiate the fall of one or more rocks [START_REF] Matsuoka | Rockfall activity from an alpine cli during thawing periods[END_REF]. The probability of a block falling is high in mountainous areas. Indeed, according to the french forest services (RTM), 25%

of mountainous municipalities are aected by rockfalls. Field observations reveal almost daily events in some highly exposed areas. The consequences of rockfalls can be severe. They can cause damages or destructions of community infrastructures and housing as well as fatal injuries to people (Fig. 1.2). Out of 2200 rockfalls recorded by RTM services since 1970, half of them have caused material damages and about 100 have caused injuries or deaths (Bourrier, 2008).

A complex zoning

The rockfall risk depends on the vulnerability of the area under consideration and the frequency/intensity of rockfall hazard associated with that area. In the natural risk management, hazard characterization is essential for the zoning regulatory and the protection of property or people. However, the evaluation of the initial hazard remains complex. Since the development of numerical simulation methods, zoning has been based on tools for modelling the trajectories of falling blocks. More recently, researchers have used Geographic Information Systems (GIS) to perform more quantitative spatial analyses of rockfall hazard and risk (e.g., [START_REF] Loye | Identication of potential rockfall source areas at a regional scale using a DEM-based geomorphometric analysis[END_REF] ; [START_REF] Dorren | A review of rockfall mechanics and modelling approaches[END_REF]). The most important benet GIS-based studies arise from the inclusion of multiple spatial layers derived from both eld investigations and computer modeling. Physically-based rockfall simulations provide important informations on rockfall trajectories, energies and runout distances [START_REF] Dorren | A review of rockfall mechanics and modelling approaches[END_REF], and in most cases can be easily integrated into GIS softwares (Fig; 1.3).

Initially, rockfall trajectories were simulated in a spatial domain dened by two axes (2-D trajectory model, see e.g., [START_REF] Jones | Colorado Rockfall Simulation Program Version 4[END_REF]), but advances in computer processing power have allowed more recent models to operate in three dimensions based on high-resolution digital elevation models [START_REF] Bourrier | Toward objective rockfall trajectory simulation using a stochastic impact model[END_REF][START_REF] Volkwein | A quality assessment of 3D video analysis for full scale rockfall experiments[END_REF].

Despite the increasing power of numerical processing and the quality of the input data required for simulations (e.g. Lidar-type Digital Terrain Models), these stochastic models only partially reect the complexity of reality. In addition, they are very sensitive to parameterization particularly with respect to the delineation of rockfall source areas and to the input data in the transit area (soil roughness, forest stand structure and density) which require thorough eld calibration [START_REF] Volkwein | A quality assessment of 3D video analysis for full scale rockfall experiments[END_REF]. Finally, they provide statistically signicant values for preferential trajectories but do not give information about the real frequency of rockfalls.

Ideally, retro-analyses of past events should be used to validate the expert judgment. However, on a majority of slopes, records on past events are largely missing. The use of historical chronicles with various origins (private, religious or administrative archives, etc.) and formats (iconography, photographs, writings, oral narratives, etc.) may help to ll this gap. In all cases, these records remain discontinuous or fragmentary [START_REF] Corona | Parameterization of rockfall source areas and magnitudes with ecological recorders: When disturbances in trees serve the calibration and validation of simulation runs[END_REF] and only allow to estimate partially the frequency/intensity of past events [START_REF] Ibsen | The nature, use and problems of historical archives for the temporal occurrence of landslides, with specic reference to the south coast of Britain, Ventnor, Isle of Wight[END_REF]. At present, the level of condence is high that the global average temperature of the past few decades was warmer than any comparable period during the last 2000 years [START_REF] Mann | Proxy-based reconstructions of hemispheric and global surface temperature variations over the past two millennia[END_REF] (SROCC, 2019). Current evidence also suggests that temperatures during the past 25 years were higher than any period of comparable length since AD 900 in the European Alps [START_REF] Corona | Millennium-long summer temperature variations in the European Alps as reconstructed from tree rings[END_REF][START_REF] Corona | Long-term summer (AD751-2008) temperature uctuation in the French Alps based on tree-ring data: Long-term temperature uctuation in the French Alps[END_REF]. Based on simulation runs forced with dierent greenhouse gas emission scenarios, the IPCC report (2019) concludes that, at hemispheric scale, the rate of warming until the end of the 21st century is likely to be faster than ever recorded from historical or proxy records (Fig. 1.4). Similar evolution of mean temperatures is expected in the Alps [START_REF] Gobiet | 21st century climate change in the European AlpsA review[END_REF]. Although changes in average conditions may have serious consequences by themselves, the key impacts of climate change will be result from changes in interannual climate variability and weather extremes [START_REF] Borgatti | 30 Hillslope Processes and Climate Change[END_REF]. The capacity of air to hold moisture is a function of temperature. As a consequence, global warming is likely to lead to an overall greater frequency and magnitude of heavy precipitation events and an increase in the frequency and intensity of extreme precipitation events has been identied in dierent sets of observational data from several regions of the World (IPCC, 2019). In the Alps, for the future, projections likewise suggest decreasing return periods of extreme rainfall events [START_REF] Déqué | An intercomparison of regional climate simulations for Europe: assessing uncertainties in model projections[END_REF](Fig. 1.5).

Such changes in temperature and precipitation are considered likely to have direct and potentially drastic impacts on the frequency and ensuing magnitude of natural disasters, especially if their triggering is driven by meteorological parameters [START_REF] Stoel | Assessing Rockfall Activity in a Mountain Forest Implications for Hazard Assessment[END_REF][START_REF] Corona | Seven centuries of avalanche activity at Echalp (Queyras massif, southern French Alps) as inferred from tree rings[END_REF].

Natural triggers of rockfalls comprise freeze-thaw cycles of water, melting of snow or permafrost, temperature changes, intense rainfall, stress relief following deglaciation, earthquakes volcanic activity, and root penetration and wedging (see e.g. [START_REF] Matsuoka | Rockfall activity from an alpine cli during thawing periods[END_REF], for a detailed review). One can though speculate that the probability of rock instability and the incidence of rockfalls and rock avalanches will be modied by a warming climate [START_REF] Stoel | Eects of climate change on mass movements in mountain environments[END_REF]. Cengalo, Val Bregaglia, in the southern Swiss Alps (see [START_REF] Stoel | Eects of climate change on mass movements in mountain environments[END_REF] for a detailed review).

However, even if some of the reported events can be unequivocally assigned to the current warming trend, others authors stated that a generally increasing frequency of rockfalls at present is not recognisable. Though, [START_REF] Deline | The morphodynamics of the mont blanc massif in a changing cryosphere: a comprehensive review[END_REF] attributed 55% of the rockfalls observed in the Mont Blanc massif in 2007 and 2008 to permafrost degradation, and [START_REF] Allen | Exploring steep bedrock permafrost and its relationship with recent slope failures in the Southern Alps of New Zealand[END_REF] found that 13 out of 19 rockfalls investigated in New Zealand derived from marginal permafrost areas. Conversely, based on rockfall inventory data from Switzerland and Austria, [START_REF] Gruner | Klima und Sturzereignisse in Vergangenheit und Zukunft[END_REF] and [START_REF] Sass | Is climate change causing increased rockfall frequency in Austria? Natural Hazards and Earth System Sciences[END_REF] stated that a generally increasing frequency of rockfalls at present is not recognisable and not to be expected in the nearer future. The fact that results are contradictory and that they dier between studies clearly highlight the necessity to lead systematic projects at the local and regional level rather than at the national or Alpine scale.

Additionnally, many of theses studies are strongly biased towards glaciated or permafrost areas, and focused on rock avalanches. Additionally, three major biases were identied in the majority of the studies conducted : (i) searches are restricted to high altitude walls characterized by the presence of permafrost. Knowledge remains fragmented at lower elevations in areas where most These biases are particularly problematic managers. The latter are confronted with a rapid and uncertain evolution of the risk of rockfalls, rarely taken into account in urban planning documents that do not integrate possible non-stationarity of intensity, frequency and/or stopping distance related to climate change. 1.4 Observations and reconstruction of rockfall activity 1.4

.1 Review of approaches

To establish a reliable rockfall hazard assessment and risk analysis, an extensive database including past rockfall frequencies and magnitudes is an indispensable support. There exist several methods in order to obtain knowledge on rockfall. The most common one is acoustic measurements of the timing and frequency of rockfall generation [START_REF] Luckman | Rockfalls and rockfall inventory data: Some observations from surprise valley, Jasper National Park, Canada[END_REF]. Debris detachment from a rockwall has been investigated by a comparison of photographs taken at certain time intervals or monitoring kinematics of a toppling block [START_REF] Matsuoka | The rate of bedrock weathering by frost action: Field measurements and a predictive model[END_REF]. Rockfall debris has been collected using articial traps or natural traps, such as large at-top boulders [START_REF] Luckman | Rockfalls and rockfall inventory data: Some observations from surprise valley, Jasper National Park, Canada[END_REF] and snow elds below rockwalls [START_REF] Rapp | Recent development of mountain slopes in Kärkevagge and surroundings, northern Scandinavia[END_REF]. In the last decade, stereo-photogrammetry and Terrestrial Laser Scanner (TLS) applications have become common surveying techniques for characterization of the rock mass exposures. Its increasing use is due to its capability to provide quickly and easily, digital data of high accuracy and precision. TLS may capture information from inacessible outcrops, and acquire large data sets which can be readily treated. The main applications may be summarized in the following [START_REF] Jaboyedo | Use of LIDAR in landslide investigations: a review[END_REF]: the reconstruction of the topography and generation of DEM, the determination of the size and spatial distribution of potentially unstable rock mass volumes; the detection and measurement of rock face displacements; obtaining the spatial distribution and magnitude of rockfalls events and quantication of the retreat rate of clis.

These observations are very precise yet they are time consuming and can only be applied for a short periods of time on limited study sites [START_REF] Matsuoka | Rockfall activity from an alpine cli during thawing periods[END_REF]. They though yield valuable data on the contemporary activity, but major diculties are encountered in estimating long-term changes in rockfall accretion rates [START_REF] Luckman | Rockfalls and rockfall inventory data: Some observations from surprise valley, Jasper National Park, Canada[END_REF]. Reconstruction of past events is therefore the only possibility to obtain broad knowledge on general rockfall behavior. Studying archival data on rockfall is the most obvious method [START_REF] Rapp | Recent development of mountain slopes in Kärkevagge and surroundings, northern Scandinavia[END_REF] [START_REF] Hungr | Magnitude and frequency of rock falls and rock slides along the main transportation corridors of southwestern British Columbia[END_REF]. However, the perusal of archival data remains usually scarce and fragmentary as well [START_REF] Dussauge-Peisser | Evaluation de l'aléa éboulement rocheux : développements méthodologiques et approches expérimentales ; application aux falaises calcaires du Y grenoblois[END_REF], and records usually contain information on events that caused fatalities or destruction of human assets, but will lack data on small-scale events and activity in less-densely inhabited areas. Theses limitations in chronicles of rockfalls blurred evidences of variations related to climate uctuations in the past [START_REF] Sass | Is climate change causing increased rockfall frequency in Austria? Natural Hazards and Earth System Sciences[END_REF] and create biases in rockfall hazard and risk assessments.

Dendrogeomorphic approach

At present, paleo-environmental approaches with high spatial and temporal resolution to reconstruct hazard evolution over several centuries are rare in the Alps. The dendrogeomorphological approach, based on the use of trees as silent witnesses of natural past events, oers this opportunity [START_REF] Lopez-Saez | Reconstruction de l'activité des glissements de terrain au moyen d'une approche dendrogéomorphologique (Moyenne vallée de l'Ubaye[END_REF][START_REF] Corona | Seven centuries of avalanche activity at Echalp (Queyras massif, southern French Alps) as inferred from tree rings[END_REF][START_REF] De Bouchard D'aubeterre | Tree-ring reconstruction of snow avalanche activity: Does avalanche path selection matter?[END_REF]. Dendrogeomorphology is a discipline derived from dendroecology, itself derived from dendrochronology.

Dendrochronology is an absolute dating method based on the analysis of tree growth rings. In other words, it makes it possible to date the creation of a growth ring to year t. It is based on the fact that each year, in temperate regions, trees form a distinct growth ring. Wood is produced by the cambium during the vegetative period [START_REF] Astrade | L'utilisation des cernes de croissance des arbres pour l'étude des événements et des changements morphologiques : intérêts, méthodes et apports des recherches alpines à la dendrogéomorphologie[END_REF]. For example, for conifers, we distinguish the initial light-coloured wood from the darker nal wood. Initial wood is formed during spring (from May-June in mountain environments) to facilitate the transport of water and nutrients. Final wood is formed during summer period (from July to September depending on species and stationary conditions) to mechanically stabilize the tree [START_REF] Lopez-Saez | Reconstruction de l'activité des glissements de terrain au moyen d'une approche dendrogéomorphologique (Moyenne vallée de l'Ubaye[END_REF]. Recently, studies allowed to reconstruct hazard activity at an intra-annual resolution [START_REF] Lopez-Saez | Reconstruction de l'activité des glissements de terrain au moyen d'une approche dendrogéomorphologique (Moyenne vallée de l'Ubaye[END_REF].

Dendrogeomorphology is a reconstruction method of natural hazards using growth disturbances in trees. This term rst appeared in the work of [START_REF] Alestalo | Dendrochronological interpretation of geomorphic processes[END_REF] who considers that this discipline is based on:

i. The ability of trees to respond to exogenous stresses caused by disruptive events or changes in its growing environment;

ii. The recording in the annual wood rings of disturbance reactions and visible morphological anomalies. [START_REF] Shroder | Dendrogeomorphological Analysis of Mass Movement on Table Clis Plateau, Utah[END_REF][START_REF] Shroder | Dendrogeomorphology: review and new techniques of tree-ring dating[END_REF] This discipline therefore allows (i) to date an event with an annual to seasonal chronological resolution [START_REF] Stoel | Assessing Rockfall Activity in a Mountain Forest Implications for Hazard Assessment[END_REF][START_REF] Lopez-Saez | Reconstruction de l'activité des glissements de terrain au moyen d'une approche dendrogéomorphologique (Moyenne vallée de l'Ubaye[END_REF], (ii) to reconstruct environmental changes, but also (iii) to spatialize geomorphological processes [START_REF] Astrade | L'utilisation des cernes de croissance des arbres pour l'étude des événements et des changements morphologiques : intérêts, méthodes et apports des recherches alpines à la dendrogéomorphologie[END_REF]. Subsequently, [START_REF] Shroder | Dendrogeomorphological Analysis of Mass Movement on Table Clis Plateau, Utah[END_REF][START_REF] Shroder | Dendrogeomorphology: review and new techniques of tree-ring dating[END_REF] developed this denition by proposing the concept of "Process, Event and

Changes / Events

Response". (Fig. 1.6).

Tree reactions to geomorphological processes

The growth disturbances most frequently used in the literature to reconstruct the rockfalls hazard are:

1. Injuries resulting from a mechanical impact of sucient energy to damage the cambium.

In order to minimize the risk of rot and pathogen attacks, the tree will partition the wound by producing callous tissue on its margins [START_REF] Shigo | Compartmentalization: a conceptual framework for understanding how trees grow and defend themselves[END_REF]. This callous tissue is easily identiable due to the chaotic arrangement of the cells. It gradually covers the impacted area until the wound is completely closed. Several studies have shown that this healing process can lead to a rapid disappearance of wounds in thick-barked species (see in particular Trappmann and Stoel (2013) and [START_REF] Favillier | Potential of two submontane broadleaved species ( Acer opalus , Quercus pubescens ) to reveal spatiotemporal patterns of rockfall activity[END_REF]), making their detection and sampling complex.

2. Tangential row analysis of traumatic resin ducts (TRDs), present on some conifers only (Larix decidua, Picea abies or Abies alba) are also widely used. The development of this indicator is explained by ( 1) the extension of TRDs in tangential and longitudinal directions with respect to the injured area [START_REF] Bollschweiler | Traumatic resin ducts in Larix decidua stems impacted by debris ows[END_REF][START_REF] Stoel | Dating past geomorphic processes with tangential rows of traumatic resin ducts URL[END_REF][START_REF] Stoel | Rockfall and snow avalanche impacts leave dierent anatomical signatures in tree rings of juvenile Larix decidua[END_REF]Schneuwly et al., 2009b). TRDs facilitate the detection of old, completely healed wounds; (2) their rapid onset, a few weeks after impact when the impact occurs during the vegetative period [START_REF] Ruel | Loblolly Pine Responds to Mechanical Wounding with Increased Resin Flow[END_REF][START_REF] Luchi | Systemic induction of traumatic resin ducts and resin ow in Austrian pine by wounding and inoculation with Sphaeropsis sapinea and Diplodia scrobiculata[END_REF]. The intra-seasonal position of the TRDs could thus be used to reconstruct past events with monthly accuracy [START_REF] Stoel | Rockfall and snow avalanche impacts leave dierent anatomical signatures in tree rings of juvenile Larix decidua[END_REF] and to distinguish snow avalanche-related disturbances (only present in the initial wood) from those caused by rockfalls [START_REF] Stoel | A Review of Studies Dealing with Tree Rings and Rockfall Activity: The Role of Dendrogeomorphology in Natural Hazard Research[END_REF][START_REF] Szymczak | Debris-ow activity and snow avalanches in a steep watershed of the Valais Alps (Switzerland): Dendrogeomorphic event reconstruction and identication of triggers[END_REF]. Extracted from [START_REF] Stoel | Dendroecological Dating of Geomorphic Disturbance in Trees[END_REF].

3. Marked and sustained reductions in radial growth: the total energy of a falling block is determined by its mass and speed (translational). The impact location and angle also notably determine the amount of energy released into the tree. If the impact energy is too high to be absorbed by the tree, stem breakage or multiple branch breakage may occur. These disturbances aect tree growth, but the loss of large branches can potentially lead to a general decline in growth. These marked reductions are frequently observed for rockfall impacts near to the ground surface, with the sinusoidal propagation of shock waves in the trunk causing the tree decapiation [START_REF] Dorren | Real-size experiments and 3-D simulation of rockfall on forested and non-forested slopes[END_REF]. Morphologically, they are associated with "candelabra" growth [START_REF] Butler | A Reconstruction of Snow-Avalanche Characteristics in Montana, U.S.A., Using Vegetative Indicators[END_REF].

4. Reaction wood associated with eccentric growth patterns. It is observed when the pressure induced by creep or the deposition of rocky materials leads to a tilting of the trunk. Its formation is related to phototropism, which induces a reorientation of the stem [START_REF] Mattheck | Design in Nature[END_REF].

It is easily identiable in growth ring sequences due to its dark, yellow or red-brown colour, associated with rounded, dense, thick-walled tracheids [START_REF] Timell | Compression Wood in Gymnosperms[END_REF]. While several publications have focused on eccentric stem growth following a tilting [START_REF] Malik | Dendrochronological methods for reconstructing mass movements An example of landslide activity analysis using tree-ring eccentricity[END_REF][START_REF] Wistuba | Application of eccentric growth of trees as a tool for landslide analyses: The example of Picea abies Karst. in the Carpathian and Sudeten Mountains (Central Europe)[END_REF][START_REF]How dierent are the results acquired from mathematical and subjective methods in dendrogeomorphology? Insights from landslide movements[END_REF][START_REF]Dendrogeomorphic chronologies of landslides: Dating of true slide movements?: Dendrogeomorphic Chronologies of Landslides[END_REF].

Decapitation

Impact

Tilting

Growth suppression

Injury (and TRD)

Reaction wood Figure 1.8 Morphological reactions of tree according to disturbances caused by rockfall processes.

Dendrogeomorphology and Rockfall : a state of art

Some studies have shown that the impact between a block and a tree results in a signicant decrease in the energy of the block [START_REF] Dorren | Real-size experiments and 3-D simulation of rockfall on forested and non-forested slopes[END_REF][START_REF] Lundstrom | Reactions and energy absorption of trees subject to rockfall: a detailed assessment using a new experimental method[END_REF]. The block trajectory is then aected and the velocity and stopping area are reduced compared to slopes without forest stands [START_REF] Dorren | State of the art in rockfall forest interactions[END_REF][START_REF] Jahn | Entwaldung und Steinschlag[END_REF]. Through these interactions, the forest can be considered as a natural passive protection structure against rockfalls. As explained above, it is also a bio-indicator of past hazard activity through the use of the dendrogeomorphological approach. In order to better understand the past spatial and temporal activity of rockfall, several studies have been conducted to reconstruct chronologies (Tab. 1.1).

Although some studies began in the 1990s [START_REF] Gsteiger | Steinschlag, Wald, Relief : empirische Grundlagen zur Steinschlagmodellierung[END_REF][START_REF] Gsteiger | Steinschlagschutzwald. Ein Beitrag zur Abgrenzung, Beurteilung und Bewirtschaftung[END_REF][START_REF] Schweingruber | Tree rings and environment: dendroecology[END_REF], it is only from Stoel's investigations (Stoel et al., 2005a,b) that studies will focus on the frequency, magnitude, spatial distribution and seasonality of rockfall in the Zermatt Valley (Swiss Alps).

These pioneering studies, often destructive sampling method, showed that 70% of the injuries caused by rockfalls remained visible on the stem if the event had occured several decades earlier.

Later, Stoel and Perret (2006) showed that scars remain visible longer on species with thin bark than species with thick bark. Subsequently, the increment core sampling allowed to increase the number of stems sampled. This has also allowed new analyses to be implemented that better take into account the tree's anatomy reactions after an impact. The pioneering study by [START_REF] Stoel | Analyzing rockfall activity (16002002) in a protection foresta case study using dendrogeomorphology[END_REF] on 135 Larix Decidua Mill. in the Swiss Alps had thus make it possible to reconstruct 741 rockfalls since 1600.

These studies are all characterized by increases of rockfalls in their last decades. To remove this trend, [START_REF] Stoel | Analyzing rockfall activity (16002002) in a protection foresta case study using dendrogeomorphology[END_REF] introduced the "rockfall rate" (RR). This includes the reduction of samples number (SS, Sample Size) and of exposed trees diameter (ED, Exposed Diameter).

Despite the persistence of strong trends related in particular (1) to the very low number of samples at the beginning of the reconstructions and (2) an increase in the exposed diameter, this rate was calculated in several studies devoted to the analysis of interannual uctuations in rockfalls frequency [START_REF] Perret | Spatial and temporal rockfall activity in a forest stand in the Swiss PrealpsA dendrogeomorphological case study[END_REF]Schneuwly and Stoel, 2008a;[START_REF] Ilhán | Evaluation of meteorological controls of reconstructed rockfall activity in 123 the Czech Flysch Carpathians: EVALUATION OF METEOROLOGICAL CONTROLS OF ROCKFALL ACTIVITY[END_REF], 2013;[START_REF] Stoel | Dendrogeomorphic dating of rockfalls on low-latitude, high-elevation slopes: Rodadero, Iztaccíhuatl volcano, Mexico: TREE-RING DATING OF ROCKFALLS ON LOW-LATITUDE, HIGH-ELEVATION SLOPES[END_REF](Fig. 1.9). To avoid these biases, most authors have limited their reconstruction to thresholds empirically determined as ( 1) a minimum number of trees sampled [START_REF] Perret | Spatial and temporal rockfall activity in a forest stand in the Swiss PrealpsA dendrogeomorphological case study[END_REF]Schneuwly and Stoel, 2008a,b;[START_REF] Ilhán | Implications of spatial distribution of rockfall reconstructed by dendrogeomorphological methods[END_REF], (2) homogeneously distributed on the slope [START_REF] Stoel | Analyzing rockfall activity (16002002) in a protection foresta case study using dendrogeomorphology[END_REF], ( 3) a minimum exposed diameter (ilhán et al., 2011) or an abrupt change in the annual frequency of rockfalls [START_REF] Moya | Tree-ring based assessment of rockfall frequency on talus slopes at Solà d'Andorra, Eastern Pyrenees[END_REF].

Figure 1.9 Annual rockfall rate (number of injuries per 1 m exposed tree diameter) and its 10-year moving average, as well as the number of samples analysed (= sample depth). Following [START_REF] Perret | Spatial and temporal rockfall activity in a forest stand in the Swiss PrealpsA dendrogeomorphological case study[END_REF] To allow a more objective and robust reconstruction of rockfall activity, Trappmann et al. (2013) proposed the implementation of a range corrected impact concept (RCIC). This index is based on the idea that the number of trees sampled (SS), the exposed diameter (ED) and the average diameter blocks (d) determine the interception capacity of the stand in a given year.

The RCIC assumes (1) a homogeneous slope, (2) a single block size, (3) a blocks spread along the steepest slope and ( 4) that several trees are not sampled on the same trajectory.

The main weakness of these dendrogeomorphic approaches is the substantial time eort required for exhaustive sampling (with cross-sections and cores), identication, cross-dating, and dating of growth disturbances forming after mechanical disturbance by rockfall impacts. Trappmann andStoel (2013, 2015) and [START_REF] Favillier | Dendrogeomorphic assessment of rockfall recurrence intervals at Saint Paul de Varces[END_REF] have suggested the counting of visible scars as an alternative method requiring much less time and eorts as compared to conventional dendrogeomorphic approaches when it comes to the reconstruction of spatial patterns of rockfall activity. This approach allows to reconstruct the reccurence interval of rockfall crossing the visual scar counting and logarithmic diameter-age regression models. The study was conducted on a mixed beech and r forest. The comparison between this method and the core sampling approach shows similarities in terms of frequency (Trappmann and Stoel, 2013). However, it would appear that beech has a higher sensitivity to mechanical impacts. More recently, [START_REF] Favillier | Potential of two submontane broadleaved species ( Acer opalus , Quercus pubescens ) to reveal spatiotemporal patterns of rockfall activity[END_REF] conducted a sensitivity study on two common but poorly studied broadleaved species: pubescent oak (Q. pubescens ) and mountain maple (A. opalus ). They showed that recurrence intervals vary signicantly with species and spatial structure of the stems (Fig. 1.10. These results can be explained by the bark thickness and its structure. Indeed, bark is a mechanical Table 1.1 Overview of studies on rockfall reconstructions based on classical tree-ring analysis and the visual scar counting approach. In addition, the majority of the data from tree rings shows an increasing trend of rockfall activity in recent years. This trend can be explained by many biases in the approach including (i) the interception capacity of the tree, (ii) the size and age of the stand sampled, (iii) the sampling technique and (iv) the ability to nd old wounds masked. The mitigation of these biases in order to obtain an optimized rockfall reconstruction is a common thread throughout this thesis. 1.5 Objectives and structure of the thesis 1.5.1 Objectives of the thesis Over the last decade, several studies have addressed potential impacts of climatic change on the frequency or magnitude of rockfall activity in mountainous regions. Authors stated that higher rainfall and a more rapid succession of cold and warm phases would accelerate erosion and rockfall, and that we are currently experiencing a destabilisation of mountain regions. However, even if some of the reported events can be unequivocally assigned to the current warming trend, there are two major aws found in many of the statements. First, information on historical rockfall activity is widely missing, as there are very few investigations or inventories of the temporal distribution of rockfalls in the past. Thus, it is not always clear if similar events have also taken place in cooler periods. Second, research activities are strongly biased towards glaciated or permafrost areas, whereas most of the rockfall events threatening infrastructure and structures derive from slopes which are far below the permafrost line. As a consequence, a realistic determination of future potential hazards and risk, relying on solid and complete time series is not possible. Dependency of rockfalls frequency on climate variability and change is poorly understood below the permafrost line and evaluations often remain best experts' guesses and can only be veried at the case-study scale.

Authors

In the framework of this PhD thesis, the dendrogeomorphic approach will be use to (1) to develop highly-resolved and continuous reconstructions of rockfall activity over the last decades for two calcareous slope located in the French Prealps so as to overcome the limitations of historical archives; (2) improve the understanding of the impacts of environmental changes (weather conditions and recent global warming) on rockfall activity on slopes located at the vicinity of urbanized areas by comparing the newly-developed reconstructions with a wide spectrum of potential meterological triggers extracted from the SAFRAN reanalysis system. As a prerequisite, (3) a revisited methodology will be proposed to increase the robustness of our reconstructions by minimizing biases previously identied in dendrogeomorphic records and to precisely quantify its reliability.

Structure of the thesis

In order to achieve these objectives, this manuscript is structured around seven chapters. This chapter 1 introduced the context, issues and objectives of the thesis. The three following chapters (2)(3)(4) propose a methodological framework to increase the robustness of tree-ring based reconstructions of rockfall activity. These results represent a crucial prerequisite for the development of reliable chronologies, compared to meteorological and climatic series in chapters 4-6.

-The chapter 2, published in the Swiss Forestry Journal (Schweizerische Zeitschrift für Forstwesen ) introduces high-resolution maps that couple a systematic mapping and inventory of all trees (location, breast height diameter, species) with an exhaustive inventory of all visible scars in order to characterize the spatial variability of rockfall activity. The spatial distribution of species and the patterns of injuries visible on tree stems were used to (1) accurately delineate the most active starting areas, (2) identify the preferential trajectories of past rockfalls but also (3) evidence the upstream/downstream gradient in rockfall activity that conrm the protective function of the forest. The forest inventory carried out in this chapter is an essential preamble for the methodological procedure developed in the next chapters for the improved reconstruction of rockfall activity.

-The chapter 3, published in Geomorphology , aims at comparing recurrence interval maps derived from both approaches (visual scars counting and dendrogeomorphology) so as to evaluate their respective reliability as well as their advantages and inconveniences. It based on a procedure that includes (1) an extraction of a representative number of trees from an exhaustive forest inventory, (2) the estimation of tree ages from allometric curves and increment cores as well as

(3) the quantication of rockfall-related growth disturbances based on the visual inspection of stems and tree-ring analyses. This chapter evidences biases that can be potentially included in rockfall reconstructions depending on the species, position or diameter of sampled trees.

-In chapter 4, we analyze the impacts of dierent sampling strategies on the identication of meteorological drivers of past rockfall events. Based on a large data set of growth disturbances (GDs) identied in sampled trees from mixed forest stand at the Saint-Guillaume slope (Vercors massif, French Alps), we (1) compare the chronologies resulting from dierent subset of trees and from dierent sampling procedures, (2) explore the eect of sampling strategies on the reliability of reconstructed rockfall chronologies and on (3) the detection of meteorological drivers of past rockfall events.

-In chapter 5, published in Earth Surface Processes and Landforms, we deployed the methodology developed in chapters 2-4 to reconstruct rockfall activity at the Valdrome study site located in the Diois massif (Southern French Alps). At this site, (1) we took advantage of the monospecic pine forest planted at the beginning of the 20th century to minimize potential biases in tree-ring reconstructions related to tree species and decreasing sample size back in time. In addition, (2) the systematic mapping of all trees within the plot was used to precisely quantify uncertainties related to the decrease of total stem diameter exposed to rockfalls over time. Finally, we (3) compared the interannual uctuations in reconstructed rockfall activity with highly-resolved time series of potential meteorological triggers extracted from SAFRAN meteorological reanalysis available from Meteo-France based on (multiple) linear regression analyses -In chapter 6, the reconstructions developed at Saint-Guillaume and Valdrôme were compared with climatic series extracted from the SAFRAN dataset with purposes to identify potential impacts of global warming on rockfall activity and to (partly) ll the gap in knowledge that exists below the permafrost limit. For this purpose, rockfall reconstructions and meteorological series are smoothed to emphasize decadal uctuations and compared using (multiple) linear regression models. The results evidence the multiplicity of signals embedded in rockfall reconstructions and propose perspective to assess the detection of climatically-driven uctuations in future (regional) reconstructions of rockfall activity. This manuscript nally ends with a general synthesis (chapter 7) that ( 1) summarizes (1) the methodological contributions of this thesis, (2) the main results obtained concerning the impact of climatic changes on rockfall activity in the two regions studied and (3) proposes perspectives for further research.

The tree-ring samples from Saint-Guillaume and Valdrome were collected and analyzed between 2016 and 2018, by myself, with the nancial and technical supports from IRSTEA Grenoble, ETNA and LESSEM teams. Finally, this research also beneted from the support of the national C2ROP project supported by MEDDE, the French Ministry of Ecology, Sustainable Development and Energy (http://www.c2rop.fr/) and of Labex OSUG@2020 and within the CDP-Trajectories framework, of the French National Research Agency (ANR-15-IDEX-02).

CHAPITRE 2

The contribution of tree inventories to the spatial characterisation of the rockfall hazard L'inventaire forestier comme méthode de caractérisation spatiale de l'aléa chute de pierres Abstract: In mountain regions, rockfalls represent a major natural hazard that has to be assessed and understood in terms of its frequency, intensity (energy) and spread (runout distances).

The diuse nature of the phenomenon and fragmental documentary records render this characterization however dicult. In this study, we demonstrate that a systematic forest inventory with species cartography and scar counting approach can form the basis for a reliable reconstruction of past rockfall activity. Here we inventory 793 trees and 2,333 rockfall scars visible on the stem surface on a 1-ha plot in Saint-Guillaume, Vercors Massif (French Alps). The spatial distribution of species and scars are used to precisely localize (i) active release zones, (ii) preferential rockfall trajectories and (iii) to demonstrate upslope-downslope eects in rockfall activity, thereby conrming the protective role of forests. This approach, based on a large scale cartography in the eld and its coupling with eld observations is precious in areas lacking historical records.

In the future, it could be used to (i) improve delineation of natural hazard zones but also to (ii) calibrate rockfall models.

Résumé: Keywords: forest inventory, rockfalls, scar counting approach, French Alps

Introduction

Les chutes de pierres font partie des aléas les plus fréquents en zone de montagne. Elles sont à l'origine de pertes économiques et humaines parfois importantes [START_REF] Volkwein | Rockfall characterisation and structural protection a review[END_REF] pierres est déni comme la probabilité qu'un point sur un versant soit atteint par un bloc, généralement d'un volume de quelques m3, détaché d'un escarpement rocheux, qui se propage sous l'eet de la gravité par roulage et rebonds successifs [START_REF] Varnes | Slope movement types and processes[END_REF], (Dorren et al., 2005b). La compréhension de la dynamique spatio-temporelle de cet aléa constitue un enjeu essentiel pour l'aménagement du territoire et la gestion des risques par les maîtres d'ouvrages. La fréquence d'un événement d'une intensité donnée (énergie) peut être évaluée par l'analyse statistique d'inventaires de chutes de pierres [START_REF] Hungr | Magnitude and frequency of rock falls and rock slides along the main transportation corridors of southwestern British Columbia[END_REF]. Cependant, ces inventaires sont rares, lacunaires et hétérogènes, tant sur le plan temporel que d'un point de vue spatial [START_REF] Sass | Is climate change causing increased rockfall frequency in Austria? Natural Hazards and Earth System Sciences[END_REF] [START_REF] Ibsen | The nature, use and problems of historical archives for the temporal occurrence of landslides, with specic reference to the south coast of Britain, Ventnor, Isle of Wight[END_REF]. Sur les versants forestiers, les arbres constituent un bio-indicateur de l'activité passée des chutes de blocs. L'approche dendrogéomorphologiquebasée sur l'analyse des cicatrices d'impacts produites en réponse à l'endommagement du cambium par les blocs en chute -a ainsi permis de reconstituer la fréquence et l'extension spatiale des événements passés (Stoel and Perret, 2006;[START_REF] Trappmann | Achieving a more realistic assessment of rockfall hazards by coupling three-dimensional process models and eld-based tree-ring data: AS-SESSMENT OF ROCKFALLS BY COUPLING ROCKFALL MODELS AND TREE-RING DATA[END_REF] [START_REF] Gsteiger | Steinschlag, Wald, Relief : empirische Grundlagen zur Steinschlagmodellierung[END_REF]Dorren et al., 2005a[START_REF] Dorren | Real-size experiments and 3-D simulation of rockfall on forested and non-forested slopes[END_REF] [START_REF] Evans | The assessment of rockfall hazard at the base of talus slopes[END_REF]. Enn, (v) le potentiel d'interception varie avec l'âge et la densité du peuplement forestier [START_REF] Favillier | Dendrogeomorphic assessment of rockfall recurrence intervals at Saint Paul de Varces[END_REF].

Utilisation en matière de zonage

Compte-tenu de la complexité d'évaluation de l'aléa de départ, le zonage de l'aléa chute de blocs repose, depuis l'avènement des méthodes de simulation numérique, sur des outils de modélisation des trajectoires de blocs en chute. Ces modèles trajectographiques fournissent des informations sur les trajectoires les plus probables, les distances d'arrêt des blocs mais également sur leur énergie [START_REF] Bourrier | Rockfall Dynamics: A Critical Review of Collision and Rebound Models[END_REF] Abstract: As direct observations of rockfalls are rare and dicult to obtain over long timescales, stem injuries and their dating with dendrogeomorphic techniques have been applied frequently in the past to reconstruct process activity. However, the analysis of tree-ring samples requires considerable temporal eorts, which can be detrimental in applied research and expert opinions.

To compensate for this shortcoming, several studies have lately explored the potential of the counting of visible scars as an alternative method to dendrogeomorphology as it requires much less time and human eorts to reconstruct spatial patterns of rockfall activity. Yet, to date, both approaches have not been compared at the same site. In this paper, based on the extensive analysis of 278 conifer and broadleaved trees (from which 1097 tree-ring cores were extracted) from a mixed forest plot of the Vercors Massif (French Alps), we demonstrate that both methods provide similar spatial patterns of rockfall activity with a strong increase of recurrence intervals down the talus slope and a clear lateral zonation of activity. Despite this apparent convergence between both approaches, our study also evidences that rockfall frequencies strongly dier with tree species and diameter: the visual inspection of conifer stems and the analysis of tree-ring signals in large-diameter broadleaved trees typically lead to an overestimation of recurrence intervals. Based on these ndings, we recommend giving priority to the scar-counting approach on small diameter (< 15cm) broadleaved stems and to restrict tree-ring analysis to old conifers that are more susceptible, through the identication of tangential rows of traumatic resin ducts, to provide reliable estimations of long recurrence intervals (as generally observed in the lower portions of the slope). These guidelines should help to improve the reliability of recurrence interval maps of rockfall process activity in forests further, but also to improve cost-benet ratios of future studies.

Keywords: Rockfalls, Recurrence interval, Tree-ring analyses, French Alps.

Introduction

Rockfalls are widespread natural hazards inmountain regionswhere they threaten inhabited areas and transport corridors, causing each year signicant economic and human losses [START_REF] Volkwein | Rockfall characterisation and structural protection a review[END_REF]. They are commonly dened as the detachment of a rock fragment from a steep rock wall [START_REF] Selby | Hillslope materials and processes. Hillslope materials and processes[END_REF] which then travels some distance down the slope by bouncing, falling or rolling [START_REF] Varnes | Slope movement and types and processes[END_REF]. In general, fragmental rockfalls involve relatively small detachments of isolated rocks or/ and boulders with maximum volumes normally remaining <30 m3 [START_REF] Dorren | State of the art in rockfall forest interactions[END_REF].

Despite their limited volumes, rockfalls pose a signicant hazard, due to their rapid evolution, high velocity and impact energy, but their unpredictable occurrence hinders detailed investigation of their dynamics and drivers under natural conditions. Typical approaches to deliver information about rockfalls include (i) deterministic and probabilistic susceptibility analysis [START_REF] Dietze | Spatiotemporal patterns, triggers and anatomies of seismically detected rockfalls[END_REF], (ii) predictive modelling of their potential propagation [START_REF] Dorren | A review of rockfall mechanics and modelling approaches[END_REF], (iii) a posteriori mapping of detachment zones, released volumes and trajectories by aerial and satellite imagery, repeat terrestrial laser scan (TLS), rockfall collector surveying [START_REF] Sass | Temporal Variability of Rockfall in the Bavarian Alps, Germany. Arctic, Antarctic[END_REF][START_REF] Abellán | Detection and spatial prediction of rockfalls by means of terrestrial laser scanner monitoring[END_REF] or seismic cli monitoring [START_REF] Dietze | Spatiotemporal patterns, triggers and anatomies of seismically detected rockfalls[END_REF] as well as (iv) rockfall inventories [START_REF] Hungr | Magnitude and frequency of rock falls and rock slides along the main transportation corridors of southwestern British Columbia[END_REF][START_REF] Dussauge | Statistical analysis of rockfall volume distributions: implications for rockfall dynamics[END_REF]. However, major eorts are still required to quantify rockfall activity in terms of frequency and magnitude at the local scale, which is crucial for risk assessment, the choice of appropriatemitigationmeasures, and for the validation of output from simulation runs. On forested slopes, trees are reliable bio-indicators of past rockfall activity [START_REF] Stoel | Dendroecological Dating of Geomorphic Disturbance in Trees[END_REF]. Dendrogeomorphology an approach based on the analysis of damage inicted to trees after rockfall impacts can be used to overcome certain gaps and limitations inherent to historical archives [START_REF] Ibsen | The nature, use and problems of historical archives for the temporal occurrence of landslides, with specic reference to the south coast of Britain, Ventnor, Isle of Wight[END_REF][START_REF] Sass | Is climate change causing increased rockfall frequency in Austria? Natural Hazards and Earth System Sciences[END_REF]. Indeed, treering reconstructions have been used in the past to (i) compute the frequency of past events [START_REF] Stoel | A Review of Studies Dealing with Tree Rings and Rockfall Activity: The Role of Dendrogeomorphology in Natural Hazard Research[END_REF][START_REF] Trappmann | Achieving a more realistic assessment of rockfall hazards by coupling three-dimensional process models and eld-based tree-ring data: AS-SESSMENT OF ROCKFALLS BY COUPLING ROCKFALL MODELS AND TREE-RING DATA[END_REF] , (ii) map preferential trajectories of rockfalls, (iii) identify climatic drivers of rockfall activity [START_REF] Schneuwly | Tree-ring based reconstruction of the seasonal timing, major events and origin of rockfall on a case-study slope in the Swiss Alps[END_REF][START_REF] Ilhán | Evaluation of meteorological controls of reconstructed rockfall activity in 123 the Czech Flysch Carpathians: EVALUATION OF METEOROLOGICAL CONTROLS OF ROCKFALL ACTIVITY[END_REF] as well as to (iv) compare observed and/or reconstructed rockfall inventories with process activity as predicted by three-dimensional, process-based rockfall models (Stoel et al., 2006;[START_REF] Corona | Parameterization of rockfall source areas and magnitudes with ecological recorders: When disturbances in trees serve the calibration and validation of simulation runs[END_REF][START_REF] Corona | Modeling rockfall frequency and bounce height from threedimensional simulation process models and growth disturbances in submontane broadleaved trees[END_REF]) (Table 3.1 provides a synthesis of rockfall research realized with tree rings). The main weakness of these dendrogeomorphic approaches is the substantial time eort required for exhaustive sampling (with cross-sections and cores), identication, cross-dating, and dating of growth disturbances forming after mechanical disturbance by rockfall impacts. Trappmann andStoel (2013, 2015) and [START_REF] Favillier | Dendrogeomorphic assessment of rockfall recurrence intervals at Saint Paul de Varces[END_REF] have suggested the counting of visible scars as an alternative method requiring much less time and eorts as compared to conventional dendrogeomorphic approaches when it comes to the reconstruction of spatial patterns of rockfall activity.

Yet, to date, the two approaches have not been compared systematically at a single site and for a common dataset. In this context, based on a procedure that includes (i) an extraction of a representative number of trees from an exhaustive forest inventory, (ii) the estimation of tree ages from allometric curves and increment cores aswell as (iii) the quantication of rockfall-related growth disturbances based on the visual inspection of stems and tree-ring analyses, this paper aims at comparing recurrence interval maps derived from both approaches so as to evaluate their respective reliability as well as their advantages and inconveniences. To quantify potential biases related to tree species in rockfall frequency estimation, as previously evidenced by Trappmann and Stoel (2013) and [START_REF] Favillier | Dendrogeomorphic assessment of rockfall recurrence intervals at Saint Paul de Varces[END_REF], our study was conducted in a mid-altitude (1500 m asl)mixed forest stand from the Vercors massif (French Alps).

Study site

The study site is located in the municipality of Saint-Guillaume (256 inhabitants) on the northern slope of the Pale mountain, at a locality named Rocher du Bouchet (44°56'18"N, 5°35'11"E, 1350 1490 m asl, Fig. 1a). At this site, rockfall is frequent and fragments are normally detached from several release zones of a roughly 90-m-high north-east-facing cli (14501540masl, Fig. 1b). Bedrock in the release areas is composed of subhorizontally bedded Jurassic limestone (Tithonian) with narrow orthogonal joints which favor the release of small rock fragments with Table 3.1 Synthesis of rockfall reconstructions based on classical tree-ring analysis and the visual scar counting approach. volumes ranging from a few dm3 to a few m3 (Fig. 1e). In the adjacent transit area (13801490m asl) Quaternary deposits aremainly composed of a scree talus covered by a mixed forest stand. This scree slope is characterized by amarked longitudinal sorting of debriswith volumes of a fewdm3 at the apex to a fewm3 in the lower portion. The angle of the talus slope varies between 26°and 46°(average: 38°). The bottom of the slope, located at an altitude of 1100 m, is limited by a topographic berm (10°). The tree plot area analyzed here (Fig. 1c) is located at the foot of the cli. The plot is about 1 ha (110 × 90 m) in size and is covered by a dense (800 trees ha-1) mixed forest stand mainly composed of Abies alba (Silver r), Picea abies (Norway spruce), Acer pseudoplatanus (Sycamore maple), Fagus sylvatica (Common beech), Fraxinus excelsior (European ash), Sorbus aria (White beam), Sorbus aucuparia (Mountain ash) and Ulmus glabra (Elm). Evidence of past logging (stumps) is lacking at the study site, yet some silvicutural exploitation over the course of the last century cannot be ruled out completely. Average annual rainfall (1961 2013) at the Grenoble meteorological station (45°09'58"N, 5°45' 58"E, 220 m asl), located 40 km North of the study site, is 934 mm. Average mean air temperature is 12.5 °C.

Authors

Rockfall is the dominant geomorphic process on the slope and is responsible for a vast majority of the scars observed on the tree stems. Other geomorphic processes cannot be totally excluded, especially in the uppermost portions of the talus slope, where snow avalanches of limited extent are susceptible to occur. No data on past geomorphic events exist in municipal records. 3.3 Material and methods

Preliminary step: systematic tree plot

In a rst step, a full tree positioning and mapping procedure was used so as to build a database for the assessment of rockfall activity at the site. Trees with a diameter at breast height (DBH)< 5 cm were systematically located in the 110 × 120m tree plot orientated perpendicular to the line of maximum slope gradient (Figs. 1c,2a). The position of each tree was determined with decimetric precision using a sonic rangender, compass, and inclinometer. Information on tree species and diameter was recorded in a database. In total, 793 trees were positioned in a geographical information system (GIS) as geo-objects. This systematic tree plot was then used as a basis for a stratied random sampling strategy. To this end, the initial tree population was divided into ve sub-groups (DBH b 15 cm, 15-25 cm, 25-40 cm, 40-60 cm, N60 cm), on the basis of tree species and diameter. The size of each subgroup, xed so as to be representative of the diameter spectrum observed at the stand scale, thereby varied between n = 19 for DBH > 60 cm and n = 39 for DBH = 15-25 cm. Each randomly selected stem was visually inspected and cored with an increment borer with the nal aimof comparing the scar counting and the dendrogeomorphic approaches.

3.3.2

The visual scar-counting approach Trappmann andStoel (2013, 2015) and [START_REF] Favillier | Dendrogeomorphic assessment of rockfall recurrence intervals at Saint Paul de Varces[END_REF] have previously demonstrated the reliability of the visual scar-counting approach to reconstruct spatial patterns of rockfall activity. For each tree extracted from the random sampling, recent scars were thus identied according to their appearance, chipped bark, or injuredwood, following the approach described by [START_REF] Trappmann | Visual dating of rockfall scars in Larix decidua trees[END_REF]. Wounds that were about to overgrow at the time of sampling were identied by the callus pad sealing the injuries from the margin toward the center (Stoel and Perret, 2006) (Fig. 1d). Older, completely healed injuries were more dicult to be detected visually, especially in tree species with thick barks (Stoel and Perret, 2006); they were inferred via the occurrence of swellings and blisters on the stem surface. Extremely long, vertical scars or scars with vertical extensions < 3 cm were excluded to avoid misclassication and/or the inclusion of injuries caused by branch breakage or falling neighboring trees [START_REF] Perret | Spatial and temporal rockfall activity in a forest stand in the Swiss PrealpsA dendrogeomorphological case study[END_REF].

Development of agediameter regression models

In a second step, logarithmic diameter-age regression models [START_REF] Rozas | Tree age estimates in Fagus sylvatica and Quercus robur: testing previous and improved methods[END_REF] were built for the conifer (P. abies, A. alba ) and broadleaved (A. pseudoplatanus, F. sylvatica, F. excelsior, S. aria, S. aucuparia, U. glabra ) tree species at the stand scale. To this end, a total of 109 undisturbed trees with a DBH 10 cm were cored using a Pressler increment borer. Trees were selected according to ve diameter classes, representative at the tree plot scale. Sampleswere analyzed and data processed following standard dendrochronological procedures [START_REF] Bräker | Measuring and data processing in tree-ring research a methodological introduction[END_REF]. In the laboratory, tree rings were counted using a digital LINTAB positioning table connected to a Leica stereomicroscope. Missing rings toward the pith were estimated from ring curvature [START_REF] Villalba | Improving estimates of total tree ages based on increment core samples[END_REF][START_REF] Bollschweiler | Traumatic resin ducts in Larix decidua stems impacted by debris ows[END_REF] . In a nal step, we used data fromthe logarithmic regression models to estimate tree ages of individual trees selected from random sampling forwhich scarswere identied and counted on the stemsurface and for which the DBH has been measured.

Dendrogeomorphic analyses

As our study aims at comparing the recurrence intervals of rockfalls derived from the scarcounting approach and from classical dendrogeomorphic analysis, event histories at the level of individual trees were reconstructed as well through the analysis of tree-ring sequences. For each tree extracted from the random sampling, an increment core (max. 40 × 0.5 cm) was taken at the lateral edges of each visible scar (i.e. at the contact of the unaected wood with the overgrowing callus tissue; [START_REF] Sachs | Pattern Formation in Plant Tissues[END_REF][START_REF] Larson | The Vascular Cambium: Development and Structure[END_REF]Schneuwly and Stoel, 2008a)). For this investigation, the rst layer of callus tissue within the tree-ring was used to determine the timing of rockfall activity. For conifers, known to mask injuries eciently, tangential rows of traumatic resin ducts (TRDs; [START_REF] Bannan | VERTICAL RESIN DUCTS IN THE SECONDARY WOOD OF THE ABIETINEAE[END_REF][START_REF] Stoel | Tree-ring analysis in natural hazards research &ndash; an overview[END_REF]) formed next to and at some distance of the impact scar (Schneuwly et al., 2009a,b) were used as a further indicator to date past rockfalls [START_REF] Stoel | A Review of Studies Dealing with Tree Rings and Rockfall Activity: The Role of Dendrogeomorphology in Natural Hazard Research[END_REF]. Resin ducts were only considered the result of rockfall activity if they formed traumatic, compact, continuous and tangential rows (Stoel et al., 2005a). In addition, based on the distribution of observed scars (which remain usually below 2 m at the study site), one increment core was systematically extracted, in the fall line, at 0.5, 1.0, and 1.5 m, in order to increase the likelihood to retrieve old, completely healed impacts. The 0.5m core was also used to estimate the cambial age of each tree. Following (Stoel et al., 2005a,b), (i) abrupt suppression of tree growth indicating decapitation or branch loss, (ii) presence of callus tissue and TRD next to (blurred) injuries; (iii) eccentric growth and the formation of reaction wood following stem tilting; and (iv) abrupt growth release (suggesting that neighboring trees were eliminated and the surviving trees beneted from improved growth conditions such as enhanced access to light,water, and nutrients)were used as additional evidence of past rockfall impacts. 

Estimation of recurrence interval of individual rockfall impacts

The assessment of recurrence interval is a classical concept that is regularly used in the analysis of all types of hazards, but it was only introduced very lately into dendrogeomorphology to inform avalanche zoning (Corona et al., 2010a;[START_REF] Schläppy | A New Tree-Ring-Based, Semi-Quantitative Approach for the Determination of Snow Avalanche Events: use of Classication Trees for Validation[END_REF][START_REF] Favillier | Spatio-temporal maps of past avalanche events derived from tree-ring analysis: A case study in the Zermatt valley (Valais, Switzerland)[END_REF] or rockfall risk assessments [START_REF] Ilhán | Implications of spatial distribution of rockfall reconstructed by dendrogeomorphological methods[END_REF][START_REF] Trappmann | Achieving a more realistic assessment of rockfall hazards by coupling three-dimensional process models and eld-based tree-ring data: AS-SESSMENT OF ROCKFALLS BY COUPLING ROCKFALL MODELS AND TREE-RING DATA[END_REF][START_REF] Favillier | Potential of two submontane broadleaved species ( Acer opalus , Quercus pubescens ) to reveal spatiotemporal patterns of rockfall activity[END_REF][START_REF] Favillier | Dendrogeomorphic assessment of rockfall recurrence intervals at Saint Paul de Varces[END_REF].

In dendrogeomorphology, recurrence intervals represent the average time passing between two successive impacts at a specic point (i.e., the surface of an individual tree for which the position on the slope is known) as follows:

RiV = AV t/ScV t (3.1) RiD = ADt/ScD (3.2)
where RiV and RiD represent the recurrence intervals computed from the visual scar-counting and dendrogeomorphic approaches, respectively; AVt and ADt indicate the age of each tree as derived from the dendrometric assessment and tree-ring counting, respectively; and ScVt and ScDt show the number of scars that were visually observed on each stem t and retrieved from tree-ring analysis, respectively. The study area was clustered into 55 m × 30 m cells for further analysis (Fig. 1c). Mapped trees were then assigned to cells according to their location. The distributions of tree ages, growth disturbances, and recurrence intervals were compared at the plot and cell scales. A systematic comparison was also realized between conifer and broadleaved trees.

Due to their non-normal distributions, the nonparametric Wilcoxon-Mann-Whitney (WMW)

test was used to compare tree ages, growth disturbances, and recurrence intervals for conifer and broadleaved trees at the plot and cell scales.

Results

Recurrence intervals derived from the scar-counting approach

The logarithmic diameter-age regression models for the conifer and broadleaved tree species at the tree plot are given by the following equations:

Age_B t = 50.148 ln(D t ) -57.696 (n = 43; r 2 = 0.61, p < 001)

(3.3)
Age_C t = 49.545 ln(D t ) -62.907 (n = 66; r 2 = 0.67, p < 001) (3.4) where Age_B t and Age_C t represent the estimated ages for each broadleaved and conifer tree (t), respectively; and where ln(Dt) represents the Neperian logarithm diameter of tree t. According to these models, conifers grow faster than broadleaved trees. Conifer and broadleaved treeswith radii of 20 cmare theoretically aged 93 and 85 years, respectively. The oldest conifer (A. alba ) randomly extracted from the tree plot was 236 years old (DBH = 112 cm) whereas the oldest broadleaved tree (F. sylvatica ) was only 176 years old (DBH = 176 cm). At our study plot, and according to the diameter-age regression models, the 278 trees randomly extracted from the tree plot averaged 90 ± 35 years (i.e. 87 ± 30 years for 99 broadleaved trees and 91 ± 37 years for 179 conifers). The Wilcoxon-Mann-Whitney test revealed that the distributions by tree species are not statistically dierent. On the basis of the scar-counting approach, 815 scars (475 on conifers, 340 on broadleaved trees) were identied on the 278 stems that were randomly extracted and visually inspected. A total of 39 of the selected trees (14%) did not present any visual evidence of past rockfall impacts. On average, 2.9 (±2.4) injuries were counted on tree stems, 3.4 (±2.5) and 2.6 (±2.3) on broadleaved and conifer trees, respectively. Noteworthy, both distributions are statistically dierent (p<0.05). From a spatial perspective, the scar-counting approach clearly evidences the existence of a downslope gradient in scar numbers. The average number of injuries per stem thus decreases from 4.4 on the top third of the plot (cell B) to 3.2 in the central part (cell D), and 1.9 on the lower third (cell F). Cell E (0.9 scar•stem-1) appears as the least active area within our study plot. At the plot scale, recurrence intervals of rockfall were computed as the ratio between tree ages estimated from regression models and the number of injuries observed on each tree stem. Based on the data used, the average recurrence interval is 

Recurrence intervals derived from tree-ring analysis

In total, 1097 increment cores have been sampled on the 278 impacted stems. On average, tree ages were comparable for conifer (85 ± 42 years) and for broadleaved trees (84 ± 44 years) and their distributions did not dier statistically. In total, dendrochronological analysis allowed identication of 810 rockfall events (207 on broadleaved trees and 603 on conifers), mainly detected in the formof injuries (55%), tangential rows of traumatic resin ducts (TRDs, 24%), and growth suppressions (16%) (Table 5.1). The mean number of growth disturbances (GDs) per stem(2.9

±2.7 GD)was greater for conifers (3.4 ±2.8 GD) than for broadleaved trees (2.1 ±2 GD).Amongst the 810 reconstructed events, 243 (30%) were reconstructed from growth disturbances that were not visible on the stem surface, mainly in the form of overgrown injuries (38%), TRDs (31%) and growth suppressions (26%). The percentage of growth disturbances revtrieved from increment cores but not visible on the stem surface was signicantly higher on conifers than on broadleaved trees (36 and 10%, respectively). The ratio between visible and invisible growth disturbances (GD) exceeded 45% for conifers N25 cm, but was only 10% for large-diameter broadleaved trees (Fig. 

Comparison of both approaches

tree ages, number of GDs and recurrence intervals between the scarcounting and dendrogeomorphic analyses and at the scale of individual trees.With respect to tree ages estimated from the (i) age-diameter relation and (ii) the dendrogeomorphic approach, the mean dierence between both approaches was 7 years. Noteworthy, however, the dierencewas in the range ±20 years in 50% of the trees (46% for conifers, 54% for broadleaved trees), and exceeded 50 years in 35 trees (12.5%; 17 conifers and 18 broadleaved trees). Dierences clearly increased with stem diameter (Figs. 3c,d,7a), yet, age distributions derived from logarithmic regressions and tree-ring analyses were not statistically dierent. In 25% of the trees (n = 69), the number of injuries counted at the stem surface was equal to the number of growth disturbances in the tree-ring series. The dierences ranged between -2 and 2 scars for 78.5% of the trees, and exceeded 5 scars on 15 trees (5%). In the case of the conifers, the number of growth disturbances retrieved from tree-ring analysis was frequently greater than the number of injuries observed on the stem surface (Fig. 3.7 b). Conversely, in the case of broadleaved trees, the visual counting approach tended to overestimate the number of injuries. According to Fig. 3.7 b, these dierences were not diameter-dependent. From a spatial perspective, the number of scars observed on broadleaved stems exceeded the number of GDs detected in the tree-ring series signicantly (p<0.05) in cells B, D, and E. In the case of conifers, dierences between both approaches were signicant in the lower third of the plot in cells E and F.
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In 42.5% (n=119) of all trees, dierences between the scar counting and the dendrogeomorphic analyses were b10 years in terms of recurrence intervals. In 14% of the stems, values, however, exceeded 50 years. According to the Wilcoxon-Mann-Whitney test, RiV and RiD distributions (Fig. 3.7 c) did not dier statistically, neither at the plot nor at the cell scales.

Paradoxically, dierences between the mean recurrence interval computed from the visual and dendrogeomorphic series were statistically signicant at the 5% level if conifer and broadleaved trees were considered separately at the plot scale. Unsurprisingly, the recurrence interval maps showed comparable downslope gradients and conrmed the dierence between the northwestern 

Discussion

Convergence between the scar-counting and the dendrogeomorphic approaches

Long-term records of rapid mass movements, such as rockfalls, have proven to be limited. This lack of inventories is especially detrimental in urbanized areas [START_REF] Dorren | State of the art in rockfall forest interactions[END_REF][START_REF] Volkwein | Rockfall characterisation and structural protection a review[END_REF] where risk is often increasing disproportionally with ongoing urbanization [START_REF] Baillifard | Towards a GIS-based rockfall hazard assessment along the Quebec City Promontory, Quebec[END_REF]. In these areas, nding ways that allow precise reconstruction of past rockfall activity are urgently needed.

In case that such slopes are forested, growth disturbances in trees are a reliable option that allows one to reconstruct past rockfall activity in the absence of any inventory or clear morphological evidence, such as scree slopes or isolated blocks [START_REF] Volkwein | Rockfall characterisation and structural protection a review[END_REF]) by, either inspecting stems visually (Trappmann and Stoel, 2013;[START_REF] Favillier | Potential of two submontane broadleaved species ( Acer opalus , Quercus pubescens ) to reveal spatiotemporal patterns of rockfall activity[END_REF][START_REF] Favillier | Dendrogeomorphic assessment of rockfall recurrence intervals at Saint Paul de Varces[END_REF][START_REF] Eichenberger | Wenn Baumwunden dazu beitragen, Steinschlagmodelle weiterzuentwickeln[END_REF] or by analyzing the tree-ring records of impacted trees [START_REF] Alestalo | Dendrochronological interpretation of geomorphic processes[END_REF][START_REF] Stoel | Dendrogeomorphic dating of rockfalls on low-latitude, high-elevation slopes: Rodadero, Iztaccíhuatl volcano, Mexico: TREE-RING DATING OF ROCKFALLS ON LOW-LATITUDE, HIGH-ELEVATION SLOPES[END_REF]. Based on a stratied,random sampling of 278 trees from an exhaustive mapping of 1004 trees in a mixed forest stand,we compared, for the rst time, recurrence intervals derived from both approaches in a 1-ha plot. The systematic counting of visible scars yielded 810 records on all tree stems and the dendrogeomorphic approach allowed identication of 815 growth disturbances in tree-ring series. This comparison represents a signicant improvement with respect to former studies. Indeed, whereas [START_REF] Favillier | Potential of two submontane broadleaved species ( Acer opalus , Quercus pubescens ) to reveal spatiotemporal patterns of rockfall activity[END_REF] showed that signicant dierences exist in recurrence intervals between Acer opalus and Quercus pubescens based on scar counting, they did not compare their resultwith tree-ring analyses. Trappmann and Stoel (2013) compared both approaches but used tree-ring analysis from a conifer species (Picea abies ) and visual scar counting on broadleaved trees (F. sylvatica ). They concluded that the absolute numbers of rockfalls (and hence return intervals) vary signicantly between the approaches, and that the mean number of rockfalls observed on the stem surface of F. sylvatica exceeds that of P. abies by a factor of 3. On the other hand, both methods yielded comparable data on the spatial distribution of relative rockfall activity.
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Based on the results of this study, Fig. 3.8 synthesizes the recurrence intervals obtained from both approaches, at the plot (Fig. 3.8a) and cell (Fig. 3.8 8bg) scales, and for conifer and broadleaved species. At the plot scale, mean recurrence intervals (38 and 32 years) computed from both approaches are comparable. The marked downslope decrease in the number of observed scars per stem is consistent with the well known frequency reduction of fallen blocks down the slope [START_REF] Gsteiger | Steinschlag, Wald, Relief : empirische Grundlagen zur Steinschlagmodellierung[END_REF]Dorren et al., 2005a[START_REF] Dorren | Real-size experiments and 3-D simulation of rockfall on forested and non-forested slopes[END_REF][START_REF] Dorren | State of the art in rockfall forest interactions[END_REF]. In addition, both approaches converge to show a clear dierence between the northwestern (more active) and eastern (less active) compartments of the plot. This convergence is conrmed regardless of the cell considered, and theWilcoxon-Mann-Whitney test does not point to any signicant dierence inmean recurrence intervals between the scar-counting and dendrogeomorphic methods. These results suggest that the visual scar counting (Trappmann and Stoel, 2013;[START_REF] Favillier | Dendrogeomorphic assessment of rockfall recurrence intervals at Saint Paul de Varces[END_REF] represents an ecient and eective alternative to the time-consuming dendrogeomorphic approach when it comes to the spatial assessment of rockfall activity on larger surfaces, as it can be realized with limited temporal and nancial eorts. from both approaches amount to 14 years and -16 years for broadleaved and conifer trees, respectively (Fig. 3.8). In other words, the number of injuries counted on conifer stems is lower than the number of growth disturbances retrieved from the dendrogeomorphic approach.

By contrast, in the case of broadleaved trees, the visual inspection tends to overestimate the frequency of past rockfall activity. The fact that comparable mean recurrence intervals are obtained from the full dataset therefore results from a compensatory eect, meaning that higher recurrence intervals computed from the visual inspection of broadleaved trees are counterbalanced by lower intervals derived from conifer trees. Similarly, the more frequent growth disturbances identied in the tree-ring series of conifers compensate for the reduced number of injuries retrieved from the tree-ring series of broadleaved trees.

The main reason for such interspecic dierences are the hidden scars. The masking of wounds can be highly variable as a result of the initial size of the injury, vitality of the tree, its genetic capability to overgrowinjuries, bark structure, annual increment rates, or tree age, just to name a few reasons. Yet, in general, tree species with a thick and structured bark will mask scars more eciently than those with thin and smooth bark structures (Stoel and Perret, 2006;Trappmann and Stoel, 2013;[START_REF] Favillier | Potential of two submontane broadleaved species ( Acer opalus , Quercus pubescens ) to reveal spatiotemporal patterns of rockfall activity[END_REF]. Stoel (2005a), for instance, could identify 75% of all scars by visual interpretation of bark structures on F. sylvatica, whereas only 51% of the injuries remained visible on the stem surface of P. abies.

At our study site, we can reliably assume that thick-barked conifer trees mask scars of past events very eciently. As a consequence, old scars are dicult to detect, unless wound callus pads remain clearly visible on the stem surface [START_REF] Larson | The Vascular Cambium: Development and Structure[END_REF]. One could argue that the rapid healing could also render the determination of suitable coring positions a dicult task and that older events could be missed on increment cores as well. Yet, the dominant conifer species, A. alba, P. abies, both react tomechanical damage with the formation of tangential rows of traumatic resin ducts [START_REF] Lepage | Tree-Ring Dating of Extreme Water Level Events at Lake Bienville, Subarctic Quebec, Canada[END_REF]Stoel and Perret, 2006;[START_REF] Bollschweiler | Traumatic resin ducts in Larix decidua stems impacted by debris ows[END_REF] with a tangential spread on more than one-third of the circumference (Schneuwly and Stoel, 2008a) . These TRDs that represent onefourth of the GD dated in the tree-ring series therefore make it possible to overcome the diculty related to masked scars. By contrast, broadleaved species generally have a thinner and smoother bark structure which not only facilitates wounding but also enhances longer-term visibility of scars on the stem surface (Stoel, 2005a;Stoel and Perret, 2006) . Based on micro-section analyses, [START_REF] Arbellay | Wood anatomical analysis of Alnus incana and Betula pendula injured by a debris-ow event[END_REF][START_REF] Arbellay | Dening an Adequate Sample of Earlywood Vessels for Retrospective Injury Detection in Diuse-Porous Species[END_REF]) demonstrated that injured rings of Betula pendula and Fraxinus excelsior were characterized by smaller vessels. Yet, these anatomical changes were only visible in a 30°radial segment around the injury. closer to the injury in the case of diuse-porous species so as to increase the potential detection of past events. At our study site, the greater persistence of past injuries on thin-barked broadleaved species and the complexity to detect hidden scars from increment cores probably explain the discrepancies between the scar-counting and dendrogeomorphic approaches. Interestingly, at the plot scale and in cells AD, the recurrence intervals computed from the visual inspection of broadleaved stems are comparable to those derived from the analysis of increment cores for conifers (Fig. 3.8). In the upper part of our plot, characterized by small diameter trees, this similarity allows us to partly rule out the hypothesis formulated by Trappmann and Stoel (2013) and [START_REF] Favillier | Potential of two submontane broadleaved species ( Acer opalus , Quercus pubescens ) to reveal spatiotemporal patterns of rockfall activity[END_REF] that thick bark constitutes a mechanical barrier that is able to buer low energy rockfalls and thus damage to the underlying tissues. In other words, we cannot consider at the Saint-Guillaume site that the bark of young conifers is suciently thick to protect the underlying cambium from mechanical abrasion caused by rockfall events. Similarly, the scar counting approach does not seem to overestimate rockfall activity by single rocks leaving multiple scars or by rock fragmentation causing a higher number but smaller volume of blocks, leaving multiple impacts (Trappmann and Stoel, 2013;[START_REF] Trappmann | Achieving a more realistic assessment of rockfall hazards by coupling three-dimensional process models and eld-based tree-ring data: AS-SESSMENT OF ROCKFALLS BY COUPLING ROCKFALL MODELS AND TREE-RING DATA[END_REF].

Recommendations for hazard zoning

Based on the ndings of this study and with the aim of improving cost-benets ratios in rockfall hazard zoning in mixed forest stands, we recommend future works to:

(1) give priority to the scar-counting approach on small diameter (<15 cm) broadleaved stems in the upper part of the slope, i.e. at the vicinity of cli. Here, trees were demonstrated to yield similar rockfall frequencies to those computed for coniferous trees, but with the much more time-consuming dendrogeomorphic approach;

(2) restrict tree-ring analysis to old conifers, as they are more likely to provide reliable estimates of long recurrence intervals through the identication of tangential rows of traumatic resin ducts. These older conifers are generally located at the lower part of the slope;

(3) exclude, as far as possible, large-diameter broadleaved species fromtree-ring analysis due to the remaining complexity of detecting overgrown injuries in tree-ring records. Despite the stringency of our sampling procedure based on three additional cores taken systematically in the fall line direction at 0.5, 1.0, and 1.5 m the detection of masked scars indeed represented <10% of all GDs found in these trees;

(4) avoid the visual scar counting approach on large-diameter (> 25 cm) conifer trees as their thick bark overgrows rapidly and eciently past injuries, therefore leading to strong overestimations of recurrence intervals.

Conclusions

On forested slopes, the frequency of recent rockfalls can be determined either through (i) the analysis of rockfall injuries remaining visible on the tree surface or (ii) the dating of characteristic growth disturbances (such as growth suppression, tangential rows of traumatic resin ducts or reaction wood) in tree-ring series. In this paper, based on the analysis of 278 broadleaved and conifer trees, we demonstrate that both methods provide similar results on spatial patterns, with an increase of rockfall recurrence intervals down the talus slope and a clear lateral zonation of activity. Paradoxically, and despite the absence of signicant dierences between recurrence intervals computed between the methods, our results also reveal that rockfall frequency diers quite substantially with tree species and diameter: the visual inspection of conifer stems and the analysis of tree-ring signals in large-diameter broadleaved trees typically leads to an overestimation of recurrence intervals. Based on these results, we recommend to give priority to the scar-counting approach on small diameter broadleaved, frequently impacted stems located in the upper part of the slopes and to restrict the conventional dendrogeomorphic approach to large conifer stems. These recommendations on more suitable practices on how to analyze forest stands in the future according to the tree species and diameter will not only help increase the reliability of recurrence intervalmaps derived from the analysis of tree growth disturbances, but also improve cost-benet ratios, thus rendering the approach more attractive for practitioners and natural hazard authorities.

CHAPITRE 4

Detection of meteorological triggers of rockfall activity: Improved sampling strategy to optimize dendrogeomorphic reconstructions Mainieri R. 

Introduction

Rockfalls are one of the most common geomorphological processes in the steeply sloping environments. These events involve independent movement of individual rock fragments that detach from bedrock along new or previously existing discontinuities such as bedding planes, joints, fractures, cleavage, and foliation [START_REF] Selby | Hillslope Materials and Processes[END_REF]. They proceed downslope by bouncing and ying along ballistic trajectories, or by rolling on talus or debris slopes and can lead to important economic losses and even casualties [START_REF] Hantz | An historical, geomechanical and probabilistic approach to rock-fall hazard assessment[END_REF][START_REF] Gardner | Rockfall: a geomorphic process in high mountain terrain[END_REF][START_REF] Erismann | Dynamics of Rockslides and Rockfalls[END_REF][START_REF] Dussauge-Peisser | Evaluation de l'aléa éboulement rocheux : développements méthodologiques et approches expérimentales ; application aux falaises calcaires du Y grenoblois[END_REF]. The unpredictable nature often attributed to the rockfalls events is cause of concern of the authorities and decision makers [START_REF] Corona | Modeling rockfall frequency and bounce height from threedimensional simulation process models and growth disturbances in submontane broadleaved trees[END_REF]) and hazard quantication requires information about the temporal probability of failure expressed in terms of frequency or return period. The latter, previously estimated using site-specic inventories, provides the mean number of events that occur within a period of time [START_REF] Ferrari | Qualitative Rockfall Hazard Assessment: A Comprehensive Review of Current Practices[END_REF]). Yet, long-term records of rockfalls have proven to be scarce and typically incomplete, especially in urbanized areas where the risk associated with rockfall events rises proportionally with urbanization [START_REF] Favillier | Potential of two submontane broadleaved species ( Acer opalus , Quercus pubescens ) to reveal spatiotemporal patterns of rockfall activity[END_REF]. In order to overcome this lack of historical archives, rockfall frequency and failure have been estimated using traps [START_REF] Sass | Temporal Variability of Rockfall in the Bavarian Alps, Germany. Arctic, Antarctic[END_REF], terrestrial laser scanners [START_REF] D'amato | Inuence of meteorological factors on rockfall occurrence in a middle mountain limestone cli[END_REF][START_REF] Rabatel | Rock falls in high-alpine rock walls quantied by terrestrial lidar measurements: A case study in the Mont Blanc area: ROCK FALLS QUANTIFIED BY LIDAR[END_REF], remote digital time-lapse camera systems (Kellerer-Pirklbauer and

Rieckh, 2016). Although these methods enable to investigate specic events [START_REF] Matsuoka | A multi-method monitoring of timing, magnitude and origin of rockfall activity in the Japanese Alps[END_REF], rockfall monitoring rarely exceeds a few years [START_REF] Weber | A decade of detailed observations (20082018) in steep bedrock permafrost at the Matterhorn Hörnligrat[END_REF] thus failing to encompass the wide variety of rockfall processes [START_REF] Sass | Temporal Variability of Rockfall in the Bavarian Alps, Germany. Arctic, Antarctic[END_REF].

On forested slopes, stem injuries and their dating with dendrogeomorphic techniques have been applied frequently in the past to reconstruct past process activity [START_REF] Stoel | Dendroecological Dating of Geomorphic Disturbance in Trees[END_REF].

A review of the dendrogeomorphic studies dealing with impacts of rocks on trees is provided in Mainieri et al. (2019a) which listed 25 rockfall reconstructions based on tree-ring analysis.

Paradoxically, whether tree-ring have been used for the quantication of rock fall frequency variations over time, dendrogeomorphic studies rarely attempt, with the exception of [START_REF] Perret | Spatial and temporal rockfall activity in a forest stand in the Swiss PrealpsA dendrogeomorphological case study[END_REF]Perret et al. ( ), ilhán et al. (2011) ) and Zielonka and Wro«ska-Waªach (2019), to correlate these frequencies with changing weather conditions. This scarcity is partly explained by the absence of clear guidelines regarding the sample strategy needed to obtain reliable chronologies potentially comparable to meteorological series. [START_REF] Perret | Spatial and temporal rockfall activity in a forest stand in the Swiss PrealpsA dendrogeomorphological case study[END_REF] demonstrated that the use of systematic sampling methods i.e., the coring of trees along linear transects with equal distances between each sampled tree irrespective of the presence of visible scars on its trunk provides adequate data to derive a reconstruction of past rockfall events. Similarly, [START_REF] Morel | Dening sample size and sampling strategy for dendrogeomorphic rockfall reconstructions[END_REF] and [START_REF] Trappmann | Visual dating of rockfall scars in Larix decidua trees[END_REF] recommended a minimum sample size of 40-80 trees/ha to to yield a reasonable rockfall chronology while a as a rule of thumb [START_REF] Gsteiger | Steinschlagschutzwald. Ein Beitrag zur Abgrenzung, Beurteilung und Bewirtschaftung[END_REF] pleads for an homogeneous distribution of trees within the upper portion of the studied slopes. Nevertheless, the inuence of dierent sampling strategies on the detection of meteorological triggers have not been investigated so far. In addition, almost systematic increasing trends observed over rockfall reconstructions have so far hampered a precise detection of meteorological drivers. These non-climate trends are mainly related to (1) increasing sample depth over time (Stoel et al., 2005a), (2) the complexity to retrieve ancient healed injuries [START_REF] Trappmann | Visual dating of rockfall scars in Larix decidua trees[END_REF] or

(3) changing sensitivity of trees depending on age (ilhán et al., 2013) or species (Trappmann and Stoel, 2013;[START_REF] Favillier | Potential of two submontane broadleaved species ( Acer opalus , Quercus pubescens ) to reveal spatiotemporal patterns of rockfall activity[END_REF]. Eorts have been made over the last decades to detrend rockfall reconstructions. [START_REF] Stoel | Analyzing rockfall activity (16002002) in a protection foresta case study using dendrogeomorphology[END_REF] thus introduced the rockfall rate (RR). The latter accounts for the reduction of samples number and of exposed trees diameter back in time but remains sensitive to articial trends related to (1) the very low number of samples at the beginning of the reconstructions and (2) an increase in the exposed diameter [START_REF] Trappmann | Visual dating of rockfall scars in Larix decidua trees[END_REF]. More recently, [START_REF] Trappmann | Achieving a more realistic assessment of rockfall hazards by coupling three-dimensional process models and eld-based tree-ring data: AS-SESSMENT OF ROCKFALLS BY COUPLING ROCKFALL MODELS AND TREE-RING DATA[END_REF]; [START_REF] Trappmann | Visual dating of rockfall scars in Larix decidua trees[END_REF] revisited the RR and proposed the "Conditonal Impact Probability (CIP)" to quantify uncertainties related to potentially missed events in dendrogeomorphic rockfall reconstructions. Yet, the CIP approach has never been included for the detection of potential meteorological triggers of past rockfall events. In order to ll this gap, this paper aims to determine the impacts of sampling strategies on the identication of meteorological drivers of past rockfall events. Based on an unusually large data set of rockfall induced growth disturbances (GDs) in trees growing on a mixed forest plot in the French Alps, we (1) compare the chronologies resulting from dierent subset of trees and from dierent sampling procedures, (2) explore the eect of sampling strategies on the reliability of reconstructed rockfall chronologies and on (3) the detection of meteorological drivers of past rockfall events. For this purpose, we capitalized on an exhaustively and precisely mapped forest plot to accurately quantify the evolution of uncertainties related to decreasing exposed diameter and missed events back in time.

Study site

The study site is located in the municipality of Saint-Guillaume ( 256 Rockfall is the dominant geomorphic process on the slope and is responsible for a vast majority of the scars observed on the tree stems. Other geomorphic processes cannot be totally excluded, especially in the uppermost portions of the talus slope, where snow avalanches of limited extent are susceptible to occur.

No data on past geomorphic events exist in municipal records. Yet, this study capitalizes on high-resolution maps computed for the studied plot for (1) tree species, (2) tree age and (3) rockfall activity derived from the scar counting approach (Mainieri et al., 2019a,b). According to these maps, a downslope decrease in the number of observed scars per stem is consistent with the well-known frequency reduction of fallen blocks down the slope [START_REF] Gsteiger | Steinschlag, Wald, Relief : empirische Grundlagen zur Steinschlagmodellierung[END_REF]Dorren et al., 2005a[START_REF] Dorren | Real-size experiments and 3-D simulation of rockfall on forested and non-forested slopes[END_REF][START_REF] Dorren | State of the art in rockfall forest interactions[END_REF]. In addition, a clear dierence is observed between the northwestern (dominated by conifer trees and more active) and eastern (dominated by broadleaved species and less active) compartments of the plot. These maps have been used to (1) dene dierent sampling strategy scenarios, (2) select the sampled trees (i.e. avoid trees located on the same trajectory), and (3) precisely assess the evolution of the Conditional Impact Probability (CIP, see below).

Methods

Sampling strategy scenarios

In total, six dierent scenarios (S1-S6) were considered in the present study (Fig. 4.2). S1-S2 have been designed to analyze the inuence of the sampling strategy on climate/growth relationships.

In the rst scenario (S1), the preliminary map has been used to stratify the sampling strategy.

Trees were randomly sampled with the prerequisite to be representative of the species spectrum and the diameter distribution observed on the plot (Fig. 4.2). In scenario 2 (S2), the preliminary were sampled using a Pressler increment borer (see detail in the dendrogeomorphic analyses sections). By contrast, S6 was restricted to the upper northern part of the plot and was based on sections cut from damaged trees in order to evaluate the impacts of sampling procedure. More particularly, it aims to demonstrate whether a restricted number of sections, on which trends related to healed scar does not exist, should be preferred to more exhaustive sampling strategies based on tree coring.

Dendrogeomorphic analyses

For each tree extracted in S1-S5, an increment core (max. 40 × 0.5 cm) was taken at the lateral edges of each visible scar (i.e. at the contact of the unaected wood with the overgrowing callus tissue; [START_REF] Sachs | Pattern Formation in Plant Tissues[END_REF][START_REF] Larson | The Vascular Cambium: Development and Structure[END_REF][START_REF] Schneuwly | Tree-ring based reconstruction of the seasonal timing, major events and origin of rockfall on a case-study slope in the Swiss Alps[END_REF]. For S6, trees (DBH>15cm)

were cut and sections were cut systematically each 50 cm on the stem and at the level of each procedures [START_REF] Bräker | Measuring and data processing in tree-ring research a methodological introduction[END_REF]. In the laboratory, tree rings were measured using a digital LINTAB positioning table connected to a Leica stereomicroscope. For this investigation, the rst layer of callus tissue within the tree-ring was used to determine the timing of rockfall activity. For conifers, known to mask injuries eciently, tangential rows of traumatic resin ducts (TRDs) [START_REF] Bannan | VERTICAL RESIN DUCTS IN THE SECONDARY WOOD OF THE ABIETINEAE[END_REF][START_REF] Stoel | Tree-ring analysis in natural hazards research &ndash; an overview[END_REF] formed next to and at some distance of the impact scar (Schneuwly et al., 2009a,b) were used as a further indicator to date past rockfalls (Stoel and Perret, 2006). Resin ducts were only considered the result of rockfall activity if they formed traumatic, compact, continuous and tangential rows (Stoel et al., 2005a). In addition, based on the distribution of observed scars (which remain usually below 2 m at the study site), one increment core was systematically extracted, in the fall line, at 0.5, 1.0, and 1.5 m, in order to increase the likelihood to retrieve old, completely healed impacts [START_REF] Trappmann | Achieving a more realistic assessment of rockfall hazards by coupling three-dimensional process models and eld-based tree-ring data: AS-SESSMENT OF ROCKFALLS BY COUPLING ROCKFALL MODELS AND TREE-RING DATA[END_REF]. Following Stoel et al. (2005a,b), (i) presence of callus tissue and TRD next to (blurred) injuries, (ii) eccentric growth and the formation of reaction wood following stem tilting and (iii) abrupt growth release (suggesting that neighboring trees were eliminated and the surviving trees beneted from improved growth conditions such as enhanced access to light,water, and nutrients)

were used as additional evidence of past rockfall impacts. By contrast, growth suppression, frequently related to climate extremes such as cold summers and prolonged droughts susceptible of durably aecting radial growth [START_REF] Battipaglia | Tree rings indicate dierent drought resistance of a native (Abies alba Mill.) and a nonnative (Picea abies (L.) Karst.) species co-occurring at a dry site in Southern Italy[END_REF][START_REF] Lévesque | Drought response of ve conifer species under contrasting water availability suggests high vulnerability of Norway spruce and European larch[END_REF][START_REF] George | Inter-and intra-specic variation in drought sensitivity in Abies spec. and its relation to wood density and growth traits[END_REF], that were recently demonstrated to increase noise in dendrogeomorphic reconstructions [START_REF] Favillier | Dendrogeomorphic assessment of rockfall recurrence intervals at Saint Paul de Varces[END_REF]Mainieri et al., 2019a) were excluded from our analysis.

In order to analyze trends in rockfall time series, we apply the non-parametric Mann-Kendall (MK) test [START_REF] Helsel | Statistical Methods in Water Resources[END_REF]. This rank-based procedure is especially suitable for nonnormally distributed data and is robust against outliers and data gaps. The MK-test yields a trend test statistic that allows to reject the null hypothesis at a certain signicance level (see [START_REF] Birsan | Streamow trends in Switzerland[END_REF], for details). The slope of trends signicant at the 95% level of the MK-test was estimated using the Theil-Sen method, which is suitable for nearly linear trends and is little aected by non-normal data and outliers [START_REF] Helsel | Statistical Methods in Water Resources[END_REF]. For each scenario, the MK test was computed over the 1959-2017 period covered by meteorological series, for moving time windows with length varying from 30 to 59 years.

Computation of the conditional impact probability

The conditional impact probability approach (CIP), rst developed by [START_REF] Moya | Tree-ring based assessment of rockfall frequency on talus slopes at Solà d'Andorra, Eastern Pyrenees[END_REF], was further rened byTrappmann et al. ( 2013) and [START_REF] Favillier | Dendrogeomorphic assessment of rockfall recurrence intervals at Saint Paul de Varces[END_REF]. This approach aims to quantify the range covered by trees during a given year have been employed here in order to estimate the likelihood of rockfalls missing tree trunks. The assessment depends both on the characteristics of the forest (i.e. stand density, tree location, tree diameter, spatial structure of the forest stand) and on the characteristics of the rockfall event (diameter of the falling rocks).

The CIP concept is based on the idea that each tree is surrounded by a circle of impact, i.e.

that it covers a range of the slope which determines its probability of being impacted. A falling rock, however, will impact a tree if its trajectory is closer to the stem than half of its diameter (∅). This circle of impact can be expressed as a circular area around each tree with a diameter dened by the tree's DBH and the rock diameter (∅). The sum of the impact circles of all trees therefore represents the total length of impact circles (L IC ) or the range that is covered by trees (Fig. 5.2 A B). Accordingly, with a given mean rock diameter, tree position and the DBH measured for of all trees, the CIP can be calculated for the plot as:

CIP = L IC /L plot (4.1)
where L IC is the cumulative length of the projections of the circles of impact on the downslope side of the plot, and L plot is the length of the downslope side of the plot (i.e. 110 m in our case).

Usually, the CIP is used to estimate the number of annually missed events and the quality and reliability of the reconstruction (Trappmann et al., 2013;[START_REF] Favillier | Dendrogeomorphic assessment of rockfall recurrence intervals at Saint Paul de Varces[END_REF]. Here, in order to quantify precisely the evolution of the CIP back in time, polynomial diameter-age regressions been built for each species by Mainieri et al. (2019a) have been used.

Based on these regression models, we estimated the diameters of each tree from the studied plot and derived an annually-resolved series of CIP. This series was used to estimate the real annual number of rockfalls (RR) as follows:

RR t = N GD t /CIP t (4.2)
Where NGD t represents the number of growth disturbances dated for year t and CIP t , the conditional probability impact computed for year t. In addition, based our systematic inventory, we equally use the CIP to improve our sampling strategy. Accordingly, for S2-S5, trees located upslope, that represent the rst barrier to rockfall, were sampled preferentially while those located in the direct fall line of other trees and that would thus protect each other were systematically ignored. 
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Comparison of sampling strategies and analysis of meteorological data

The precise detection of rockfall meteorological triggers from dendrogeomorphic reconstructions has been so far hampered by the annual resolution of tree-ring series which precludes from the correlation with hourly to daily-resolved meteorological records. In order to account for the complexity and diversity of meteorological triggers, correlations between reconstructed rockfall activity for S1-S6 and meteorological series averaged over all possible resolutions between one and 36 decades (∼ 1 year) were successively tested. At our study site, meteorological time series were obtained from the SAFRAN reanalyses. The SAFRAN analysis system combines in situ meteorological observations with synoptic-scale meteorological elds to provide continuous time series of meteorological variables at hourly resolution and for elevation steps of 1500 m within areas, referred to as massifs (Vercors in the case of this study), assumed to be horizontally homogeneous (Durand et al., 2009b). The dataset extends back to 1958. SAFRAN meteorological elds corresponding to the sampling sites were extracted according to their elevation, aspect, and slope angles [START_REF] Lafaysse | Towards a New Chain of Models for Avalanche Hazard Forecasting in French Mountain Ranges, Including Low Altitude Mountains[END_REF]. [START_REF] Delonca | Statistical correlation between meteorological and rockfall databases[END_REF][START_REF] D'amato | Inuence of meteorological factors on rockfall occurrence in a middle mountain limestone cli[END_REF] synthesized physical processes associated with meteorological parameters susceptible to trigger rockfall. In calcareous regions, rainfall duration and intensities that increase pressure in rock joints, freeze-thaw cycles through wedging and loss of cohesion and sunshine through thermal stresses which propagate cracks are amongst the most frequent triggers cited in literature. On this basis, and considering typical timeframes operating on these triggers, 10-day to annual series (i.e. 360 days, or 36 ten-day series) of ( 1) precipitation sums, (2) number of rainfall events > 10 and 20 mm.day -1 , (3) minimum, (4) mean, and (5) maximum air temperatures, (6) variations thereof, (7) the absolute number of freeze thaw cycles (dened as the number of days in which Tmax>0°C and Tmin<0°C) as well as (8) minimum temperatures (-3 and -5°C) and ( 9) daily variations of temperatures (+6 and +10°C) have been extracted from the SAFRAN database for the period 1958-2017. Relationships between rockfall activity and meteorological parameters were assessed with a four-step procedure. In a rst step, Pearson correlation coecients were calculated between reconstructed rockfall activity and variables (1-9) for periods ranging from 1 to 36 consecutive ten-day periods. All datasets were transformed to z-scores summarizing anomalies below or above average, over the period 1958-2017, before correlation analyses were performed.

The statistical signicance of results was tested with a one-tailed t-test at a signicance level α=0.05

Results

Reconstruction of rockfall activity based on dierent sampling strategies

The results of the rockfall reconstructions derived from the S1-S6 scenarios are synthesized on Tab. , 2012, 2007, 2002, 2000, 2005, 1997, 2016, 1976, 2008, 2010. In S2, trees were sampled with the purpose to maximize the conditional impact probability, i.e. the number of rockfall trajectories potentially intercepted by the selected trees. Since 1989, the decadal frequency of GDs per tree, before the CIP correction, in S6 (2.03 events.decades -1 .tree -1 ) is more than twice those computed for all other scenarios (0.42, 0.7, 0.9, 1.01, 0.37 events.decades in which no signicant trend was observed in the tree-ring records. No signicant correlation (p<0.01) was found between the chronologies computed for the six scenarios, temperature (minimum, mean, maximum) of freeze-thaw cycles, irrespective of the considered period.

For precipitation totals, the results dier with the period and the scenarios (Fig. 4.7a,b). As a general rule, correlations between rockfall reconstructions and rainfalls computed over the period 1959-2017 (Fig. 7a) are weaker than those computed over the period 1989-2017. In addition, and irrespective of the considered scenario, the meteorological drivers dier for both periods.

Thus, between 1989 and 2017, no signicant correlation with precipitations were observed for rockfall reconstructions computed over the southern compartment (S5) or using transverse crosssections (S6) while S1, derived from random sampling strategy, show negative correlations (r= -0.5, p<0.01) with winter precipitation.

For CIP-based reconstructions computed over the entire plot (S2) and (upper) Northern (S3-S4) compartments, fall-winter precipitation totals over 10-13 consecutive decades centered on 

Discussion

Methodological contribution : improved sampling strategy for rockfall reconstruction

Long-term inventories of rapid mass movements, such as rockfalls, have proven to be limited in both time and space. This lack of continuous records is especially detrimental in urbanized areas [START_REF] Dorren | State of the art in rockfall forest interactions[END_REF][START_REF] Volkwein | Rockfall characterisation and structural protection a review[END_REF] where risk is often increasing non-linearly with ongoing urbanization and changing climatic conditions [START_REF] Baillifard | Towards a GIS-based rockfall hazard assessment along the Quebec City Promontory, Quebec[END_REF]. In these areas, as rockfall are sudden phenomena, usually non-predictable in time [START_REF] Delonca | Statistical correlation between meteorological and rockfall databases[END_REF][START_REF] D'amato | Inuence of meteorological factors on rockfall occurrence in a middle mountain limestone cli[END_REF], nding ways that allow precise reconstruction of past rockfall events and an estimation of their temporal probability through the study of meteorological triggering factors, are urgently needed. On forested slopes, growth disturbances in tree-ring series have proven reliable ecological indicators to reconstruct past decadal to centennial uctuations of rockfall activity [START_REF] Alestalo | Dendrochronological interpretation of geomorphic processes[END_REF][START_REF] Stoel | Assessing Rockfall Activity in a Mountain Forest Implications for Hazard Assessment[END_REF]). Yet, with the exception of [START_REF] Perret | Spatial and temporal rockfall activity in a forest stand in the Swiss PrealpsA dendrogeomorphological case study[END_REF], ilhán et al.

(2011) and Zielonka and Wro«ska-Waªach (2019), tree-ring reconstructions were only rarely compared with instrumental series to assess meteorological triggering parameters. This lack of study is attributed (1) to the presence of non-climatic trends intrinsic to the dendrogeomorphic approach and (2) to the absence of a clear guideline regarding the sampling needed to obtain robust relationships between rockfall activity reconstructed from tree-ring and meteorological drivers.

In this context, the present study aims to show potential impacts of dierent sampling strategies on the identication of meteorological drivers of past rockfall events reconstructed from tree-ring analyses. For this purpose, it capitalizes on the CIP approach [START_REF] Moya | Tree-ring based assessment of rockfall frequency on talus slopes at Solà d'Andorra, Eastern Pyrenees[END_REF][START_REF] Trappmann | Achieving a more realistic assessment of rockfall hazards by coupling three-dimensional process models and eld-based tree-ring data: AS-SESSMENT OF ROCKFALLS BY COUPLING ROCKFALL MODELS AND TREE-RING DATA[END_REF][START_REF] Trappmann | Visual dating of rockfall scars in Larix decidua trees[END_REF] to optimally quantify the uncertainties inherent to tree-ring reconstructions.

The six chronologies developed for the Saint-Guillaume study plot clearly demonstrate the inuence of sampling patterns. Signicant dierences are thus observed, at the slope scale, between reconstructions derived from random sampling and using trees selected on the basis of the CIPapproach. Despite the wide spectrum of meteorological variables tested in this study, we failed to identify robust meteorological drivers for S1. By contrast, for S2-S4, on which injuries were sampled based on the CIP approach, summer precipitation totals for the last three decades explained almost one-half of rockfall interannual variability. These results therefore highlight the added value of high-resolution maps of the study plot for the implementation of reliable sampling strategies selection of trees. Similarly, clear dierences are observed between the northern and southern compartments of the slope in terms of ( 1) rockfall frequency as illustrated by our preliminary maps, (2) interannual variations as revealed by weak, poorly signicant correlations between S3-S4 and S5 and (3) relations to meteorological variables. We hypothesize that moderate activity with weak interannual variations, combined with the complexity to retrieve scars from broadleaved tree species [START_REF] Martin-Benito | Inuence of drought on tree rings and tracheid features of Pinus nigra and Pinus sylvestris in a mesic Mediterranean forest[END_REF][START_REF] Favillier | Dendrogeomorphic assessment of rockfall recurrence intervals at Saint Paul de Varces[END_REF]Mainieri et al., 2019a), hindered a precise detection of meteorological triggers in S5. In other words, our results strongly suggest that a precise identication of homogeneous areas in terms of rockfall activity is crucial for the subsequent detection of meteorological drivers. Finally, comparable results are obtained from S3 that includes 108 trees located within the entire Northern compartment of the plot (0.81 ha) and S4 which rely on 71 trees from the upper portion of the same compartment (0.45). Moreover, our results failed to demonstrate the added-value of S6 which is based on systematic cross-sectioning. Although this reconstruction includes a higher frequency of events and is theoretically free from biases related to the diculty to retrieve masked scars, its reliability seems so far hampered by its limited spatial ngerprint. As a consequence, in order to increase the benet-cost ratio of future dendrogeomorphic studies while fostering the detection of triggers, we recommend (1) as previously suggested by [START_REF] Gsteiger | Steinschlagschutzwald. Ein Beitrag zur Abgrenzung, Beurteilung und Bewirtschaftung[END_REF] to limit the downslope extent of plots while increasing their width and (2) to core more systematically the rst rows of trees, located at the vicinity of the clis [START_REF] Perret | Spatial and temporal rockfall activity in a forest stand in the Swiss PrealpsA dendrogeomorphological case study[END_REF].

Stationarity of the reconstructions and detection of meteorological triggers

Despite the precise quantication of the CIP back in time and its application to estimate the missed events for the six rockfall chronologies developed within the Saint-Guillaume plot, the later are mostly characterized by marked increasing trends over the period 1959-2017. More precisely, signicant trends have been detected until 1987, 1984, 1978 and 1974 for S1-S4, respectively (g.4.5). Despite the stringency of our approach, we explain the persistence of these trends to an insucient consideration of biases intrinsic to the dendrogeomorphic approach related to healed wounds [START_REF] Schneuwly | Tree-ring based reconstruction of the seasonal timing, major events and origin of rockfall on a case-study slope in the Swiss Alps[END_REF], changing sensitivity over time (ilhán et al., 2013) or for dierent tree species [START_REF] Favillier | Dendrogeomorphic assessment of rockfall recurrence intervals at Saint Paul de Varces[END_REF]Trappmann and Stoel, 2013). More interestingly, higher correlations were computed between the dierent reconstructions and the precipitation totals computed over ve consecutive decades centered on 11-20th august for the periods 1987- 4) an abrupt change in the annual frequency of rockfalls [START_REF] Moya | Tree-ring based assessment of rockfall frequency on talus slopes at Solà d'Andorra, Eastern Pyrenees[END_REF] or a 0.5 CIP value (Trappmann et al., 2013;[START_REF] Morel | Dening sample size and sampling strategy for dendrogeomorphic rockfall reconstructions[END_REF] have been used

to limit temporally the rockfall reconstructions or to evaluate the temporal reliability. Our results

suggest that the Mann-Kendall test could be used to quantify more objectively the robustness of rockfall reconstructions than the aforementioned thresholds. (Chartreuse Massif, 30 km northeast from Saint-Guillaume), that rockfall frequency could be multiplied by a factor as high as 26 when the mean rainfall intensity is higher than 5mm.h

-1 .
The authors attribute increasing rockfall frequency after rainfall episodes to chemical weathering including limestone dissolution and weathering of thin marly layers. They also coincide with results from the Bavarian Alps [START_REF] Krautblatter | A nonlinear model coupling rockfall and rainfall intensity based \\newline on a four year measurement in a high Alpine rock wall (Reintal, German Alps)[END_REF] where 5-yr records from collectors show that 90 percent of all small-magnitude rockfall deposition coincides with rainstorms.

At broader scale, similar dependency of rockfall to precipitations have been reported for nonglaciated cli by e.g. [START_REF] Delonca | Statistical correlation between meteorological and rockfall databases[END_REF] in Burgundy (France), Zielonka and Wro«ska-Waªach (2019) in the Tatras Mountains (Poland), [START_REF] Macciotta | Quantifying weather conditions for rock fall hazard management[END_REF] in the Canadian Cordillera, [START_REF] Chau | Rockfall Hazard Analysis for Hong Kong Based on Rockfall Inventory[END_REF] in Hong-Kong, [START_REF] Mateos | Freezethaw cycles and rainfall as triggering factors of mass movements in a warm Mediterranean region: the case of the Tramuntana Range (Majorca, Spain)[END_REF] in the Tramuntana Range (Spain) or by [START_REF] Matsuoka | A multi-method monitoring of timing, magnitude and origin of rockfall activity in the Japanese Alps[END_REF] in the Japanese Alps. The later, based on coupled geomorphological an microclimatic monitoring, explain increasing rockfall frequency by raise water pressure in rock joints or lubrication of joints after rainfalls [START_REF] Matsuoka | A multi-method monitoring of timing, magnitude and origin of rockfall activity in the Japanese Alps[END_REF]. By contrast, no signicant correlation was computed neither with minimum, mean or maximum temperature or with freeze-thaw cycles despite the wide spectrum of combinations tested (i.e. 1 to 36 consecutive 10-day periods for each meteorological variable). In that sense, our results dier from dendrogeomorphic reconstructions realized by [START_REF] Perret | Spatial and temporal rockfall activity in a forest stand in the Swiss PrealpsA dendrogeomorphological case study[END_REF] and ilhán et al. ( 2011) and more generally from a large body of monitoring literature that demonstrated that thermal conditions and especially freeze-thaw cycles undoubtedly conditioned rockfall frequency in mountainous regions [START_REF] Matsuoka | Rockfall activity from an alpine cli during thawing periods[END_REF][START_REF] Frayssines | Failure mechanisms and triggering factors in calcareous clis of the Subalpine Ranges (French Alps)[END_REF][START_REF] D'amato | Inuence of meteorological factors on rockfall occurrence in a middle mountain limestone cli[END_REF][START_REF] Matsuoka | A multi-method monitoring of timing, magnitude and origin of rockfall activity in the Japanese Alps[END_REF]. Several hypotheses might explain this absence of relationships between rockfall activity at Saint Guillaume and thermal variables such as (1) the resolution of dendrogeomorphic records which only partly represent rockfall activity and probably does not include high-frequency/low magnitude events potentially triggered by rockfall ; (2) the complex inuence of freeze-thaw cycles on rockfall activity, events occuring more frequently during warming and thawing periods than during cooling periods (D'Amato et al., 2016) and during moisture-saturated freeze-thaw conditions [START_REF] Krautblatter | A nonlinear model coupling rockfall and rainfall intensity based \\newline on a four year measurement in a high Alpine rock wall (Reintal, German Alps)[END_REF]; (3) the the SAFRAN dataset which do not reect microclimatic variations and eects related to microtopography of clis [START_REF] Matsuoka | Rockfall activity from an alpine cli during thawing periods[END_REF][START_REF] Schneuwly | Tree-ring based reconstruction of the seasonal timing, major events and origin of rockfall on a case-study slope in the Swiss Alps[END_REF][START_REF] Matsuoka | A multi-method monitoring of timing, magnitude and origin of rockfall activity in the Japanese Alps[END_REF][START_REF] Perret | Spatial and temporal rockfall activity in a forest stand in the Swiss PrealpsA dendrogeomorphological case study[END_REF]; Zielonka and Wro«ska-Waªach, 2019).

Conclusion

Over the last two decades, several dendrogeomorphic studies have reconstructed rockfall activity in mountainous regions worldwide. Paradoxically, reconstructed rockfall activity has only rarely been compared with climatic records to identify potential meteorological triggers of process activity. In this paper, we used highly-resolved mapping of a forested plot, which allowed quantifying potential biases back in time, to evaluate the impacts of dierent sampling strategies on the detection of meteorological drivers of rockfall activity. In methodological terms, we demonstrate that a careful selection of trees based on the conditional impact probability, within the more active compartment of the study plot and at the contact of the cli signicantly increased the meteorological signal in the tree-ring reconstructions. In addition, given the increasing correlations between tree-ring records and meteorological parameters in the absence of the robustness of future reconstructions. Once the above-mentioned recommendations are addressed, relationships between reconstruction S4 and meteorological variables computed over 10 to 360 consecutive days enabled identication of summer precipitation totals as the major drivers of rockfall activity at Saint-Guillaume. These results, in line with those obtained by Mainieri et al. (Chap. 5), D'Amato et al. ( 2016) and [START_REF] Krautblatter | A nonlinear model coupling rockfall and rainfall intensity based \\newline on a four year measurement in a high Alpine rock wall (Reintal, German Alps)[END_REF] in similar context tend to conrm the reliability of our tree-ring records. Yet, despite the stringency of the procedure developed here , no statistically signicant correlation was computed with thermal variables and especially with freeze-thaw cycles although these have been undoubtedly demonstrated as a key driver of rockfall activity in alpine calcareous clis of comparable altitude. We explain this limited correlation by the incompleteness of our reconstruction and complex relationships between moisture, freezing and rockfall events. Yet, we plead for more systematic coupling between dendrogeomorphic studies and rockfall as well as microclimatic monitoring of sites in the future to validate these hypotheses.

CHAPITRE 5

Dating of rockfall damage in trees yields insights into meteorological triggers of process activity in the French Alps

Mainieri R. Abstract: Rockfall release is a rather unpredictable process. As a result, the occurrence of rockfall often threatens humans and (infra)structures. The assessment of potential drivers of rockfall activity therefore remains a major challenge, even if the relative inuence of rainfall, snowmelt, or freezethaw cycles have long been identied in short-term monitoring projects.

In the absence of longer-term assessments of rockfall triggers and possible changes thereof, our knowledge of rockfall dynamics remains still lacunary as a result of the persisting scarcity of exhaustive and precise rockfall databases. Over the last decades, several studies have employed growth disturbances (GDs) in tree-ring series to reconstruct rockfall activity. Paradoxically, these series were only rarely compared to meteorological records. In this study, we capitalize on the homogeneity of a centennial-old reforestation plot to develop two reconstructions i.e.

R1 including only growth suppressions, and R2 based on injuries with limited biases related to decreasing sample size and changes in exposed diameters back in time. By doing so, our study also and quite clearly highlights the large potential that protection forests have in terms of yielding reliable, multidecadal rockfall reconstructions. From a methodological perspective, we nd no synchronicity between R1 and R2, as well as an absence of meteorological controls on rockfall processes in R1. This observation plead for a careful selection of GDs in future reconstructions. In terms of process dynamics, we demonstrate that summer intense rainfall events (>10 mm.day -1 ) are the main drivers for rockfall activity at our study site. Despite the stringency of our detection procedure, correlations between rockfall activity and meteorological variables remain comparable to those reported in previous studies as a result of the complexity and multiplicity of triggering factors. We therefore call for a more systematic coupling of tree-ring analysis with rockfall and microclimatic monitoring in future studies.

Keywords: Rockfall, dendrogeomorphic analyses, snow and weather reanalyses, triggering factors, French Alps.

Introduction

Rockfall is one of the most common geohazards on steep slopes and can lead to major economic losses and casualties [START_REF] Hantz | An historical, geomechanical and probabilistic approach to rock-fall hazard assessment[END_REF]. The process involves the detachment and transport of independent blocks of relatively small sizes from a cli: rockfall is characterized by high energy and mobility of fragments moving down slopes by gravity in a combination of free fall, bouncing, and rolling [START_REF] Michoud | Rockfall hazard and risk assessments along roads at a regional scale: example in Swiss Alps[END_REF][START_REF] Sazid | Analysis of rockfall hazards along NH-15: a case study of Al-Hada road[END_REF]. Slope stability on slopes susceptible to produce rockfall is predominantly controlled by the presence, orientation, and geomechanical properties of discontinuities [START_REF] Terzaghi | Stability of Steep Slopes on Hard Unweathered Rock[END_REF]. The actual triggering of rockfall is due either to external factors [START_REF] Cruden | LANDSLIDES: INVESTIGATION AND MITIGATION[END_REF] such as earthquakes [START_REF] Malamud | Landslide inventories and their statistical properties[END_REF][START_REF] Keefer | Investigating Landslides Caused by Earthquakes A Historical Review[END_REF][START_REF] Stoel | Treering correlations suggest links between moderate earthquakes and distant rockfalls in the Patagonian Cordillera[END_REF], volcanic eruptions [START_REF] Hale | Modelling the lava dome extruded at Soufrière Hills Volcano, Montserrat, August 2005May 2006[END_REF], sea waves [START_REF] Rosser | Terrestrial laser scanning for monitoring the process of hard rock coastal cli erosion[END_REF], or anthropogenic activities [START_REF] Heim | Bergsturz und Menschenleben URL[END_REF][START_REF] Müller | The rock slide in the Vajont Valley[END_REF], whereas their temporal frequency is modulated by meteorological parameters [START_REF] Delonca | Statistical correlation between meteorological and rockfall databases[END_REF][START_REF] D'amato | Inuence of meteorological factors on rockfall occurrence in a middle mountain limestone cli[END_REF]. Intense rainfall episodes [START_REF] André | Holocene Rockwall Retreat in Svalbard: A Triple-Rate Evolution[END_REF][START_REF] Berti | Probabilistic rainfall thresholds for landslide occurrence using a Bayesian approach[END_REF][START_REF] Ilinca | Rockfall Hazard Assessment. Case study: Lotru Valley and Olt Gorge[END_REF][START_REF] Rapp | Recent Development of Mountain Slopes in Kärkevagge and Surroundings, Northern Scandinavia[END_REF], freeze-thaw cycles of interstitial water [START_REF] Dunlop | Rockslides in a Changing Climate: Establishing Relationships Between Meteorological Conditions and Rockslides in Southwestern Norway for the Purposes of Developing a Hazard Forecast System[END_REF][START_REF] Ilinca | Rockfall Hazard Assessment. Case study: Lotru Valley and Olt Gorge[END_REF][START_REF] Matsuoka | Rockfall activity from an alpine cli during thawing periods[END_REF][START_REF] Wieczorek | Triggering mechanisms and depositional rates of postglacial slope-movement processes in the Yosemite Valley, California[END_REF], the thawing of permafrost (Huggel et al., 2012b;[START_REF] Sass | Is climate change causing increased rockfall frequency in Austria? Natural Hazards and Earth System Sciences[END_REF][START_REF] Stoel | Eects of climate change on mass movements in mountain environments[END_REF] or repeat rock surface temperature variations [START_REF] Frayssines | Failure mechanisms and triggering factors in calcareous clis of the Subalpine Ranges (French Alps)[END_REF][START_REF] Gunzburger | Inuence of daily surface temperature uctuations on rock slope stability: case study of the Rochers de Valabres slope (France)[END_REF][START_REF] Luckman | Rockfalls and rockfall inventory data: Some observations from surprise valley, Jasper National Park, Canada[END_REF] have thus been mentioned as the main triggering mechanisms of rockfall activity in the past. Yet, a large body of the above-mentioned studies were based on short-term eld observations or monitoring. Even if such approaches provide very high-quality datasets [START_REF] Matsuoka | Frost weathering and rockwall erosion in the southeastern Swiss Alps: Longterm (19942006) observations[END_REF][START_REF] D'amato | Inuence of meteorological factors on rockfall occurrence in a middle mountain limestone cli[END_REF], they will not cover process activity on specic sites over continuous periods of several years and therefore have to be considered as too short for a precise assessment of the full spectrum of triggering factors and threshold conditions of rockfalls [START_REF] Schneuwly | Tree-ring based reconstruction of the seasonal timing, major events and origin of rockfall on a case-study slope in the Swiss Alps[END_REF][START_REF] Ilhán | Evaluation of meteorological controls of reconstructed rockfall activity in 123 the Czech Flysch Carpathians: EVALUATION OF METEOROLOGICAL CONTROLS OF ROCKFALL ACTIVITY[END_REF]. By contrast, multidecadal series of past rockfall activity are typically gathered from historical archives [START_REF] Hantz | An historical, geomechanical and probabilistic approach to rock-fall hazard assessment[END_REF][START_REF] Barnikel | The value of historical documents for hazard zone mapping[END_REF][START_REF] Guzzetti | Information system on hydrological and geomorphological catastrophes in Italy (SICI): a tool for managing landslide and ood hazards[END_REF][START_REF] Delonca | Statistical correlation between meteorological and rockfall databases[END_REF], but [START_REF] Guzzetti | Landslide hazard evaluation: a review of current techniques and their application in a multi-scale study[END_REF] pertinently emphasized that historical records are only rarely available and dicult to obtain for single events or event-prone areas. In addition, archival data remains usually fragmentary [START_REF] Dussauge-Peisser | Probabilistic approach to rock fall hazard assessment: potential of historical data analysis[END_REF], and records tend to contain information mainly on events that caused fatalities or the destruction of human assets, but will on the other hand lack data on small-scale events and non-damageable activity. Such limitations have often precluded precise assessments of (meteorological) triggers of past rockfall activity [START_REF] Sass | Is climate change causing increased rockfall frequency in Austria? Natural Hazards and Earth System Sciences[END_REF]. On forested slopes, falling blocks interact with forest stands [START_REF] Dorren | State of the art in rockfall forest interactions[END_REF] and may inict scars and other growth anomalies to trees [START_REF] Trappmann | Visual dating of rockfall scars in Larix decidua trees[END_REF].The detection and dating of growth disturbances (GDs) in tree-ring series, also referred to as dendrogeomorphology [START_REF] Alestalo | Dendrochronological interpretation of geomorphic processes[END_REF][START_REF] Stoel | Tree-ring analysis in natural hazards research &ndash; an overview[END_REF][START_REF] Stoel | Dendroecological Dating of Geomorphic Disturbance in Trees[END_REF], has been demonstrated to represent a reliable approach to (partly) overcome the gaps and limitations inherent to historical archives [START_REF] Ibsen | The nature, use and problems of historical archives for the temporal occurrence of landslides, with specic reference to the south coast of Britain, Ventnor, Isle of Wight[END_REF][START_REF] Sass | Is climate change causing increased rockfall frequency in Austria? Natural Hazards and Earth System Sciences[END_REF]. Limitations in the ability of tree-ring records to yield accurate representations of past rockfall activity at a site remain and can be ascribed to (1) the continuous reduction in the number of trees available for analysis and the total diameter of exposed trees as one goes back in time [START_REF] Stoel | Analyzing rockfall activity (16002002) in a protection foresta case study using dendrogeomorphology[END_REF], (2) the associated decline of potentially recordable GDs (Trappmann et al., 2013) as well as (3) to interferences induced by climate conditions or exogenous disturbances. Favillier et al. (2017a), the latter have been used successfully to (1) compute the frequency of past rockfall events (Stoel and Perret, 2006;[START_REF] Trappmann | Achieving a more realistic assessment of rockfall hazards by coupling three-dimensional process models and eld-based tree-ring data: AS-SESSMENT OF ROCKFALLS BY COUPLING ROCKFALL MODELS AND TREE-RING DATA[END_REF][START_REF] Morel | Dening sample size and sampling strategy for dendrogeomorphic rockfall reconstructions[END_REF]Mainieri et al., 2019a), and/or to (2) map preferential trajectories or parameterize three-dimensional, process-based rockfall models (Stoffel et al., 2006;[START_REF] Corona | Parameterization of rockfall source areas and magnitudes with ecological recorders: When disturbances in trees serve the calibration and validation of simulation runs[END_REF][START_REF] Corona | Modeling rockfall frequency and bounce height from threedimensional simulation process models and growth disturbances in submontane broadleaved trees[END_REF]). Yet, with the exception of [START_REF] Perret | Spatial and temporal rockfall activity in a forest stand in the Swiss PrealpsA dendrogeomorphological case study[END_REF]Perret et al. ( ), ilhán et al. (2011) ) and Zielonka and Wro«ska-Waªach (2019), tree-ring reconstructions were only rarely compared with instrumental series to assess meteorological triggering parameters. In addition, the above studies have accounted for changing sample depths, but have neither considered any reductions of target sizes (i.e. smaller tree diameters) back in time nor the potential inuence of climatic conditions or exogenous disturbances (e.g., insect and pathogen attacks, windstorms or anthropogeneous inuences) on dendrogeomorphic reconstructions. In order to account for the latter parameter that could potentially bias the detection of meteorological triggers of rockfall, we ( 1) base this study on samples taken in a protection forest planted since the end of the 19 th century, with the aim to minimize potential biases related to increasing sample size over time.

In addition, (2) the systematic mapping of all trees within the plot was used to precisely quantify uncertainties related to the decrease of total stem diameter exposed to rockfalls over time.

To evidence potential noise induced by climatic conditions or exogeneous signals, (3) we then realized two reconstructions, namely R1 including only growth suppression, and R2 accounting for all other growth types of disturbances (GD). Finally, we ( 4) compared the corrected rockfall activity with highly-resolved time series of potential meteorological triggers extracted from the snow and meteorological reanalysis products available for France (Durand et al., 2009b,a).

Study site

The study site is located at Valdrôme (146 inhabitants, Fig. At this site, rockfall fragments are detached from several release areas located within a roughly 40-m-high, west-facing cli (890-930 m asl). This Jurassic (Thitonian) cli is composed of sublithographic limestone (Fig. 6.1e) with a content of marls (5-6%) characterized by narrow jointing, subhorizontal bedding and subvertical orthogonal joints, favoring fragmentation and the release of small rock fragments with volumes ranging from a few cm 3 to a few dm 3 . In the eld, the presence of recent scars in rock clis, fresh injuries on tree stems (in the form of bark scratches or wood-penetrating injuries) and fresh blocks (recognizable through the absence of lichens, mosses or patina) deposited on the slope was used to verify the existence of current rockfall activity at the site [START_REF] Moya | Tree-ring based assessment of rockfall frequency on talus slopes at Solà d'Andorra, Eastern Pyrenees[END_REF][START_REF] Trappmann | Visual dating of rockfall scars in Larix decidua trees[END_REF]. Down the cli, the talus slope, with angles varying from 35 to 45°(40°on average), is characterized by a marked longitudinal sorting of clasts with volumes of a few cm 3 at the apex to a few dm 3 in the distal segment. At an altitude of 730 m asl, the talus slope is crossed by a road leading to Valdrome. At its lower end, the site is limited by the Drôme River (at 720 m asl). The 1.3 ha (110 × 115m) tree plot analyzed here is located at the foot of the cli (Fig. 5.1d); it is covered by a dense (1800 trees.ha -1 ) monospecic forest stand composed of Pinus nigra (Austrian black pine). Trees were planted at the beginning of the 20 th century (1902) by the French forestry service with the aim to protect the national road from rockfalls. According to the SAFRAN reanalysis (Durand et al., 2009b), total precipitation at the study site totaled 1022 mm (± 201 mm) on average; the driest season is winter (182 ± 172 mm), whereas wetter conditions prevail in autumn (339 ±143 mm). Mean annual, winter and spring temperatures average 10.2 (±0.6°C), 1.1 (±1.1°C), 8.2 (±0.9°C), respectively (Fig5.1c). On average, 90 (±14) freeze-thaw cycles occurred each year at the study sites between 1958 and 2017, mainly during winter and spring (85%). Although no event could be retrieved from historical archives, eld observations (i.e. scars on stems, presence of impact craters on the ground) conrm that rockfall is the dominant geomorphic process on the slope and that other geomorphic processes susceptible to damage trees can be totally excluded.

Methods

Tree plot

At the study site, virtually all trees show visible growth anomalies on the stem surface resulting from past rockfall, predominantly in the form of injuries. As scars represent the most accurate and reliable GD to date past rockfalls in tree-ring records (Schneuwly et al., 2009a,b;[START_REF] Stoel | Mass movements and tree rings: A guide to dendrogeomorphic eld sampling and dating[END_REF], we actively searched for visible stem wounds at the study site. To assess spatial and temporal patterns of past rockfall activity, trees with a diameter at breast height (DBH) > 4 cm were systematically mapped in a 110 × 115 m large tree plot. The position of each tree (n=1479) was determined (±100 cm) with a theodolite measuring azimuth (compass), distance (Vertex) and slope (inclinometer). All trees were positioned in a geographical information system (GIS) as geo-objects. The resulting map has been used to optimize our sampling strategy by ( 1)
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Computation of conditional impact probability

The conditional impact probability approach (CIP), rst developed by [START_REF] Moya | Tree-ring based assessment of rockfall frequency on talus slopes at Solà d'Andorra, Eastern Pyrenees[END_REF], has been rened further recently by Trappmann et al. (2013) and [START_REF] Favillier | Dendrogeomorphic assessment of rockfall recurrence intervals at Saint Paul de Varces[END_REF]. This approach aims at quantifying the range covered by trees during a given year, and is employed here to estimate the likelihood that a rockfall event misses tree trunks [START_REF] Perret | Spatial and temporal rockfall activity in a forest stand in the Swiss PrealpsA dendrogeomorphological case study[END_REF]. The assessment depends both on the characteristics of the forest (i.e. stand density, tree location, tree diameter, spatial structure of the forest stand) and on the characteristics of the rockfall event itself (diameter of the falling blocks). The CIP concept is based on the idea that each tree is surrounded by a circle of impact, i.e. covering a range of the slope that determines the probability of a tree being impacted. A falling rock will impact a tree if its trajectory is closer to the stem than half of its diameter (∅). This circle of impact can therefore be expressed as a circular area around each tree where the diameter dened by the tree's DBH and the mean diameter of falling blocks (∅). According to this principle, the sum of impact circles of all trees represents the total length of impact circles (L IC ) or the range that is covered by trees (Fig.5.2a,b). Accordingly, with a given mean rock diameter, tree position and the DBH measured for all trees, the CIP can be calculated for the plot as:

CIP = L IC /L plot (5.1)
where L IC is the cumulative length of the projections of the "circles of impact" on the downslope side of the plot, and L plot is the length of the plot in the fall line (i.e. 110 m in our case). Usually, the CIP is used to estimate the number of rockfall events that are missed (i.e. not recorded) in a given year as well as the quality and reliability of the reconstruction (Trappmann et al., 2013;[START_REF] Favillier | Dendrogeomorphic assessment of rockfall recurrence intervals at Saint Paul de Varces[END_REF]. Here, to quantify CIP evolution back in time, a polynomial diameter-age regression has been built for Pinus nigra. To this end, a total of 53 undisturbed P. nigra trees with a DBH > 5 cm were cored using a Pressler increment borer. Trees were selected from three stem diameter classes (<8, 8-18, >18 cm), representative of the distribution of tree diameters observed at the plot. Increment cores were analyzed and data processed following standard dendrochronological procedures [START_REF] Bräker | Measuring and data processing in tree-ring research a methodological introduction[END_REF]. In the laboratory, tree rings were counted with a digital LINTAB positioning table connected to a Leica stereomicroscope. Missing rings toward the pith were estimated from ring curvature [START_REF] Villalba | Improving estimates of total tree ages based on increment core samples[END_REF][START_REF] Bollschweiler | Traumatic resin ducts in Larix decidua stems impacted by debris ows[END_REF]. follows:

L plot L 1 L 2 L 3 L 4 ф ф/2 a b 2 3 4 5 6 1 L IC = L 1 +L 2 +L 3 +L 4 CIP = L IC / L plot
RR t = N GD t /CIP t (5.2)
where NGD t represents the number of GD dated to year t and where CIP t is the conditional probability impact computed for year t. In addition, based on our systematic inventory, we also used the CIP to optimize our sampling strategy. Accordingly, trees located in the upper part of the slope represent the rst barrier to falling blocks; these were sampled preferentially, whereas those trees located in the direct fall line of other trees were ignored systematically as they would be protected by their neighbors.

Dendrogeomorphic analysis and corrected number of impacts

An increment core (max. 40 × 0.5 cm) was sampled for each selected tree at the lateral edges of each visible scars, at the contact with the overgrowing callus tissue [START_REF] Sachs | Pattern Formation in Plant Tissues[END_REF][START_REF] Larson | The Vascular Cambium: Development and Structure[END_REF].

In addition, based on observed bounce heights which usually remain <2m in the plot three additional increment cores were systematically extracted, in the fall line direction, at heights of 0.5, 1.0, and 1.5 m, so as to increase the probability to retrieve evidence on old, completely healed impacts (Trappmann et al., 2013). Following [START_REF] Stoel | Analyzing rockfall activity (16002002) in a protection foresta case study using dendrogeomorphology[END_REF], ( 1) abrupt suppression of tree growth indicating decapitation or branch loss, (2) eccentric growth is related to the formation of reaction wood following stem tilting and ( 3) abrupt growth release (suggesting that neighboring trees were eliminated and the surviving trees beneted from improved growth conditions such as enhanced access to light, water, nutrients) were used as additional evidence of past rockfall impacts.

Analysis of meteorological data

The precise detection of meteorological triggers of rockfall from dendrogeomorphic reconstructions has so far been hampered by the annual resolution of tree-ring series as it precluded correlation with hourly and/or daily meteorological records. To account for the complexity and diversity of meteorological triggers, correlations between reconstructed rockfall activity and meteorological series averaged over resolutions comprised between one and 36 (∼ 1 year) consecutive 10-days periods. At our study site, meteorological time series were obtained from the SAFRAN reanalyses datasets reaching back to the year 1958. The SAFRAN analysis system combines in situ meteorological observations with synoptic-scale meteorological elds to provide continuous time series of meteorological variables at hourly resolution and for elevation steps of 300 m within areas referred to as massifs (Devoluy in the case of this study), assumed to be horizontally homogeneous (Durand et al., 2009a). [START_REF] Delonca | Statistical correlation between meteorological and rockfall databases[END_REF][START_REF] D'amato | Inuence of meteorological factors on rockfall occurrence in a middle mountain limestone cli[END_REF] have recently synthesized physical processes associated with meteorological parameters susceptible to trigger rockfall. In calcareous regions, these authors listed the following processes to be amongst the most frequently cited triggers of rockfall: (1) rainfall duration and intensities that increase pressure in rock joints,

(2) freeze-thaw cycles through wedging and loss of cohesion and ( 3) sunshine aecting thermal stresses, thereby propagating cracks. On this basis, and considering typical timeframes operating on these triggers, 10-day to annual series (i.e. 360 days, or 36 ten-day series) of ( 1) precipitation sums, (2) number of rainfall events > 10 and 20 mm.day -1 , (3) minimum, (4) mean, and (5) maximum air temperatures, (6) variations thereof, (7) the absolute number of freeze thaw cycles (dened as the number of days in which Tmax>0°C and Tmin<0°C) as well as (8) minimum temperatures (-3 and -5°C) and ( 9) daily variations of temperatures (+6 and +10°C) have been extracted from the SAFRAN database for the period 1958-2017. Relationships between rockfall activity and meteorological parameters were assessed with a four-step procedure. In a rst step, (1) Pearson correlation coecients were calculated between reconstructed rockfall activity and variables (1)(2)(3)(4)(5)(6)(7)(8)(9) for periods ranging from 1 to 36 consecutive ten-day periods. All datasets were transformed to z-scores summarizing anomalies below or above average, over the period 1958-2017, before correlation analyses were performed. The statistical signicance of results was tested with a one-tailed t-test at a signicance level α=0.05. In a second step (2), up to 10 variables those most strongly correlated with rockfall activity at a signicance level α=0.05 were extracted for each meteorological parameter. Correlation matrices computed for each parameter were used to select the variables included in the multiple regression procedure (see step 3) while limiting the inclusion of highly collinear variables. We developed a stepwise regression procedure to determine which combination of independent variables aect rockfall activity in the studied area. Starting from an initial null model with no covariates and then comparing the explanatory power of incrementally larger and smaller models, this procedure combines forward selection and backward elimination of variables using the Akaike Information Criteria (AIC) as a metric to compare the relative quality of the dierent models. Forward selection tests all the variables retained at step 2, one by one, and includes them in the nal selection if they are statistically signicant based on the p value of the t-statistics, whereas backward elimination starts with all candidate variables and tests them one by one for statistical signicance, deleting those that are not signicant on the basis of the p value of the t-statistics. Model performance was evaluated with several indicators such as the AIC and the adjusted-R2 determination coecient.

The variance ination factor (VIF), representing the quotient of the variance in a model with multiple terms by the variance of a model with one term alone, was used to quantify the severity of multicollinearity between predictor variables included in the model. Finally, ( 4) based on z-score transformed reconstructions, we dierentiated three levels of rockfall activity classied as low (<-1 z-score), medium (1>z-score>-1) and high (>1 z-score). We used one-way ANOVA to determine the signicance of dierences between mean values of meteorological factors included in the multiple regression model. Snedecor's F-distribution was used to compare meteorological factor averages for the dierent levels of rockfall activity and within the same group.

Results

Selection of sampled trees

In the eld, 30 deposited blocks with non-weathered surfaces and lacking moss or lichen cover were measured to determine characteristic block sizes involved in rockfall activity. Based on this inventory, a median block diameter (∅) of 30 cm has been dened for the calculation of the CIP.

On the basis of this median block diameter, data on stem diameters at breast height as well as on the spatial position of each tree within the plot, we obtain a maximum CIP of 0.88 for 2018 based on the analysis of 179 trees. In other words, this means that as little of 179 trees out of the 1479 mapped inside the plot will intercept 91% of all rockfall trajectories at the site. All these trees (with a mean DBH of 24 ± 9.6 cm) were sampled to characterize past rockfall activity at Valdrôme. The 672 increment cores that we extracted at DBH indicate that trees were on average 106 ± 13 years old. The oldest tree was dated back to 1891, whereas the youngest tree reached sampling height in 1967. The distribution of tree ages and the fairly limited standard deviation can be explained with the installation of the protection forest, described in historical archives, at the turn of the 20 th century.

Reconstruction of rockfall activity

The sampled cores allowed identication of 532 and 434 GD in the tree-ring series for the periods 1890[START_REF]Dendrogeomorphic chronologies of landslides: Dating of true slide movements?: Dendrogeomorphic Chronologies of Landslides[END_REF]and 1958-2017, respectively (Table.5.1), respectively (Table.5.1). The most common GD was in the form of abrupt growth suppression (GS, 66% of all GD). Injuries (31.4%) represent another common response of P. nigra to rockfall impacts. By contrast, growth releases (GR) and the onset of compression wood (CW) formation were identied in only 13 (2.4% of the GDs for the period 1890-2017) and 1 tree (<1%, 1958-2017), respectively. The oldest GD identied in the tree ring series was dated to 1905. GD are more frequent after 1930 and nearly every year exhibited GD in at least a small number of trees. Based on these GD series, two reconstructions of past rockfall activity have been computed. The rst reconstruction (called R1) only includes GS recorded in tree-ring series (Fig. 5.3a,b). On average, the annual number of GS reached 4.1 over the period 1890-2017. The largest numbers of GS are observed in 1948 (38 GDs), 1949 (18), 2001 (18), 2003 (36), and2007 (15). For the period 1930-2017, characterized by continuous rockfall activity, the decadal frequency of GS is largest between 2000 and 2009 (10.7 events.year -1 ), whereas the smallest frequency is computed between 1930 and 1939 (1.5 events.year -1 ). At the multidecadal scale, no clear trend could be identied in the GS series.

The second reconstruction included only GD other than GS. As a consequence, 354 GS were excluded from the second reconstruction (called R2) (Fig.5.3a,b). According to this restricted dataset, 1.38 events occurred each year over the period 1890-2017 and a clear trend exist in the reconstruction as decadal frequencies increase from 0.6 events.year -1 in 1930-1 in -1939-1 in to 3.2 events.year -1 in 2010-1 in -2017-1 in . Since 1958 (i.e (i.e. the beginning of meteorological series), 2.34 events were, on average, retrieved each year from the tree-ring series. The decades 1960-1969 (1.4 events.year -1 ) and 2000-2009 (1.6 event.year -1 ) are characterized by the lowest frequencies of impacts. By contrast, rockfall activity increased to 2.8 events.year -1 between 1975 and 2000.

Maximum annual frequencies of impacts were recorded in 1960 (6 injuries), 1977 (5), 1981 (5), 1984 (5), 1995 (5), and 2002 (6). Conversely, no injuries could be retrieved with dendrogeomorphic analyses for 1958-59, 1967, 1971, 1988, 2001, 2003, and 2005. Interestingly as well, reconstructions R1 and R2 are not signicantly correlated (r=0.08, p>0.05) between each other over the period 19582017, and injuries were missing completely in several of the years characterized by a large number of GS (1949,1988,2001,2003).

Estimation of missed events using the CIP approach

Three diameter classes are dominating among the P. nigra trees found within the plot, namely <8cm, 8-18 cm, and >18 cm. As most trees at the site were planted at the turn of the 20 th century, one may assume that dierences in diameters result from dierences in local conditions such as competition, soil or rockfall activity. As a consequence, three diameter-age regression models were developed for the P. nigra trees at Valdrôme as a function of diameter, as given by the following equations :

Age t = -0.0049(D t ) 2 + 1.37(D t ) + 7.78 (diam > 18cm, n = 14; r2 = 0.87; p < 0.001) (5.3) Age t = -0.0102(D t ) 2 + 1.95(D t ) + 12.05 (diam8 -18cm, n = 24; r2 = 0.81; p < 0.001) (5.4) Age t = -0.0729(D t ) 2 + 4.75(D t ) + 6.93 (diam < 8cm, n = 14; r2 = 0.93; p < 0.001) (5.5) where Age t represent the estimated age for each tree (t), and (D t ) represents the diameter of tree t. Based on these models and for a mean block diameter of 30 cm, the CIP exceeded the 0.5 threshold -proposed by Trappmann et al. (2013) based on empirical considerations -for reliable reconstructions in 1924 (0.52). For the period 1958-2017 covered by the meteorological series, the CIP continuously increased from 0.85 to 0.88. We adjusted both rockfall reconstructions (R1, R2) according to Eq. ( 2) so as to account for missing events: in total, 51 and 24 rockfall events were missed over the period 1958-2017 in R1 and R2, respectively. After the CIP correction, the largest number of potential events are observed in [START_REF] Jahn | Entwaldung und Steinschlag[END_REF](14), 2003(41), 2007(17) in R1, and in 1960(7), 1987(7), 2002 (7) in R2 (Fig.5.3c) (7) in R2 (Fig.5.3c). After transformation into z-scores (Fig. 3c,d), ve years (1988,1997,2001,2003,2007) were found with high rockfall activity in R1. In the case of R2, 9 (1959, 1961, 1967, 1971, 1978, 1988, 2001, 2003, 2005) and 13 (1960, 1970, 1975, 1977, 1981, 1984, 1987, 1994, 1995, 1999, 2002, 2016, 2017) years were classied with low and high rockfall activity, respectively. Interestingly, 1997Interestingly, , 2001Interestingly, and especially 2003 all pointing all pointing to extremely frequent GS in R1 are characterized by a nearly complete absence of injuries in R2.

Correlations between rockfall activity and meteorological co-variables

Over the period 1958-2017 covered by meteorological records, correlations between rockfalls as reconstructed in R1 and 10-day to annual variables are synthesized in Fig. 5 

GD type Nb Percentage

Growth Suppression (GS) 351 66,0% Table 5.1 Overview of growth disturbances (GDs) found in the tree-ring series (r>0.38, p<0.001) were computed between GS records and precipitation totals for the time window of November 11-20 in the year preceding the rockfall event (n-1) (Fig. 5.4a). Comparable correlations were retrieved between R1 and the number of very heavy (RR20, p>20mm) precipitation events during early fall of year n-1 (g.5.4b,c). Similarly, R1 is only positively (r=0.46, 0.43 p<0.01) correlated with mean and maximum temperatures over early July (i.e. July 1-10; no signicant correlation was found between rockfall activity, maximum temperatures or the number of freeze-thaw cycles irrespective of (1) the thresholds considered for frost events and (2)

the number of 10-day periods included in analysis. 
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In the source areas of rockfall, devices have been used to detect weathering such as extensometers or crackmeters [START_REF] Matsuoka | A multi-method monitoring of timing, magnitude and origin of rockfall activity in the Japanese Alps[END_REF][START_REF] Weber | A decade of detailed observations (20082018) in steep bedrock permafrost at the Matterhorn Hörnligrat[END_REF] as well as microseismic or acoustic sensors [START_REF] Amitrano | Evidence of frost-cracking inferred from acoustic emissions in a high-alpine rock-wall[END_REF] combined with a micro-meteorological monitoring [START_REF] Matsuoka | A multi-method monitoring of timing, magnitude and origin of rockfall activity in the Japanese Alps[END_REF].

Similarly, rockfall frequency and failure have been estimated with traps [START_REF] Sass | Temporal Variability of Rockfall in the Bavarian Alps, Germany. Arctic, Antarctic[END_REF], terrestrial laser scans [START_REF] D'amato | Inuence of meteorological factors on rockfall occurrence in a middle mountain limestone cli[END_REF][START_REF] Rabatel | Rock falls in high-alpine rock walls quantied by terrestrial lidar measurements: A case study in the Mont Blanc area: ROCK FALLS QUANTIFIED BY LIDAR[END_REF], or remote digital time-lapse camera systems [START_REF] Kellerer-Pirklbauer | Monitoring nourishment processes in the rooting zone of an active rock glacier in an alpine environment[END_REF]). Yet, and although these studies have clear merits in exploring rockfall initiation and triggers in great detail [START_REF] Matsuoka | A multi-method monitoring of timing, magnitude and origin of rockfall activity in the Japanese Alps[END_REF], rockfall monitoring only rarely exceeds a few years at single sites [START_REF] Weber | A decade of detailed observations (20082018) in steep bedrock permafrost at the Matterhorn Hörnligrat[END_REF], thus precluding detetion of triggers, medium-to long-term drivers, triggers or thresholds involved in rockfall processes and/or changes thereof. On forested slopes, the analysis of GDs in tree-ring series [START_REF] Stoel | Analyzing rockfall activity (16002002) in a protection foresta case study using dendrogeomorphology[END_REF] has been used repeatedly to provide long-term, seasonally-to-annuallyresolved and at least in theory continuous records of past rockfall activity. Yet, so far, with the exception of [START_REF] Perret | Spatial and temporal rockfall activity in a forest stand in the Swiss PrealpsA dendrogeomorphological case study[END_REF]Perret et al. ( ), ilhán et al. (2011)), or Zielonka and Wro«ska-Waªach (2019), these proxy reconstructions have not yet investigated potential meteorological triggers of process activity. In addition, the latter studies did not or only partly account for non-stationarities in reconstructions related to (1) the continuous reduction in the number, diameter and age (ilhán et al., 2013) of trees impacted by rockfall as one goes back in time, (2) the decline in the number of potentially recordable GDs, (3) the complex detection of old, overhealed scars becoming virtually invisible on the stem surface [START_REF] Trappmann | Visual dating of rockfall scars in Larix decidua trees[END_REF] as well as ( 4) potential interferences between exogenous factors (e.g., climatic driver of tree growth, insect outbreaks aecting tree health) and rockfall activity. Indeed, [START_REF] Favillier | Dendrogeomorphic assessment of rockfall recurrence intervals at Saint Paul de Varces[END_REF] evidenced that interferences between geomorphic process activity, ecological signals and climatic conditions can leave similar signals in the tree-ring records, and that particular care needs to be taken when it comes to the separation of signals from noise. In particular, their study underlined the critical role of prolonged phases of growth suppression (GS). These signals have been attributed frequently to snow avalanche (or rockfall) activity, but were in fact induced by climatic extremes in the form of cold summers and/or prolonged droughts, thereby leading to a sustained decrease of radial growth [START_REF] Battipaglia | Tree rings indicate dierent drought resistance of a native (Abies alba Mill.) and a nonnative (Picea abies (L.) Karst.) species co-occurring at a dry site in Southern Italy[END_REF][START_REF] Lévesque | Drought response of ve conifer species under contrasting water availability suggests high vulnerability of Norway spruce and European larch[END_REF][START_REF] George | Inter-and intra-specic variation in drought sensitivity in Abies spec. and its relation to wood density and growth traits[END_REF]. To minimize these biases and to assess the robustness of our reconstruction, we (1) selected trees in a protection forest planted at the turn of the 20 th century so as to limit trends in rockfall activity related to a decreasing number of trees available for reconstruction. As a consequence, sample depth only slightly increased from 145 trees in 1918 to 179 trees in 2017 and from 175 to 179 trees between 1958 and 2017 (for which we also have meteorological records; (2) mapped all trees within the plot to optimize the selection of sampled trees and to accurately estimate the evolution of the coecient of interception over time.

This high-resolution mapping allowed quantication of a limited evolution of the CIP as well as of the reliability of our reconstruction. We nd that the selected trees theoretically intercept between 87 and 91% of all rockfall activity between 1958 and 2017; and we (3) carefully analyzed the inuence of GD by creating two reconstructions including GS (R1) or only CW and injuries (R2) of the anomalies recorded in the tree-ring series. In the case of R2, we specically excluded growth suppressions (GS) for reasons stated earlier. The complete absence of any statistically signicant relationships between between R1 and R2 (the latter includes only CW and injuries) suggests that the two reconstructions portray dierent signals (and noise).

Isolation of rockfall signals in tree-ring series

A vast majority of past rockfall reconstructions included growth suppressions considered as indicators of decapitation or branch loss caused by rockfall impacts [START_REF] Ilhán | Evaluation of meteorological controls of reconstructed rockfall activity in 123 the Czech Flysch Carpathians: EVALUATION OF METEOROLOGICAL CONTROLS OF ROCKFALL ACTIVITY[END_REF][START_REF] Stoel | Dendrogeomorphic dating of rockfalls on low-latitude, high-elevation slopes: Rodadero, Iztaccíhuatl volcano, Mexico: TREE-RING DATING OF ROCKFALLS ON LOW-LATITUDE, HIGH-ELEVATION SLOPES[END_REF][START_REF] Franco-Ramos | Tree-ring based reconstruction of rockfalls at Cofre de Perote volcano, Mexico[END_REF], realized with Pinus trees, a species that is known for its sensitivity to droughts [START_REF] Weber | Radial growth responses to drought of Pinus sylvestris and Quercus pubescens in an inner-Alpine dry valley[END_REF][START_REF] Gruber | Impact of drought on the temporal dynamics of wood formation in Pinus sylvestris[END_REF]. To date, and with the exception of excluding larch budmoth years and related GS as possible rockfall events [START_REF] Stoel | Analyzing rockfall activity (16002002) in a protection foresta case study using dendrogeomorphology[END_REF]Schneuwly and Stoel, 2008a,b;[START_REF] Trappmann | Achieving a more realistic assessment of rockfall hazards by coupling three-dimensional process models and eld-based tree-ring data: AS-SESSMENT OF ROCKFALLS BY COUPLING ROCKFALL MODELS AND TREE-RING DATA[END_REF][START_REF] Morel | Dening sample size and sampling strategy for dendrogeomorphic rockfall reconstructions[END_REF], no study has examined potential interferences between the geomorphic signal (related to rockfall) and other exogeneous factors such as insect outbreaks and/or climatic extremes (e.g., cold temperatures, drought) that are likely to cause GS (Favillier et al., 2017a). Here, the absence of a clear synchronicity between R1 and R2 pleads for the existence of dierent drivers of growth in trees.

The comparison of recorded GD in reconstruction R1 mostly GS with meteorological series from the SAFRAN database failed to identify parameters considered as being most relevant in terms of driving rockfall dynamics [START_REF] Luckman | Rockfalls and rockfall inventory data: Some observations from surprise valley, Jasper National Park, Canada[END_REF][START_REF] Ishikawa | Analysis of crack movements observed in an alpine bedrock cli[END_REF][START_REF] Matsuoka | Frost weathering and rockwall erosion in the southeastern Swiss Alps: Longterm (19942006) observations[END_REF], i.e temperatures (minimal, mean, maximal and variations), freeze-thaw cycles or precipitation (totals and intensities). Given the sensitivity of P. nigra to drought, especially in Mediterranean environments [START_REF] Martin-Benito | Inuence of drought on tree rings and tracheid features of Pinus nigra and Pinus sylvestris in a mesic Mediterranean forest[END_REF], one can hypothesize that dry conditions could explain the high frequency of GS observed during e.g., the 2003 heatwave (Fig. 5.5g, h), in 1949 [START_REF] Sanson | La sécheresse des années 1942-49 en France[END_REF][START_REF] Sanson | La sécheresse des années 1942-49 en France[END_REF]1997 (Fig.5.5c, d). By contrast, above-average precipitation totals during the growing season in 1988 (Fig. 5.5a), 2007 (Fig. 5.5i) and especially 2001 (Fig. 5.5e) do not allow to validate the drought hypothesis further. Interestingly, the latter years but also 2003 coincide with years during which pine processionary moth (Thaumetopoea pityocampa ) outbreaks have been recorded in the Southern French Alps [START_REF] Bouhot-Delduc | Dynamique des populations de la processionnaire du pin et extension de son aire de colonisation de 1981 à 2004 en France. Bilan de la santé des forets en[END_REF][START_REF] Robinet | Potential spread of the pine processionary moth in France: preliminary results from a simulation model and future challenges[END_REF][START_REF] Li | Periodicity and synchrony of pine processionary moth outbreaks in France[END_REF]. As defoliation caused by caterpillars can cause a signicant decrease in P. nigra radial growth over several years [START_REF] Roques | Processionary Moths and Climate Change : An Update[END_REF], we can not exclude that the series of narrow rings observed in 2001, 2003 and 2007 could indeed be the result of moth outbreaks. In any case, however, and given (1) these potential interferences, (2) the diculty to extract a clear signal from R1, and (3) the absence of a correlation between R1 and R2 (where only GD that are clearly related to rockfall activity were included; i.e injuries and compression wood), we encourage future studies to consider GS records very carefully before possibly including them in dendrogeomorphic reconstructions of rockfall activity.

Meteorological drivers of rockfall activity at Valdrôme

The comparison between R2 and meteorological parameters from the SAFRAN database demonstrate that precipitation totals and intense rainfall events were the main drivers of rockfall activity at Valdrôme over the period 1958-2017. At the same time, correlation matrices failed to identify the inuence of freeze-thaw cycles and temperature variations on rockfall activity. In detail, our multiple regression model designed to limit redundant variables suggest that rockfall frequency at the site increases with above-average summer precipitation and intense rainfall, as these events probably raise water pressure in rock joints or can lead to the lubrication of joints [START_REF] Matsuoka | A multi-method monitoring of timing, magnitude and origin of rockfall activity in the Japanese Alps[END_REF]. Results obtained for the Valdrôme site are thus in line with those obtained by D'Amato et al. ( 2016) using Lidar data from the calcareous Chartreuse Massif, located 90 km north of Valdrôme. In their study, D'Amato et al. (2016) reported that rockfall activity increased by a factor of 26 when mean rainfall intensity exceeded 5mm.h -1 . Similarly, [START_REF] Delonca | Statistical correlation between meteorological and rockfall databases[END_REF] showed that, on the basis of historical inventories, 15 mm of cumulative rainfall over three days doubled the probability of a rockfall to occur at their study site in Burgundy (France). In the Canadian Cordillera, [START_REF] Macciotta | Quantifying weather conditions for rock fall hazard management[END_REF] revealed that over the period 1985-2013, a vast majority of rockfalls recorded by patrol cars, train crews, and maintenance crews along a railway section were driven by 3-day antecedent precipitation. Finally, our results are also consistent with tree-ring reconstructions from the Tatra Mountains where cumulative precipitation in September and October (n-1) and March (n) were the main drivers of rockfall activity between 1950 and 2014 [START_REF] Zielonka | Can we distinguish meteorological conditions associated with rockfall activity using dendrochronological analysis? -An example from the Tatra Mountains (Southern Poland)[END_REF]. Our results, by contrast, dier from dendrogeomorphic reconstructions realized by [START_REF] Perret | Spatial and temporal rockfall activity in a forest stand in the Swiss PrealpsA dendrogeomorphological case study[END_REF] and ilhán et al.

(2011) who could not evidence any unequivocal positive or negative correlations between rockfall rates and precipitation in the Flysch Carpathians and the Swiss Prealps. By contrast, no relation was found between reconstruction R2 and freeze-thaw cycles, although these have been undoubtedly demonstrated as a key driver of rockfall in a large body of monitoring literature [START_REF] Matsuoka | Rockfall activity from an alpine cli during thawing periods[END_REF][START_REF] Frayssines | Failure mechanisms and triggering factors in calcareous clis of the Subalpine Ranges (French Alps)[END_REF][START_REF] D'amato | Inuence of meteorological factors on rockfall occurrence in a middle mountain limestone cli[END_REF][START_REF] Matsuoka | A multi-method monitoring of timing, magnitude and origin of rockfall activity in the Japanese Alps[END_REF].

Our analysis does not therefore dier fully from existing tree-ring reconstructions reporting (1) only weak, albeit signicant positive correlations between reconstructed rockfall activity and numbers of days with temperature transitions around freezing [START_REF] Ilhán | Evaluation of meteorological controls of reconstructed rockfall activity in 123 the Czech Flysch Carpathians: EVALUATION OF METEOROLOGICAL CONTROLS OF ROCKFALL ACTIVITY[END_REF][START_REF] Zielonka | Can we distinguish meteorological conditions associated with rockfall activity using dendrochronological analysis? -An example from the Tatra Mountains (Southern Poland)[END_REF] or (2) attributing increasing decadal rockfall frequencies derived from tree-ring series during warm 20 th century winters to a more frequent occurrence of freezethaw cycles that would have helped weathering in a rock cli located at 1250 m asl [START_REF] Perret | Spatial and temporal rockfall activity in a forest stand in the Swiss PrealpsA dendrogeomorphological case study[END_REF]. Finally, and despite the high-resolution of the meteorological dataset and the stringency of our reconstruction procedure, our multiple regression model can only account for 41% of the variance observed in rockfall activity. In other words, about 60% of the interannual rockfall variations are not explained by meteorological variables. This value is comparable to that reported by Perret et al. (2006) (r2=0.43 for temperatures over the 20 th century). It exceeds the correlations obtained by ilhán et al. (2011) between rockfall rates and dierent monthly, seasonal and annual precipitation totals and the number of days during which temperature passed the zero-degree curtain (r=0. 3; 1931-2008). By contrast, the multiple linear regression model proposed by [START_REF] Zielonka | Can we distinguish meteorological conditions associated with rockfall activity using dendrochronological analysis? -An example from the Tatra Mountains (Southern Poland)[END_REF] includes cumulative rainfall in March, June, July, September, and October as well as average temperature in January and May and explains 53% of rockfall variance. Multiple causes have been discussed to explain the limited correlations obtained between rockfall reconstructions and meteorological co-variables. One reason certainly resides (1) in the quality of tree-ring reconstructions that can represent real rockfall activity only partly at best and more generally still suer from limitations in capturing process activity fully [START_REF] Stoel | Dendroecological Dating of Geomorphic Disturbance in Trees[END_REF]. In addition, (2) microclimatic variations and eects related to microtopography of clis and their impact on rockfall activity [START_REF] Matsuoka | Rockfall activity from an alpine cli during thawing periods[END_REF][START_REF] Schneuwly | Tree-ring based reconstruction of the seasonal timing, major events and origin of rockfall on a case-study slope in the Swiss Alps[END_REF][START_REF] Matsuoka | A multi-method monitoring of timing, magnitude and origin of rockfall activity in the Japanese Alps[END_REF] will not be covered fully by the meteorological datasets and the geomorphic approaches used in this study. Furthermore, (3) elevation dierences between the meteorological stations and the rockwalls [START_REF] Perret | Spatial and temporal rockfall activity in a forest stand in the Swiss PrealpsA dendrogeomorphological case study[END_REF][START_REF] Zielonka | Can we distinguish meteorological conditions associated with rockfall activity using dendrochronological analysis? -An example from the Tatra Mountains (Southern Poland)[END_REF] cannot obviously be excluded at Valdrõme. By contrast, the impacts of earthquake shaking, susceptible to result in abundant co-seismic rockfall activity close to the epicenter location (≈15 km, for a magnitude, M = 57; [START_REF] Stoel | Treering correlations suggest links between moderate earthquakes and distant rockfalls in the Patagonian Cordillera[END_REF]), cannot be completely ruled out but its eect on rockfall at Valdrôme is probably very limited as the region is considered to have very low seismicity according to information provided by French National Territory (map avalable at https://www.georisques.gouv.fr/articles/zonage-sismique-de-la-france (accessed on December 3, 2019).

Conclusions

Over the last two decades, several dendrogeomorphic studies have reconstructed rockfall activity in mountainous regions worldwide. Paradoxically, reconstructed rockfall activity has only rarely been compared with climatic data to identify potential meteorological triggers of process activity.

In this paper, we used highly-resolved mapping of a protection forest planted at the turn of the 20 th century which allowed minimizing potential biases and to precisely quantify uncertainties related to decreasing sample size back in time. In methodological terms, we demonstrate that the inclusion of growth suppression as a signal of past rockfall activity is not recommended in Pinus sp. trees as it will result in very limited synchronicity between reconstructions developed all GDs (R1) and those where GS events are excluded (R2). Likewise, we were unable to nd a clear meteorological trigger in R1, which calls for the inclusion of injures and compression wood only in future dendrogeomorphic studies focusing on pine trees. Relationships between reconstruction R2 and meteorological variables computed over 10 to 360 consecutive days enabled identication of summer precipitation totals and annual number of rainfall events >10 mm as the main drivers of rockfall activity at Valdrôme. Despite the stringency of the procedure developed here and the high spatio-temporal resolution of the SAFRAN database, the correlation between rockfall activity and meteorological records remain comparable to those reported in previous tree-ring reconstructions. We explain this limited correlation by the multiplicity of factors susceptible to trigger rockfall events. In that sense, we plead for more systematic coupling between dendrogeomorphic studies and rockfall as well as microclimatic monitoring of sites in the future.

Introduction

On steep mountain anks rockfalls are a major process in landscape evolution [START_REF] Korup | Rock-slope failure and the river long prole[END_REF], but they also present a serious hazard in many mountain regions of the world [START_REF] Bovis | Destructive Mass Movements in High Mountains: Hazard and Management[END_REF][START_REF] Evans | Catastrophic Landslides: Eects, Occurrence, and Mechanisms[END_REF]. Rockfall events involve independent movement of individual rock fragments that detach from bedrock along new or previously existing discontinuities such as bedding planes, joints, fractures, cleavage, and foliation [START_REF] Selby | Hillslope Materials and Processes[END_REF] by creeping, sliding, toppling or falling, that falls along a cli, proceeds down slope by bouncing and ying along ballistic trajectories, or by rolling on talus or debris slopes. In general, fragmental rockfalls involve relatively small detachments (<100 m3) of isolated rocks or/and boulders with maximum velocity <30 m.s-1, although there is no well-dened volume or speed limits [START_REF] Evans | The assessment of rockfall hazard at the base of talus slopes[END_REF]. Rockfalls are sudden phenomena, usually non-predictable in both time and space [START_REF] D'amato | Inuence of meteorological factors on rockfall occurrence in a middle mountain limestone cli[END_REF]. In rockfall-prone areas, slope stability is predominantly controlled by the presence, orientation, and geomechanical properties of discontinuities [START_REF] Terzaghi | Stability of Steep Slopes on Hard Unweathered Rock[END_REF]. The actual triggering of rockfall is due either to external factors [START_REF] Cruden | LANDSLIDES: INVESTIGATION AND MITIGATION[END_REF] such as earthquakes [START_REF] Malamud | Landslide inventories and their statistical properties[END_REF][START_REF] Keefer | Investigating Landslides Caused by Earthquakes A Historical Review[END_REF][START_REF] Stoel | Treering correlations suggest links between moderate earthquakes and distant rockfalls in the Patagonian Cordillera[END_REF], volcanic eruptions [START_REF] Hale | Modelling the lava dome extruded at Soufrière Hills Volcano, Montserrat, August 2005May 2006[END_REF], sea waves [START_REF] Rosser | Terrestrial laser scanning for monitoring the process of hard rock coastal cli erosion[END_REF], or anthropogenic activities [START_REF] Heim | Bergsturz und Menschenleben URL[END_REF][START_REF] Müller | The rock slide in the Vajont Valley[END_REF], whereas their temporal frequency is modulated by meteorological parameters [START_REF] Delonca | Statistical correlation between meteorological and rockfall databases[END_REF][START_REF] D'amato | Inuence of meteorological factors on rockfall occurrence in a middle mountain limestone cli[END_REF]. This inuence has been frequently highlighted based on short-(a few years) to medium (a decade) -term monitoring. Intense rainfall episodes [START_REF] André | Holocene Rockwall Retreat in Svalbard: A Triple-Rate Evolution[END_REF][START_REF] Berti | Probabilistic rainfall thresholds for landslide occurrence using a Bayesian approach[END_REF][START_REF] Ilinca | Rockfall Hazard Assessment. Case study: Lotru Valley and Olt Gorge[END_REF][START_REF] Rapp | Recent Development of Mountain Slopes in Kärkevagge and Surroundings, Northern Scandinavia[END_REF], freeze-thaw cycles of interstitial water [START_REF] Dunlop | Rockslides in a Changing Climate: Establishing Relationships Between Meteorological Conditions and Rockslides in Southwestern Norway for the Purposes of Developing a Hazard Forecast System[END_REF][START_REF] Ilinca | Rockfall Hazard Assessment. Case study: Lotru Valley and Olt Gorge[END_REF][START_REF] Matsuoka | Rockfall activity from an alpine cli during thawing periods[END_REF][START_REF] Wieczorek | Triggering mechanisms and depositional rates of postglacial slope-movement processes in the Yosemite Valley, California[END_REF], the thawing of permafrost (Huggel et al., 2012b;[START_REF] Sass | Is climate change causing increased rockfall frequency in Austria? Natural Hazards and Earth System Sciences[END_REF][START_REF] Stoel | Eects of climate change on mass movements in mountain environments[END_REF] or repeat rock surface temperature variations [START_REF] Frayssines | Failure mechanisms and triggering factors in calcareous clis of the Subalpine Ranges (French Alps)[END_REF][START_REF] Gunzburger | Inuence of daily surface temperature uctuations on rock slope stability: case study of the Rochers de Valabres slope (France)[END_REF][START_REF] Luckman | Rockfalls and rockfall inventory data: Some observations from surprise valley, Jasper National Park, Canada[END_REF] have thus been mentioned as the main triggering mechanisms of rockfall activity in the past. Owing to the sensitivity of surface and sub-surface cryospheric components to global warming -and the temperature increase double (1.5°C) in the Alps compared to the rest of the world (SROCC, 2019) -causal links have been established between increasing temperature and rockfall activity. A gradual reduction in the stability of steep bedrock slopes has been recognized as one potential impact of warming in high mountain regions in a large body of literature [START_REF] Allen | Extremely warm temperatures as a potential cause of recent high mountain rockfall[END_REF][START_REF] Deline | The morphodynamics of the mont blanc massif in a changing cryosphere: a comprehensive review[END_REF][START_REF] Huggel | Recent extreme slope failures in glacial environments: eects of thermal perturbation[END_REF][START_REF] Ravanel | Climate inuence on rockfalls in high-Alpine steep rockwalls: The north side of the Aiguilles de Chamonix (Mont Blanc massif ) since the end of the `Little Ice Age[END_REF].

Authors stated that a more rapid succession of cold and extreme warm phases as well as higher rainfall would accelerate weathering and fragmentation, and that we are currently experiencing a destabilisation of mountain regions. However, even if the above-mentioned events can be unequivocally assigned to the current warming trend (e.g. [START_REF] Deline | Interactions between rock avalanches and glaciers in the Mont Blanc massif during the late Holocene[END_REF]), there are two major aws found in many of the statements [START_REF] Sass | Is climate change causing increased rockfall frequency in Austria? Natural Hazards and Earth System Sciences[END_REF] : (1) long-term chronicles are largely missing, often imprecise or biased toward more catastrophic events [START_REF] Moreiras | Chronology of a probable neotectonic Pleistocene rock avalanche, Cordon del Plata (Central Andes), Mendoza, Argentina[END_REF] while back analysis of past events is fundamental to assess the role of global warming on rockfall activity [START_REF] Ravanel | Climate inuence on rockfalls in high-Alpine steep rockwalls: The north side of the Aiguilles de Chamonix (Mont Blanc massif ) since the end of the `Little Ice Age[END_REF]; (2) research activities are biased towards glaciated or permafrost areas, whereas most of the rockfall events threatening infrastructure and structures occur on slopes located far below the permafrost limit (Sass and Oberlechner, 2012)(Tab.6.1).

Below this limit, [START_REF] Gruner | Klima und Sturzereignisse in Vergangenheit und Zukunft[END_REF] in Austria and [START_REF] Sass | Is climate change causing increased rockfall frequency in Austria? Natural Hazards and Earth System Sciences[END_REF] in Switzerland, stated that no increasing frequency of rockfalls is recognisable at present and not to be expected in the nearer future. The fact that results are contradictory and that they dier between studies clearly highlight the necessity to lead systematic projects at the local and regional level rather than at the national or Alpine scale. On forested slopes, falling rocks and boulders interact with forest stands [START_REF] Dorren | State of the art in rockfall forest interactions[END_REF]. Impacts leave characteristic scars on tree trunks and growth disturbances (GD) in tree-ring series that have been proven to be a reliable, accurate and precise indicator to reconstruct past rockfall activity through dendrogeomorphic analysis [START_REF] Alestalo | Dendrochronological interpretation of geomorphic processes[END_REF][START_REF] Stahle | Interannual to decadal climate and streamow variability estimated from tree rings[END_REF][START_REF] Stoel | Analyzing rockfall activity (16002002) in a protection foresta case study using dendrogeomorphology[END_REF][START_REF] Stoel | Dendroecological Dating of Geomorphic Disturbance in Trees[END_REF]. Tree-ring reconstructions have been used successfully to compute the frequency of past rockfall events (Stoel and Perret, 2006;[START_REF] Trappmann | Achieving a more realistic assessment of rockfall hazards by coupling three-dimensional process models and eld-based tree-ring data: AS-SESSMENT OF ROCKFALLS BY COUPLING ROCKFALL MODELS AND TREE-RING DATA[END_REF][START_REF] Morel | Dening sample size and sampling strategy for dendrogeomorphic rockfall reconstructions[END_REF]Mainieri et al., 2019a). Yet, with the exception of [START_REF] Perret | Spatial and temporal rockfall activity in a forest stand in the Swiss PrealpsA dendrogeomorphological case study[END_REF]Perret et al. ( ), ilhán et al. (2011) ) and [START_REF] Zielonka | Can we distinguish meteorological conditions associated with rockfall activity using dendrochronological analysis? -An example from the Tatra Mountains (Southern Poland)[END_REF], tree-ring reconstructions were only rarely compared with instrumental series to assess the impacts of global warming on rockfall activity at sites located below the permafrost limit.

This lack is mainly due to almost systematic increasing trend observed in rockfall reconstructions related to (1) the continuous reduction in the number of trees available for analysis and the total diameter of exposed trees as one goes back in time [START_REF] Stoel | Analyzing rockfall activity (16002002) in a protection foresta case study using dendrogeomorphology[END_REF] and ( 2) the associated decline of potentially recordable GDs (Trappmann et al., 2013). The study presented here aims at quantifying the potential impacts of climate variations on rockfall activity at two calcareous nonglaciated clis from the french Prealps using a dendrogeomorphic approach. In order to account for the above-mentioned biases, we (1) precisely quantied uncertainties related to the decrease of total stem diameter exposed to rockfalls over time (as proposed by Stoel et al. (2005a), [START_REF] Trappmann | Visual dating of rockfall scars in Larix decidua trees[END_REF], and Mainieri et al. (chap 4,5) using the systematic mapping of all trees within the studied plots. In order to identify potential meteorological triggers, (2) the detrended reconstructions were compared with highly-resolved series extracted from the snow and meteorological reanalysis products available for France (Durand et al., 2009b,a). Finally, (3) the comparison between smoothed reconstructions and meteorological triggers allow us to discuss the potential impacts of global change on rockfall frequency at both sites.

Study sites

The study sites are located in the Vercors (Saint Guillaume) and the Diois (Valdrôme) massifs (French Alps). They are distant from 60 km. The nothernomst slope is located in the municipality of Saint-Guillaume (256 inhabitants) on the northern slope of the Pale mountain, at a locality named Rocher du Bouchet (44°56'18"N, 5°35'11"E, 13501490 m asl). At this site, rockfall is frequent and fragments are normally detached from several release zones of a roughly 90-m-high north-east-facing cli (14501540m asl). Bedrock in the release areas is composed of subhorizontally bedded Jurassic limestone (Tithonian) with narrow orthogonal joints which favor the release of small rock fragments with volumes ranging from a few dm 3 to a few m3. In the adjacent transit area (13801490m asl) Quaternary deposits are mainly composed of a scree talus covered by a mixed forest stand. This scree slope is characterized by a marked longitudinal sorting of debris with volumes of a few dm 3 at the apex to a few m3 in the lower portion.

The angle of the talus slope varies between 26°and 46°(average: 38°). The bottom of the slope, located at an altitude of ≈1100 m, is limited by a topographic berm (10°). The tree plot area analyzed here is located at the foot of the cli. The plot is about 1 ha (110 × 90 m) in size and is covered by a dense (800 trees ha-1) mixed forest stand mainly composed of Abies alba (Silver r), Picea abies (Norway spruce), Acer pseudoplatanus (Sycamore maple), Fagus sylvatica (Common beech), Fraxinus excelsior (European ash), Sorbus aria (White beam), Sorbus aucuparia (Mountain ash) and Ulmus glabra (Elm). Evidence of past logging (stumps) is lacking at the study site, yet some silvicultural exploitation over the course of the last century cannot be ruled out completely. Rockfall is the dominant geomorphic process on the slope and is responsible for a vast majority of the scars observed on the tree stems. Other processes cannot be totally excluded, especially in the uppermost portions of the talus slope, where snow avalanches of limited extent are susceptible to occur. No data on past geomorphic events exist in municipal records.

The second study site is located at Valdrôme (146 inhabitants,Fig.6.1b), on a west-facing slope of the Arcs mountain (44°32'90 N, 5°33'76 E, 790 -880 m asl), Diois massif (French Alps,Fig.6.1a). At this site, rockfall fragments are detached from several release areas located within a roughly 40-m-high, west-facing cli (890-930 m asl). This Jurassic (Thitonian) cli is composed of sublithographic limestone (Fig. 6.1e) with a content of marls (5-6%) characterized by narrow jointing, subhorizontal bedding and subvertical orthogonal joints, favoring fragmentation and the release of small rock fragments with volumes ranging from a few cm 3 to a few dm 3 . In the eld, the presence of recent scars on the cli and fresh blocks deposited on the slope testify the existence of current rockfall activity at the site. Down the cli, the talus slope, with angles varying from 35 to 45°(40°on average), is characterized by a marked longitudinal sorting of clasts with volumes of a few cm 3 at the apex to a few dm 3 in the distal segment. At an altitude of 730 m asl, the talus slope is crossed by a road leading to Valdrome. At its lower end, the site is limited by the Drôme River (at 720 m asl). The 1.3 ha (110 × 115m) tree plot analyzed here is located at the foot of the cli (Fig. 6.1d); it is covered by a dense (1800 trees.ha -1 ) monospecic forest stand composed of Pinus nigra (Austrian black pine). Trees were planted at the beginning of the 20 th century (1902) by the French forestry service with the aim to protect the national road from rockfalls. At the study plot, 1479 trees were mapped at 1-m resolution, mainly Austrian black pines (Pinus nigra ) that were planted at the turn of the 20 th (c, d).Although no event could be retrieved from historical archives, eld observations (i.e. scars on stems, presence of impact craters on the ground) conrm that rockfall is the dominant geomorphic process on the slope and that other geomorphic processes susceptible to damage trees can be totally excluded.

Mountainous climatic conditions prevail at both sites. According to the SAFRAN reanalyses (Durand et al., 2009b(Durand et al., ), total precipitation (1958(Durand et al., -2017) ) 6.3 Methods

Tree plots

At both study sites, virtually all trees show visible growth anomalies on the stem surface resulting from past rockfall, predominantly in the form of injuries. As scars represent the most accurate and reliable GD to date past rockfalls in tree-ring records (Schneuwly et al., 2009a,b;[START_REF] Stoel | Mass movements and tree rings: A guide to dendrogeomorphic eld sampling and dating[END_REF], we actively searched for visible stem wounds at the study site. To assess spatial and temporal patterns of past rockfall activity, trees with a diameter at breast height (DBH) > 4 cm were systematically mapped on 1 ha plots (110 × 90 and 110 × 115 m at Saint-Guillaume and Vadrôme, respectively). The position of each tree (n=793 at Saint-Guillaume, n=1479 at Valdrôme) was determined (±100 cm) with a theodolite measuring azimuth (compass), distance (Vertex) and slope (inclinometer). All trees were positioned in a geographical information system (GIS) as geo-objects. The resulting maps have been used to optimize our sampling strategy by increasing the conditional impact probability and selecting individual trees for each rockfall trajectory (see Mainieri et al.,in prep, of this manuscript, for more details).

Reconstruction of rockfall activity

The conditional impact probability approach (CIP), rst developed by [START_REF] Moya | Tree-ring based assessment of rockfall frequency on talus slopes at Solà d'Andorra, Eastern Pyrenees[END_REF], was further rened by Trappmann et al. (2013) and [START_REF] Favillier | Dendrogeomorphic assessment of rockfall recurrence intervals at Saint Paul de Varces[END_REF]. This approach, that " " " " " " " "" " " " " " " " " " " " " " " " " " "" " " " " " "" " " " "" " " " " " " " " " " " " " " " " " " " " " " " " " " "" " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " "" " " " " " " aims at quantifying the range covered by trees during a given year, has been employed here in order to estimate the likelihood of rockfalls missing tree trunks. Based on regression model (Mainieri et al., 2019a), we estimated the age of each tree from the studied plots and derived an annually-resolved series of CIP. This series was used to estimate the real annual number of rockfalls (RR) as follows: :

RR t = N GD t /CIP t (6.1)
Where NGD t represents the number of growth disturbances dated for year t and CIP t , the conditional probability impact computed for year t. In addition, based on our systematic inventory, we equally use the CIP to optimize our sampling strategy. Accordingly, trees located upslope, that represent the rst barrier to rockfall, were sampled preferentially while those located in the direct fall line of other trees and that would thus protect each other were systematically ignored.

Based on our improved strategy, an increment core (max. 40 × 0.5 cm) was sampled at the lateral edges of each visible scars in the overgrowing callus tissue [START_REF] Sachs | Pattern Formation in Plant Tissues[END_REF][START_REF] Larson | The Vascular Cambium: Development and Structure[END_REF] for each selected tree. In addition, based on observed bounce heights -which usually remain below 2m on the plot -three additional increment cores were systematically extracted, in the fall line direction, at heights of 0.5, 1.0, and 1.5 m, in order to increase the potentiality to retrieve old healed impacts. As mentioned by , we have deliberately excluded growth suppressions (GS) from reconstructions. Indeed, [START_REF] Favillier | Dendrogeomorphic assessment of rockfall recurrence intervals at Saint Paul de Varces[END_REF] and Mainieri et al. (chapter 5) evidenced that interferences between geomorphic process activity, ecological signals and climatic conditions can leave similar signals in the tree-ring records, and that particular care needs to be taken when it comes to the separation of signals from noise. In particular, these studies underlined the critical role of prolonged phases of growth suppression (GD). These signals have been attributed frequently to snow avalanche (or rockfall) activity, but were in fact induced by climatic extremes in the form of cold summers and/or prolonged droughts, thereby leading to a sustained decrease of radial growth [START_REF] Battipaglia | Tree rings indicate dierent drought resistance of a native (Abies alba Mill.) and a nonnative (Picea abies (L.) Karst.) species co-occurring at a dry site in Southern Italy[END_REF][START_REF] Lévesque | Drought response of ve conifer species under contrasting water availability suggests high vulnerability of Norway spruce and European larch[END_REF][START_REF] George | Inter-and intra-specic variation in drought sensitivity in Abies spec. and its relation to wood density and growth traits[END_REF].

Meteorological data from the SAFRAN reanalysis

The precise detection of rockfall meteorological triggers from dendrogeomorphic reconstructions has been so far hampered by the annual resolution of tree-ring series which precludes from the correlation with hourly-to daily-resolved meteorological records. At our study site, meteorological time series were obtained from the SAFRAN reanalyses. The SAFRAN analysis system combines in situ meteorological observations with synoptic-scale meteorological elds to provide continuous time series of meteorological variables at hourly resolution and for elevation steps of 300 and 1500m within areas, referred to as massifs (Devoluy and Vercors in the case of this study), assumed to be horizontally homogeneous (Durand et al., 2009a). The dataset extends back to 1958. SAFRAN meteorological elds corresponding to the sampling sites were extracted according to their elevation, aspect, and slope angles [START_REF] Lafaysse | Towards a New Chain of Models for Avalanche Hazard Forecasting in French Mountain Ranges, Including Low Altitude Mountains[END_REF]. [START_REF] Delonca | Statistical correlation between meteorological and rockfall databases[END_REF] and D'Amato et al. ( 2016) synthesized physical processes associated with meteorological parameters susceptible to trigger rockfall. In calcareous regions, rainfall duration and intensities that increase pressure in rock joints, freeze-thaw cycles through wedging and loss of cohesion and temperature variations through thermal stresses which propagate cracks are amongst the most frequent triggers cited in literature. As a consequence, annual series of (1) precipitation sums,

(2) number of rainfall events above 10 and 20 mm.day-1, (3) mean variations of air temperature as well as ( 4) the absolute number of freeze thaw cycles (dened as the number of days in which Tmax>0°C and Tmin<0°C) were extracted from the SAFRAN database, for the period 1959-2017.

In order to analyze trends in rockfall and meteorological time series, we apply the nonparametric Mann-Kendall (MK) test [START_REF] Helsel | Statistical Methods in Water Resources[END_REF]. This rank-based procedure is especially suitable for non-normally distributed data and is robust against outliers and data gaps.

The MK-test yields a trend test statistic that allows to reject the null hypothesis at a certain signicance level (see [START_REF] Birsan | Streamow trends in Switzerland[END_REF], for details). The slope of trends signicant at the 95% level of the MK-test was estimated using the Theil-Sen method, which is suitable for nearly linear trends and is little aected by non-normal data and outliers [START_REF] Helsel | Statistical Methods in Water Resources[END_REF]. For each scenario, the MK test was computed over the 1959-2017 period covered by meteorological series, for moving time windows with length varying from 30 to 59 years.

Linear models and stepwise regressions

Relationships between rockfall activity and meteorological parameters were assessed at the annual (considered from October (n-1) prior to the growing season to September n) and at the decadal scales. At the later timescale, rockfall reconstructions and meteorological series were smoothed using 15-year moving averages so as to investigate potential relationships between rockfall activity and climatic uctuations. In order to account for the decreasing number of trees available back in time, tree-ring reconstructions (EGD) were detrended as follows :

EGD Similarly, no trend was observed for the number of rainfall events >10 mm at Saint-Guillaume (Fig. 6.2b) whereas a signicant albeit limited increase (<0.4 mm.yr -1 ) was observed in the Diois 

Selection of sampled trees

In the eld, 30 fallen blocks with non-weathered surfaces and lacking moss or lichen cover were measured at each site to determine characteristic block sizes involved in rockfall activity. Based on this inventory, a median block diameter (∅) of 30 cm has been dened for the calculation of rainfall (in mm), (b) number of rainfall events >10mm (RR10), (c) mean temperature and (d) number of days with freeze thaw cycles at Valdrôme. The annual values were computed from October (n-1) prior to tree-ring formation to September (n). The signicance of the trends (p<0.05) has been tested using the Mann-Kendall test. For each climatic parameter, the MK test was computed over the 1959-2017 period, for moving time windows with length varying from 30 to 59 years. Starting years (x-axis) range between 1959 and 1988, ending years (y-axis) between 1988 and 2017. the CIP. On the basis of this median block diameter, data on stem diameters at breast height as well as on the spatial position of each tree within the plot, we obtain a maximum CIP of 0.88 and 0.89 for 2018 based on the analysis of 179 trees at both sites. In other words, this means that as little of 179 trees out of the 793 and 1479 mapped inside both plots will intercept 88 and 91% of all rockfall trajectories at Saint-Guillaume and Valdrôme, respectively. All these trees were sampled to characterize past rockfall activity. At Valdrôme, the 672 increment cores that we extracted at DBH indicate that trees were on average 106 ± 13 years old. The oldest tree was dated back to 1891, whereas the youngest tree reached sampling height in 1967. The distribution of tree ages and the fairly limited standard deviation can be explained with the installation of the protection forest, described in historical archives, at the turn of the 20 th century. At Saint- Guillaume, trees were slightly younger (84 years, on average) and their distribution was more heterogeneous (± 44 years). to 89% in 2017 and from 41 to 89% for the period 1959-2017. After correction by the CIP approach, maximum rockfall activity has been reconstructed in 2012, 1999, 2013, 2008, 2002 and 2010. The corrected annual rockfall frequency increased from 5.5 GD.yr-1 to 14.5 GD.yr-1 for the periods 1959[START_REF] Jahn | Entwaldung und Steinschlag[END_REF][START_REF] Gsteiger | Steinschlag, Wald, Relief : empirische Grundlagen zur Steinschlagmodellierung[END_REF]-2017, respectively (Fig.6.4a), respectively (Fig.6.4a). According to the Mann-Kendall analysis computed over the 1959-2017 period, covered by the SAFRAN meteorological dataset, a linear monotonic increasing trend (signicant at p<0.05) exist for most of the considered time periods with the exception of the periods after 1987 and onward (Fig. 6.4c).

At Valdrôme, the sampled cores allowed identication of 162 and 136 GDs in the tree-ring series for the period 1890-2017 and 1959-2017, respectively. The oldest GD identied in the tree ring series was dated to 1905. GDs are more frequent after 1930 and nearly every year exhibited GD in at least a small number of trees. The CIP exceeded the 0.5 threshold in 1924 (0.52). For the period 1958-2017 covered by the meteorological series, the CIP continuously increased from 0.85 to 0.88. After inclusion of potentially missed trajectories using the CIP approach, maximum annual frequencies of impacts were recorded in 1960, 1977, 1981, 1984, 1995 and 2002. Conversely, no injuries could be retrieved with dendrogeomorphic analyses for 1958-59, 1967, 1971, 1988, 2001, 2003, and 2005 undoubtedly demonstrated that rock faces experienced an increase in the frequency and volume of rockfall due to permafrost thawing and degradation [START_REF] Geertsema | A large rockslidedebris avalanche in cohesive soil at Pink Mountain, northeastern British Columbia, Canada[END_REF][START_REF] Ravanel | Climate inuence on rockfalls in high-Alpine steep rockwalls: The north side of the Aiguilles de Chamonix (Mont Blanc massif ) since the end of the `Little Ice Age[END_REF][START_REF] Ravanel | Instability of a high alpine rock ridge: the lower arête des cosmiques, mont blanc massif, france[END_REF][START_REF] Mourey | Eects of climate change on high Alpine mountain environments: Evolution of mountaineering routes in the Mont Blanc massif (Western Alps) over half a century[END_REF]. By contrast, at lower altitudes, below the permafrost limit, [START_REF] Gruner | Klima und Sturzereignisse in Vergangenheit und Zukunft[END_REF] and [START_REF] Sass | Is climate change causing increased rockfall frequency in Austria? Natural Hazards and Earth System Sciences[END_REF] fall frequency on climate variability below the permafrost line remains poorly understood even though most rockfalls threatening infrastructure indeed originate from slopes located far below permafrost (Trappmann et al., 2013). To date, a few dendrogeomorphic studies attempted to detect dependencies of rockfall on climatic conditions [START_REF] Perret | Spatial and temporal rockfall activity in a forest stand in the Swiss PrealpsA dendrogeomorphological case study[END_REF][START_REF] Schneuwly | Tree-ring based reconstruction of the seasonal timing, major events and origin of rockfall on a case-study slope in the Swiss Alps[END_REF]. Tree-ring reconstruction from a regional study in the Czech Flysch Carpathians (ilhán et al., 2011), for instance, suggests that freeze-thaw cycles would be the most relevant triggering factor of rockfall activity, whereas rainfalls seem to be less important. the decline in the number of potentially recordable GDs as well as (3) the complex detection of old, overhealed scars becoming virtually invisible on the stem surface.

The study presented here aims at lling this gap by quantifying the potential impacts of climate variations, and especially of recent global warming, on rockfall activity at two calcareous non-glaciated clis using a dendrogeomorphic approach. To minimize biases and to assess the robustness of our reconstructions, we (1) mapped all trees within two plots located below the permafrost limit in the calcareous french Prealps, (2) select sampled trees and accurately estimate the evolution of the coecient of interception over time based on these high-resolution maps and (3) use the hourly-resolved time series extracted from the SAFRAN analysis system (Durand et al., 2009a) to characterize the climatic evolution at our study sites. Over the 1959-2017 time period covered by the climatic dataset, sample depth only slightly increased from 175

to 179 trees at Valdrôme, more sharply, from 101 to 179 trees at Saint-Guillaume. At the same time, the CIP only increased from 0.87 to 0.91 at Vadrôme while the selected trees theoretically intercept between 42 and 89% of all rockfall activity between 1959 and 2017 at Saint-Guillaume.

The multidecadal variability is poorly consistent between both reconstructions. No signicant trend was detected at Valdrôme while, despite the CIP correction and the detrending of the reconstruction, a sharp increase of rockfall activity is evidenced in the Vercors massif. Despite the stringency of the approach employed here, two hypotheses might explain the time-dependence remaining in the latter reconstruction : the persistence of biases inherent to the dendrogeomorphic approach in the reconstruction or a warming-induced increase in rockfall activity. Fig. 6.5

illustrates the diculty to choose for one assumption. For the period 19462012, the diachronic analysis of aerial photographs Fig. 6.5a provides evidence for a continuous forest colonization in the upper part of the studied plot where herbaceous and shrubs, clearly visible on the 1946 aerial photograph, are progressively replaced by a dense forest since the 1970s. This forest dynamic is conrmed by the distribution of sampled trees that clearly show a mode for 40-60 and 60-80 yr age classes. This forest dynamic pleads against a climatically-induced increase in rockfall activity but rather tend to conrm a bias resulting from forest recolonization in tree-ring reconstructions. In a dierent context, a comparable bias has been evidenced in the Queyras massif (French Alps) where a sharp increase in the frequency of reconstructed snow avalanches has been undoubtedly attributed to the forest recolonization of snow avalanche paths following abandonment of grazing (Mainieri et al.,in press). In addition, gs.6.5b, that represent the evolution of the number of GDs per tree over the period 1890-2017 for 20-yr class clearly indicates that trees, aged between 20 and 80 years, are more sensitive to rockfall disturbances, in line with the ndings of (ilhán et al., 2013) in the Crimean Mountains. As a consequence, we can reasonably hypothesize that the trends in rockfall activity observed at Saint-Guillaulme may result from the overrepresentation of young trees in the distribution of sampled trees. By contrast, at Valdrôme, the homogeneity of the reforestation plot planted at the turn of the 20 th century enable to limit this bias. Nonetheless, based on the increasing number of rockfall impacts observed in the rockfall reconstruction derived from cross sections systematically cut from 24 young trees (max. 50 yr old), theoretically free from bias related to masked scars (Fig. 6.5.b), we can not completely exclude a potential impact of global warming on rockfall activity.

Rockfall activity and global warming

As stated in the previous section, it is particularly complex to disentangle the respective impacts of methodological biases, forest colonization and global warming on rockfall activity at Saint-Guillaume. Despite the statistical robustness of our (multiple) regression models, these interference considerably limit their reliability. In detail, they question the correlations computed, between the smoothed rockfall frequency, mean temperature (r=0.64) and freeze thaw cycles (r=-0.37) over the period 1959-2017, which suppose that increasing mean temperatures (and the decreasing number freeze thaw cycles) would increase rockfall activity. This question is all the more relevant that a large body of monitoring and to a less extent, tree-ring literature [START_REF] Matsuoka | Rockfall activity from an alpine cli during thawing periods[END_REF][START_REF] Frayssines | Failure mechanisms and triggering factors in calcareous clis of the Subalpine Ranges (French Alps)[END_REF][START_REF] D'amato | Inuence of meteorological factors on rockfall occurrence in a middle mountain limestone cli[END_REF][START_REF] Matsuoka | A multi-method monitoring of timing, magnitude and origin of rockfall activity in the Japanese Alps[END_REF][START_REF] Perret | Spatial and temporal rockfall activity in a forest stand in the Swiss PrealpsA dendrogeomorphological case study[END_REF][START_REF] Amitrano | Evidence of frost-cracking inferred from acoustic emissions in a high-alpine rock-wall[END_REF] evidenced signicant impacts from thermal and freezing induced stresses on rockfall activity. By contrast, at Valdrôme, the limited evolution of the forest stand should theoretically increase our condence in the reconstruction and, as a corollary, in the rockfall climate models. In particular, VD1-VD2 that includes a positive correlation between our rockfall reconstruction and annual precipitation as well a negative association with mean temperature are in line with existing literature. Indeed, precipitation (and intense rainfall)

were demonstrated to raise water pressure in rock joints or can lead to the lubrication of joints [START_REF] Matsuoka | A multi-method monitoring of timing, magnitude and origin of rockfall activity in the Japanese Alps[END_REF]. 2016) reported that rockfall activity signicantly increased when mean rainfall intensity exceeded 5 mm.h -1 . Our results dier from several tree-ring reconstructions [START_REF] Perret | Spatial and temporal rockfall activity in a forest stand in the Swiss PrealpsA dendrogeomorphological case study[END_REF][START_REF] Ilhán | Evaluation of meteorological controls of reconstructed rockfall activity in 123 the Czech Flysch Carpathians: EVALUATION OF METEOROLOGICAL CONTROLS OF ROCKFALL ACTIVITY[END_REF] who could not evidence any unequivocal positive or negative correlations between rockfall rates and precipitation in the Flysch Carpathians and the Swiss Prealps. As a consequence, the absence of clear trend over the last decades therefore suggests that rockfall activity have been poorly aected by climatic changes.

These results should be put in perspecive as ( 1) despite the high-resolution of the climatic dataset and the stringency of our reconstruction procedure, both multiple regression models can only account for 42% of the decadal uctuations observed in rockfall activity at Valdrôme. In other words, about 60% of the medium-term rockfall variations are not explained by climatic variables.

In addition, VD3 and VD8, characterized by negative between rockfall frequency and precipitation, clearly demonstrate the strong variability of the relationships between rockfall and climatic uctuations. Furthermore, (2) tree-ring reconstructions still suer from limitations in capturing process activity fully [START_REF] Stoel | Dendroecological Dating of Geomorphic Disturbance in Trees[END_REF]. In particular, small-magnitude rockfalls, which are the more susceptible to be aected by global warming [START_REF] Krautblatter | A nonlinear model coupling rockfall and rainfall intensity based \\newline on a four year measurement in a high Alpine rock wall (Reintal, German Alps)[END_REF] are probably poorly captured by tree-records due to their limited kinetic energy insucient to damage the woody tissues (bark and cambium). Finally, (3) the 60-yr period (i.e. 1959-2017) covered by the SAFRAN dataset probably precludes from a detection of signicant changes in rockfall activity. Indeed, it is characterized by a limited increase in annual temperature (9°C on average over the period 1959-1980, 9.3°C between 1995-2017) and by an absence of signicant trend in the number of freeze-thaw cycles since the 1980s.

Conclusion

Over the last two decades, a large body of literature provides conclusive evidence of relationships between global warming, permafrost thawing and increasing rockfall activity in englaciated alpine given the limited robustness of our multiple regression models, the limited increase of temperature since 1959 and possible limitations existing in tree-ring reconstructions. Based on this, we plead for the development of (multi)centennial tree-ring reconstructions of rockfall activity at the regional scale that would enable to isolate robust trends free from site-dependent dynamics and to compare rockfall activity for periods characterized by very dierent climatic conditions. (2010) and the tree species (Trappmann et al., 2013) the more suitable for the reconstruction or to account for the reduction of sample size and exposed diameter back in time (Trappmann et al., 2013), residual non-climatic trends observed in tree-ring reconstructions precluded from a precise detection of meteorological triggers and to quantify the impacts of global warming on rockfall activity. Here, in order to improve the robustness of rockfall reconstruction and to precisely quantify these trends and their origins, we rst evaluated the sensitivity of broadleaved (rarely used so far) and conifer trees to rockfall impacts at the Saint-Guillaume site. The results presented in chapter 3 (published in Geomorphology ), evidence that rockfall frequencies strongly dier with tree species and diameter and that, for example the analysis of tree-ring signals in large-diameter broadleaved trees typically lead to an overestimation of recurrence intervals. By contrast, conifer trees, especially the oldest ones, were demonstrated as the more susceptible through the identication of tangential rows of traumatic resin ducts to provide reliable estimations of long recurrence intervals. These dierences, attributed to genetic capability to overgrow injuries, bark structure, annual increment rates, or tree age (Stoel and Perret, 2006;Trappmann and Stoel, 2013;[START_REF] Favillier | Potential of two submontane broadleaved species ( Acer opalus , Quercus pubescens ) to reveal spatiotemporal patterns of rockfall activity[END_REF], allowed to give recommendations on the more suitable individuals to be sampled in order to optimize future reconstructions.

Removal of growth suppression from the growth disturbance spectrum A vast majority of past rockfall reconstructions included growth suppressions (GS) considered as indicators of decapitation or branch loss caused by rockfall impacts [START_REF] Ilhán | Evaluation of meteorological controls of reconstructed rockfall activity in 123 the Czech Flysch Carpathians: EVALUATION OF METEOROLOGICAL CONTROLS OF ROCKFALL ACTIVITY[END_REF][START_REF] Stoel | Dendrogeomorphic dating of rockfalls on low-latitude, high-elevation slopes: Rodadero, Iztaccíhuatl volcano, Mexico: TREE-RING DATING OF ROCKFALLS ON LOW-LATITUDE, HIGH-ELEVATION SLOPES[END_REF][START_REF] Franco-Ramos | Tree-ring based reconstruction of rockfalls at Cofre de Perote volcano, Mexico[END_REF]. To date, and with the exception of excluding larch budmoth years and related GS as possible rockfall events [START_REF] Stoel | Analyzing rockfall activity (16002002) in a protection foresta case study using dendrogeomorphology[END_REF]Schneuwly and Stoel, 2008a,b;[START_REF] Trappmann | Achieving a more realistic assessment of rockfall hazards by coupling three-dimensional process models and eld-based tree-ring data: AS-SESSMENT OF ROCKFALLS BY COUPLING ROCKFALL MODELS AND TREE-RING DATA[END_REF][START_REF] Morel | Dening sample size and sampling strategy for dendrogeomorphic rockfall reconstructions[END_REF], no study has examined potential interferences between the geomorphic signal (related to rockfall) and other exogeneous factors such as insect outbreaks and/or climatic extremes (e.g., cold temperatures, drought) that are likely to cause GS (Favillier et al., 2017a;Mainieri et al., 2020b). For this purpose, two century-long GD reconstructions i.e. R1 including only growth suppressions, and R2 based on injuries were initially compared at Valdrôme (Mainieri et al., 2020a). The complete absence of synchronicity between datasets R1 and R2, the extreme frequency of GS recorded during dry years (1949,1997,2003) or coinciding with processionary moth outbreaks recorded in the Southern French Alps (1988,2001,2003,2007) as well as an absence of meteorological controls on rockfall processes in R1 allowed us to plead for a removal of growth suppression from the growth disturbance spectrum in future reconstructions (chapter 5).

Denition of clear guidelines for future sampling strategies

Based on our exhaustive review of literature, we also realized that amongst the tree-ring reconstructions of rockfall activity (see Tab.3.1), only three [START_REF] Perret | Spatial and temporal rockfall activity in a forest stand in the Swiss PrealpsA dendrogeomorphological case study[END_REF][START_REF] Ilhán | Evaluation of meteorological controls of reconstructed rockfall activity in 123 the Czech Flysch Carpathians: EVALUATION OF METEOROLOGICAL CONTROLS OF ROCKFALL ACTIVITY[END_REF][START_REF] Zielonka | Can we distinguish meteorological conditions associated with rockfall activity using dendrochronological analysis? -An example from the Tatra Mountains (Southern Poland)[END_REF] were compared with meteorological variables. We postulated that this scarcity was related to the absence of clear guidelines to derive reconstructions that optimally capture the climatic signal in rockfall-prone environments. In order to ll this gap and to provide clear recommendations, we capitalized on the exhaustive dataset developed at Saint-Guillaume and compare the eect of six sampling strategies on the detection of meteorological drivers of past rockfall events. Our results (chapter 4) demonstrate that a careful selection of trees based on the conditional impact probability, within the more active compartment of the study plot and at the contact of the cli, signicantly increased the meteorological signal in the tree-ring reconstructions. As such, we really believe that they will facilitate the design of future studies, decrease the costbenet ratio of dendrogeomorphic studies and thus will permit production of reliable reconstructions with reasonable temporal eorts. In addition, given the increasing correlations between tree-ring records and meteorological parameters in the absence of multi-decadal linear trends, we also suggest, for the rst time, to use the Mann-Kendall test, rather than the empirically or arbitrary thresholds employed so far, to quantify objectively the robustness of future reconstructions.

Dendrogeomorphic reconstructions of rockfall activity at two study sites

The above-mentioned recommendations and methodological improvements allowed the development of reconstructions of rockfall activity that optimally capture the climatic signal at Saint Guillaume and Valdrôme sites.

At Saint-Guillaume, 477 and 446 GDs were retrieved from the 179 trees sampled in the entire plot over the period 1906-2017 and 1959-2017. The CIP sharply increased from 18% in 1907 to 89% in 2017 and from 41 to 89% for the period 1959-2017. After correction by the CIP approach, maximum rockfall activity has been reconstructed in 2012, 1999, 2013, 2008, 2002 and 2010. The corrected annual rockfall frequency increased from 5.5 GD.yr-1 to 14.5 GD.yr-1 for the peri- ods 1959-1988 and 1989-2017, respectively. According to the Mann-Kendall analysis computed over the 1959-2017 period, covered by the SAFRAN meteorological dataset, a linear monotonic increasing trend (signicant at p<0.05) exist for most of the considered time periods with the exception of the periods after 1987 and onward.

At Valdrôme, after removal of growth suppression, the sampled cores allowed for identication of 162 and 136 GDs in the tree-ring series for the period 1890-2017 and 1959-2017, respectively.

The oldest GD dated to 1905. GDs are more frequent after 1930 and nearly every year exhibited GD in at least a small number of trees. The CIP exceeded the 0.5 threshold in 1924 (0.52).

For the period 1958-2017 covered by the meteorological series, the CIP continuously increased from 0.85 to 0.88. After inclusion of potentially missed trajectories using the CIP approach, maximum annual frequencies of impacts were recorded in 1960, 1977, 1981, 1984, 1995 and 2002. Conversely, no injuries could be retrieved with dendrogeomorphic analyses for 1958-59, 1967, 1971, 1988, 2001, 2003, and The precise detection of meteorological triggers of rockfall from dendrogeomorphic reconstructions has so far been limited by the annual resolution of tree-ring series that precluded correlation with highly resolved meteorological records. In order to overcome this limitation and to account for the complexity and diversity of meteorological triggers, we developed a four-step procedure (chapter 5) that successively involve : (1) Pearson correlation coecients calculated between reconstructed rockfall activity and meteorological variables for periods ranging from 1

to 36 consecutive ten-day periods. In a second step (2), up to 10 meteorological variables those most strongly correlated with rockfall activity in the rst step, at a signicance level a=0.05

were extracted for each meteorological parameter. Correlation matrices computed between the selected parameters were used to select the meteorological variables included in the multiple regression procedure (see step 3) while limiting the inclusion of highly collinear variables. We 2016) reported that rockfall activity increased by a factor of 26 when mean rainfall intensity exceeded 5mm.h -1 . We explain increasing rockfall activity following (intense) rainfalls by raising water pressure in rock joints or the lubrication of joints [START_REF] Matsuoka | A multi-method monitoring of timing, magnitude and origin of rockfall activity in the Japanese Alps[END_REF]. By contrast, no relation was found between reconstruction R2 and freeze-thaw cycles, although these have been undoubtedly demonstrated as a key driver of rockfall in a large body of monitoring literature [START_REF] Matsuoka | Rockfall activity from an alpine cli during thawing periods[END_REF][START_REF] Frayssines | Failure mechanisms and triggering factors in calcareous clis of the Subalpine Ranges (French Alps)[END_REF][START_REF] D'amato | Inuence of meteorological factors on rockfall occurrence in a middle mountain limestone cli[END_REF][START_REF] Matsuoka | A multi-method monitoring of timing, magnitude and origin of rockfall activity in the Japanese Alps[END_REF]. In addition and despite the stringency of our procedure, the explanatory powers of the (multiple) regression models developed here remain comparable to those reported in previous tree-ring reconstructions. We explain this limitation by the multiplicity of factors susceptible to trigger rockfall events. In that sense, and in order to validate both the robustness of our reconstructions as well as the triggering factors identied here, we plead for more systematic coupling between dendrogeomorphic analysis, rockfall and microclimatic monitoring at the same site in the future.

Impacts of climate change on rockfall activity below the permafrost limit

Over the last two decades, a large body of literature provides conclusive evidence of relationships between global warming, permafrost thawing and increasing rockfall activity in englaciated alpine clis. By contrast, at lower altitude sites, scarce and incomplete inventories failed to identify clear impacts of increasing temperatures [START_REF] Sass | Is climate change causing increased rockfall frequency in Austria? Natural Hazards and Earth System Sciences[END_REF]. Here, we capitalize on our two highly-resolved reconstructions, smoothed using a 15-yr moving average to emphasize mediumterm uctuations in rockfall activity, to decipher these potential impacts. At Saint-Guillaume, a strong time-dependent increasing trend remains in the reconstruction despite all our eorts to remove biases related to decreasing sample size back in time and the limitation of our analyses to the period 1958-2017. We hypothesize that this trend is explained by a rapid forest recolonization at the studied plot, further supported by the diachronic analysis of aerial photographs, and the overrepresentation of young sensitive trees in our reconstruction rather than by climatic uctuations. In the Diois massif (Valdrôme), the protection forest did not undergo comparable evolution. Signicant correlations were computed, at the decadal scale, between rockfall activity, precipitation totals (positive correlation) and mean temperatures (negative correlation). However, the absence of signicant increasing trend in the reconstruction suggests that a premature warning of increasing rockfall hazard, is not supported by the existing data. These ndings should be interpreted cautiously given the limited robustness of the multiple regression models tested at Valdrôme, the limited increase of temperature since 1959 and possible limitations existing in tree-ring reconstructions with regard to their ability to capture small-magnitude rockfalls which are the more susceptible to be aected by global warming [START_REF] Krautblatter | A nonlinear model coupling rockfall and rainfall intensity based \\newline on a four year measurement in a high Alpine rock wall (Reintal, German Alps)[END_REF].

In the future, we believe that the development of (multi)centennial tree-ring reconstructions of rockfall activity at the regional scale would enable to isolate more robust trends, free from sitedependent dynamics and to compare rockfall activity for periods characterized by very dierent climatic conditions.

Research perspectives

Based on the experience acquired during this PhD thesis, the problems encountered and the above-mentioned guidelines and results, several outlooks emerge for further studies.

Multidisciplinary approaches to assess the robustness of rockfall/climate relationships

In the framework of this PhD thesis, many eorts have been deployed to increase the robustness of tree-ring reconstructions and to quantify their uncertainties. Yet, in the absence of historical archives, the validation of our tree-ring records, and subsequently of the meteorological variables identied as triggering factors, is complex. In the future, in order to overcome these limitations, we suggest to combine several approaches on the same site, in order to decipher relationships between rockfall activity and meteorological factors at time scales varying from a few minutes to several centuries (Fig. 7.1). Ideally, this multidisciplinary approach could potentially combine (1) the microclimate and weathering monitoring using extensometers, crackmeters [START_REF] Matsuoka | A multi-method monitoring of timing, magnitude and origin of rockfall activity in the Japanese Alps[END_REF][START_REF] Weber | A decade of detailed observations (20082018) in steep bedrock permafrost at the Matterhorn Hörnligrat[END_REF] as well as microseismic or acoustic sensors [START_REF] Amitrano | Evidence of frost-cracking inferred from acoustic emissions in a high-alpine rock-wall[END_REF] in order to detect the timing and trigger of rockfall activity at timescales varying for a few minutes to several years ; (2) Lidar [START_REF] D'amato | Inuence of meteorological factors on rockfall occurrence in a middle mountain limestone cli[END_REF] or net [START_REF] Krautblatter | A nonlinear model coupling rockfall and rainfall intensity based \\newline on a four year measurement in a high Alpine rock wall (Reintal, German Alps)[END_REF] monitoring to evaluate the timing but also the volume of rockfall events at timescales ranging from a few months to several years ; (3) tree-ring analysis to quantify annual to multicentennial variations of rockfall activity. Given the complexity of cli equipment and the necessity of multi-annual monitoring to derive robust results for climatically dierent years, we suggest, if possible, to deploy the dendrogeomorphic analysis on already equipped sites. In our case, the Saint-Eynard cli (Chartreuse massif ), monitored for several years [START_REF] Frayssines | Failure mechanisms and triggering factors in calcareous clis of the Subalpine Ranges (French Alps)[END_REF][START_REF] D'amato | Inuence of meteorological factors on rockfall occurrence in a middle mountain limestone cli[END_REF] would represent an ideal study case in spite of the limited age of the forest stand on the slope. Such methodological coupling has not been achieved so far and is expected to yield highly innovative results.

Development of a network of tree-ring reconstructions in the calcareous French Alps

Results from the chapter 6 illustrate the complex detection of global warming impacts on rockfall activity. This diculty is among others caused by divergent trends observed in our two dendrogeomorphic reconstructions and from interferences between forest recolonization and rockfall activity that induce noise in the Saint-Guillaume reconstruction. In the future, we really believe that more robust trends, potentially related from climatic uctuations, -could be detected from a network of tree-ring reconstructions that would include more sites and theoretically free from site-specic non-stationarities or from trends intrinsic to the dendrogeomorphic approach. In order to increase the cost-benet of this approach, we suggest (1) prioritize monospecic stands and ideally about ten reforested slopes comparable to Valdrôme located in the same massif, (2) to limit the downslope extent of plots while increasing their width and (3) to core more systematically the rst rows of trees, located at the vicinity of the clis (in line with recommendations provided in chapter 4). The resulting chronologies could be analyzed within the innovative Bayesian hierarchical spatio-temporal logistic regression approach developed by Favillier et al.

(in prep) on avalanche paths that enables (1) to remove trends related to the decreasing number of living trees over time so as to (2) extract a common signal of past changes in process activity at the regional scale and (3) compare it with independent historical series and past climate and land use conditions. Albeit less resolved than the SAFRAN reanalyses, meteorological series from the Climate Research Unit (CRU, [START_REF] Jones | Hemispheric and large-scale land-surface air temperature variations: An extensive revision and an update to 2010: LAND-SURFACE TEMPERATURE VARIATIONS[END_REF]), the Berkeley Earth Surface (BEST, A. [START_REF] Muller | A New Estimate of the Average Earth Surface Land Temperature Spanning 1753 to 2011[END_REF]) or the HISTALP [START_REF] Efthymiadis | Construction of a 10-min-gridded precipitation data set for the Greater Alpine Region for 18002003[END_REF]) datasets available at monthly resolution for more that one century could be used to compare climatically dierent periods. In order to capitalize on our results, we obviously prefer the calacreous French Prealps to develop the network but a strong potential also exists in other medium altitude forest massifs (Pyrenees, Vosges, Jura) where global warming may have altered, more strongly than in the Alps, the activity of rockfalls.

Implementation of an unied rockfall inventory accross the French Alps

As previously stated throughout this manuscript, information on historical rockfall activity is widely missing. Dendrogeomorphic approach allows to reconstruct both the spatial extent and the temporal activity of rockfalls in the past. Yet, reconstructions on more than a dozen of sites seem unrealistic given the time-consuming nature of the approach. At a broader (regional) scale, the absence of tangible results concerning the temporal evolution of rockfall activity is currently largely related to the lack of care taken so far to centralize and homogenize existing dataset. In this context, the french national project C2ROP aims, among other, at building a database common to several project owners and managers (MOA). As member of the "hazard" axis of the project, I could collect from the MOAs a list of 8200 events precisely georeferenced that were integrated in a common GIS database (Fig. 7.2). The scientic perspectives from this database summarized as follows:

Under stationary assumptions, the properties of the distribution tails of these datasets will be well described in terms of limit laws and asymptotic dependence using extreme statistical models. These models make sense for processing data that are certainly rare but less subject to observation data bias than routine data (which are more easily "missed"). At this stage, we will try to verify the capacity of trajectographic simulations to correspond to real data from the point of view of extremes, a critical point for the evaluation of rarely
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 12 Figure 1.2 Damage caused by falling blocks on (a) a departmental road in Isère, (b) a residence in Lumbin in Isère, (c) a railway line and (d) an industrial building in Moûtiers in Savoie.
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 13 Figure 1.3 Risk map using trajectographic simulations of rockfall from RockyFor3D, applied to the Crolles study site, France. (Farvacque et al. 2019
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 143 Figure 1.4 Evolution of annual temperature in the French northern Alps. Source : Météo France, traitement Agate
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 15 Figure 1.5 Evolution of annual rainfall in the French northern Alps. Source : Météo France, traitement Agate
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 17 Figure 1.7 Overview of typical injuries folowing a rockfall impact: (A) Characteristic examples of and dierent stages of wound closure in Larix decidua injured by rockfall with (B) associated cross-sections. (C) Examples of strong tangential rows of traumatic resin ducts (TRDs) in Picea abies (top) and Larix decidua (bottom). (D) The production of TRD may persist over several years, depending on the production of hormonal signals. However, only the initial reaction should be considered the result of a geomorphic disturbance.Extracted from[START_REF] Stoel | Dendroecological Dating of Geomorphic Disturbance in Trees[END_REF].

  damage to internal tissues.
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 1 Figure 1.10 Recurrence interval map (Refmap) calculated for (A) Quercus pubescens, (B) Acer opalus trees and (C) variations of the recurrence interval between species. Following Favillier et al. (2015)
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 21 Figure 2.1 Le terrain étudié est situé dans les Alpes françaises (a), sur les contreforts du Vercors, à 40 km au sud-ouest de Grenoble (b). Le terrain d'étude délimité par un polygone rouge (c) a fait l'objet d'un inventaire forestier à l'aide d'un minithéodolite (d). Des blocs de 1 m3 ont pu être observés sur le bas du versant ainsi que des traces de blessures sur les arbres (f). Photo d): Sébastien De Danieli.
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 24 Figure 2.4 Distribution spatiale des arbres et de leur diamètre à hauteur de poitrine (DHP en cm) sur la parcelle étudiée..

  Karst., Fraxinus excel-sior, Salix caprea, A. pseudo-platanus, Alnus incana, S. acu-paria, Corylus avellana,
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 31 Figure 3.1 The Saint-Guillaume study site (a) is located in the Vercors massif (French Alp), 40 km south-west of Grenoble. Rock fragments are detached from several release zones within a roughly 90-m-high, north east-facing cli (14501540masl, b). At the study plot (110 × 120m) delimited by a red polygon (b) all treeswith DBH < 5 cm were mapped (c) and injuries resulting from past rockfalls inventoried (d, e).

Figure 3 . 2

 32 Figure 3.2 Spatial distribution and diameters at breast height (DBH; incm) of trees at the study plot (a) and representative stems that were randomly extracted for the comparison between the visual scar counting and the dendrogeomorphic (tree-ring) approaches (b).

  38 years. The distributions of RiV statistically dier (p<0.05) between conifer (mean: 45 years) and broadleaved (mean: 31 years) trees. The recurrence interval map (Fig.3.3) exhibits an increasing trend as one moves down the slope: the average time elapsed between two consecutive scars by the scarcounting approach gradually increases from an average of 1525 years in the top third of the slope (cells AB) to reach values of 50 150 years in the lowest third of the plot (cells EF), at the level of the topographic berm. Themap also evidences a clear lateral zonation pattern with more frequent rockfalls observed in the northwestern part of the plot (RiV =25 and 51 years in cells B and D, respectively) as compared to its eastern counterpart (RiV = 52 and 67 years in cells A and C, respectively). Except for cell B (p<0.05), recurrence intervals estimated from broadleaved and conifers trees were not statistically dierent (Fig.3.4).

  3.5). At the plot scale, the recurrence interval is 32 years on average and the distributions of RiD statistically dier (p<0.05) between conifer (mean: 30 years) and broadleaved (46years) trees. In spatial terms, the RiD increases from 10 to 25 years in the upper third of the study plot to 50150 years in its lower part. A lateral gradient is superimposed on this longitudinal zonation: more frequent activity is thus observed in cells B, D, and F (RiD= 21, 45, and 65 years, respectively) than in cells A, C, and E (RiD =49, 63, and 90 years, respectively) (Fig. 3.3 b). According to the Wilcoxon-Mann-Whitney test, distributions of recurrence intervals from broadleaved and conifer trees are statistically dierent in cells D and E (p<0.05) (Fig. 3.6).
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 34 Figure 3.4 Distribution of recurrence interval derived from the visual scar counting approach at the level of cells AF.
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 35 Figure 3.5 Radar chart showing the distributions of the ratio between the numbers of visible/ non-visible GD for four stem diameter classes.

  Figure 3.6 Distribution of recurrence interval derived from the dendrogeomorphic approach at the level of cells AF.
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 37 Figure 3.7 Distributions of dierences between tree age (a), number of growth disturbances (b) and recurrence intervals (c) between the visual scar counting and dendrogeomorphic approaches.
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 38 Figure 3.8 Boxplots of recurrence intervals derived fromthe dendrogeomorphic and visual scar counting approaches at the plot (a) and cell (bf) scales. Blue and green tone colors are used for broadleaved and conifer trees, respectively.

  inhabitants) on the northern slope of the Pale mountain, at a locality named Rocher duBouchet (44°56'18"N, 5°35'11"E, 1350 -1490 m asl, Fig.6.1a). At this site, rockfall is frequent and fragments are normally detached from several release zones of a roughly 90-m-high north-east-facing cli (1450-1540 m asl, Fig.6.1b,c). Bedrock in the release areas is composed of subhorizontally bedded Jurassic limestone (Tithonian) with narrow orthogonal joints which favor the release of small rock fragments with volumes ranging from a few dm 3 to a few m 3 (Fig.6.1e). In the adjacent transit area (13801490 m asl) Quaternary deposits are mainly composed of a scree talus covered by a mixed forest stand. This scree slope is characterized by a marked longitudinal sorting of debris with volumes of a few dm 3 at the apex to a few m 3 in the lower portion. The angle of the talus slope varies between 26°and 46°(average: 38°). The bottom of the slope, located at an altitude of 1100 m, is limited by a topographic berm (10°). The tree plot area analyzed here (Fig.6.1c) is located at the foot of the cli. The plot is about 1 ha (110 × 90 m) in size and is covered by a dense (800 trees ha-1) mixed forest stand mainly composed ofAbies alba (Silver r), Picea abies (Norway spruce), Acer pseudoplatanus (Sycamore maple), Fagus sylvatica (Common beech), Fraxinus excelsior (European ash), Sorbus aria (White beam), Sorbus aucuparia (Mountain ash) and Ulmus glabra (Elm). Evidence of past logging (stumps) is lacking at the study site, yet some silvicutural exploitation over the course of the last century cannot be ruled out completely. Average annual rainfall at the Grenoble meteorological station (45°09'58"N, 5°45'58"E, 220 m asl), located 40 km North of the study site, is 934 mm. Average mean air temperature is 12.5°C.

Figure 4 . 1

 41 Figure 4.1 The Rocher du Bouchet (a, b) studied slope is located in the Vercors massif (French Alps), in the Saint-Guillaume municipality. On the studied plot (c, d, e), tree species (c), tree age (d) and the number of scars visible on each stem have been exhaustively listed and mapped at a-1m resolution

Figure 4 .

 4 Figure 4.2 The S1-S6 sampling strategy scenarios. Dots represent the trees maps on the forest plot, black dots represents the trees sampled in each scenario

Figure 4 .

 4 Figure 4.3 a. Computation of the CIP from the geometric analysis of the spatial distribution of trees b.Computation of the impact circle. 1. Tree stem; 2. Circle of impact; 3. Projection of the circles of impacts on the downslope boundary of the analysis cell; 4. Rock of a given diameter, noted ; 5. Trajectory of the falling rock; 6. Rockfall impact. L1, L2, L3 and L4 are the width of the projection of the circles of impact on the downslope boundary of the cell analysis. L plot is the width of the analysis cell. Adapted from[START_REF] Favillier | Dendrogeomorphic assessment of rockfall recurrence intervals at Saint Paul de Varces[END_REF].

In S1 (Fig. 4 .

 4 4a), 161 trees were randomly sampled over the 1.04 ha of the study plot. In order to be representative of the spectrum of tree species and ages observed on the preliminary maps, 101 conifers (Abies alba, Picea abies ) and 60 broadleaved (Fagus sylvatica, Sorbus aria, Acer pseudoplatanus ) trees aging between 97 and 96 were sampled. In total, 326 and 268 GDs were identied for the periods 1840-2017 and 1959-2017, respectively. According to the Mann-Kendall analysis computed over the 1959-2017 period, covered by the SAFRAN meteorological dataset, a linear monotonic increasing trend (signicant at p<0.01) exist for most of the considered time periods (Fig.4.5a) with the exception of the periods after 1987 and onward. Maximum rockfall activity (n>10 GDs) occurred in 2013

Figure 4 . 4

 44 Figure 4.4 Variations of rockfall activity reconstructed from the S1-S6 sampling scenarios (a-e). Green bars represent the interannual uctuations of rockfall activity reconstructed from tree-ring series corrected using the CIP approach (light green). A 10-yr lowpass lter has been used to emphasize decadal uctuations of rockfall activity (green solid line). The black dashed line represent the sample depth.

- 1 .

 1 tree -1 for S1-S5, respectively). The CIP is low ranging < 2% until 1993 and only reached 37.4% in 2017. Given the restricted length of the reconstruction, the Mann-Kendall test was not computed in S6. The gure 4.6 synthesizes the correlation between the reconstructions S1-S5 over the period 1959-2017 (a) and S1-S6 over the periods1989-2017 (b).Obviously highly signicant positive correlations (0.88<r<0.99, p<0.01) are computed between S2, S3 and S4, which are partly based on the same trees for both periods. The correlation between S1 and S2-S5 sharply increased since 1989 (0.41-0.64). Finally, and more interestingly,(1) the correlations between the northern and southern compartments (S4-S5), albeit signicant (p<0.05) since 1989, remain weak (r<0.42) and (2) S6 is negatively correlated (p<0.05) with S3 and especially S4 although the sections were cut in the upper part of the northern compartment.4.4.2 Correlation between rockfall activity and meteorological co-variablesPrior to correlation analyses, rockfall reconstructions and meteorological series were transformed into z-scores over the 1959-2017 period covered by meteorological series. According to the Mann-Kendall test, the reconstructions derived from each scenario are stationary after 1989. As a consequence, the correlations between rockfall activity and meteorological data were computed over the periods1959 -2017 (Fig.4.7a) (Fig.4.7a) covered by theSAFRAN reanalysis and 1989-2017 (Fig.4.7b) 

Figure 4 . 5

 45 Figure 4.5 Linear monotonic trends (Theil-Sen slope) detected in tree-ring reconstructions of rockfall activity.The signicance of the trend (p<0.01) has been tested using the Mann-Kendall test for the sampling scenarios S1-S5 (a-e). For each scenario, the MK test was computed over the 1959-2017 period covered by meteorological series, for moving time windows with length varying from 30 to 59 years. Starting years (x-axis) range between1959 and 1988, ending years (y-axis) between 1988 and 2017. 

Figure 4 . 6

 46 Figure 4.6 Correlation matrices computed between reconstructions derived from dierent scenarios computed over the periods 1959-2017 (S1-S5, a) and 1989-2017 (S1-S6, b).

Figure 4 . 7

 47 Figure 4.7 Correlations between reconstructions derived from scenarios S1-S6 and rainfall computed over 1 to 36 consecutive 10-day periods extending from 1-10th October (n-1) to 21-30th september (n). All correlations value are signicant at p<0.05.

  Upper Northern slope, CIP-based sampling b. S3. Northern slope, CIP-based sampling

Figure 4 . 8

 48 Figure 4.8 Correlation between rockfall reconstructions computed from CIP-based sampling scenarios S2 (a), S3 (b), S4 (c) and precipitation totals computed over 5 consecutive decades centered on 11-20th august (n). Only r values signicant at p<0.01 are shown. For each scenario, r and p-values were computed over the 1959-2017 period covered by meteorological series, for moving time windows with length varying from 30 to 59 years. Starting years (x-axis) range between 1959 and 1988, ending years (y-axis) between 1988 and 2017

  2019 (S1), 1984-2019 (S2), 1978-2019 (S3) and 1974-2019 (S4) exempt of signicant trend. So far, and to our knowledge, several thresholds empirically or arbitrary determined such as (1) a minimum number of trees sampled[START_REF] Perret | Spatial and temporal rockfall activity in a forest stand in the Swiss PrealpsA dendrogeomorphological case study[END_REF] Schneuwly and Stoel, 2008b,a;[START_REF] Ilhán | Implications of spatial distribution of rockfall reconstructed by dendrogeomorphological methods[END_REF], (2) homogeneously distributed on the slope[START_REF] Stoel | Analyzing rockfall activity (16002002) in a protection foresta case study using dendrogeomorphology[END_REF], (3) a minimum exposed diameter(ilhán et al., 2011), (
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 53 Meteorological drivers of rockfall activity in a non-glaciated calcareous cli of the French Alps Despite the limited period covered with reliability by the reconstructions, our records exceed in length a wide majority of the inventories available for the (French) Alps. In addition, the eorts made to quantify uncertainties increase our condence in the robustness of meteorological triggering identied at Saint-Guillaume. The comparison between our CIP-based rockfall reconstructions and meteorological parameters from the SAFRAN database demonstrate that spring and especially rainfalls during summer were the main drivers of rockfall activity at our study site over the last decades. Correlation between S4 and precipitation totals computed over 5 consecutive decades centered on 11-20th august (n) thus exceed 0.5 since 1975 for S2-S4 and 0.6 for the period[START_REF] Gsteiger | Steinschlag, Wald, Relief : empirische Grundlagen zur Steinschlagmodellierung[END_REF] -2017 (Fig.4.8) (Fig.4.8). Our results are partly in line with the results obtained by D'Amato et al. (2016) who report, based on a 2.5 year Lidar survey of the calcareous Saint-Eynard cli

  5.1b), on a west-facing slope of the Arcs mountain (44°32'90 N, 5°33'76 E, 790 -880 m asl), Diois massif (French Alps, Fig.5.1a).

Figure 5 . 1

 51 Figure 5.1 The Valdrôme plot is located in the Southern French Alps (a), 60 km south of Grenoble and 30 km west of Gap (b). It is characterized by mountainous climatic conditions with a mean annual temperature of 9.1 °C ±1.1°C and precipitation totals of 1082 mm on average, over the period 1958-2017 period (c). At the study plot, 1479 trees were mapped at 1-m resolution, mainly Austrian black pines (Pinus nigra) that were planted at the turn of the 20 th (d,e)

Figure 5 . 2

 52 Figure 5.2 Geometrical conditions used for the assessment of the conditional impact probability (CIP) adapted from Moya et al. (2010) and Favillier et al. (2017b). a. Computation of the CIP from the geometric analysis of the spatial distribution of trees at the plot scale. b. Computation of the impact circle. 1. Tree stem; 2. Circle of impact; 3. Projection of the circles of impacts on the downslope boundary of the analysis cell; 4. Rock of a given diameter, noted ∅; 5. Trajectory of the falling rock; 6. Rockfall impact. L1, L2, L3 and L4 are the width of the projection of the circles of impact on the downslope boundary of the plot analysis. Lplot is the width of the analysis cell.

Figure 5 . 3

 53 Figure 5.3 Reconstructions R1 (a, b; based on growth suppression, upper panel) and R2 (c, d; based on other growth disturbances, lower panel), expressed as the annual corrected number of impacts per year (a, c) and as z-scores computed over the 1958-2017 periods (b, d).

Fig. 5 .Figure 5 . 4

 554 Fig.5.4d,e). Signicant correlations were detected neither with minimal temperatures, temperature variations or freeze-thaw cycle series nor with meteorological records aggregated over more than ten days. Similarly, we were unable to observe a unique pattern during the extreme years of1988, 1997, 2001, 2003 or 2007 during which above-average frequencies were observed in the occurrence of GS (Fig.5.5) : above-average precipitations were observed in 1988 (Fig.5.5a) and 2001 (Fig.5.5e), whereas dry conditions prevailed in spring and summer 2003 (Fig.5.5g). Similarly, the heatwave of spring and summer 2003 is clearly visible in Fig.5.5h, whereas negative temperature anomalies were observed during the growing season of 1997 (Fig.5.5d).

Figure 5 . 5

 55 Figure 5.5 Correlation between R1, Precipitation (left panel) and temperatures (right panel) anomalies (zscores) observed in 1988 (a,b),1997 (c, d), 2001 (e, f), 2003 (g, h) and 2007 (i, j). These years are characterized by extremely large numbers of growth suppressions detected in R1

Figure 5 . 6

 56 Figure 5.6 Correlations between R2 (reconstruction including only scars and compression wood) and meteorological covariables computed over 1 to 36 consecutive 10-day periods
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 57581 Figure 5.7 Correlation matrices computed between the precipitation totals (a),the number of summer rainfall events >10mm (b) and >20mm (c), minimal temperatures (d) and temperature variations (e) using data from R2. Parameters given in red have later included in the multiple regression model.

Figure 5 . 9 Figure 5 .

 595 Figure 5.9 Boxplot of meteorological variables included in the multiple regression model (summer precipitations (a), number of rainfall events > 10mm (b), summer minimum temperatures (c) and fall temperature variations (d)) relative to years with low (< -1 z-score), medium (1>z-score>-1) and high (> 1 z-score) rockfall activity

Figure 6 . 1

 61 Figure 6.1 Location of the study sites in the calcareous French Alps (a, b). The Rocher du Bouchet (c)studied slope is located in the Vercors massif, in the Saint-Guillaume municipality. The Valdrôme plot is located in the Diois massif, 60 km south of Grenoble and 30 km west of Gap (d). On the studied plots, tree stems with DBH>4cm have been exhaustively listed and mapped at 1m resolution.

  massif for time periods beginning between1959 and 1973 and ending in 2003 (Fig.6.3b) (Fig.6.3b). Mean annual temperatures increased sharply between 1980 and 1995 in the Vercors massif (Fig.6.2c).As a consequence, average temperatures computed for the period 1959-1980 (5.4°C) and 1995-2017 (6.2 °C) signicantly dier. Warming is less pronounced at Valdrôme (Fig.6.3b) with average temperature increasing from 9(1959-1980) to 9.3°C (1995-2017). Finally, and more interestingly, the evolution of the number of freeze-thaw cycles signicantly decreased between 1959 and 2017 at Saint-Guillaume with the sharpest decline observed between 1973 and 2003 (-1 cycle per year, on average, Fig.6.2d). By contrast, at Valdrôme, the mean number of freeze-thaw cycles computed between 1960 and 1969 (73 on average) was signicantly lower than during the subsequent periods (95 cycles on average between 2000 and 2009) and no signicant trend was observed in the records when Mann-Kendall tests were computed for time periods beginning after 1967 Fig.6.3d).

  Figure6.2 Linear monotonic trends (Theil-Sen slope, right panel) detected in annual records (left panel) of (a) rainfall (in mm), (b) number of rainfall events >10mm (RR10), (c) mean temperature and (d) number of days with freeze thaw cycles at Saint-Guillaume. The annual values were computed from October (n-1) prior to tree-ring formation to September (n). The signicance of the trends (p<0.05) has been tested using the Mann-Kendall test. For each climatic parameter, the MK test was computed over the 1959-2017 period, for moving time windows with length varying from 30 to 59 years. Starting years (x-axis) rangebetween 1959 and 1988, ending years (y-axis) between 1988 and 2017. 

Figure 6 . 3

 63 Figure 6.3 Linear monotonic trends (Theil-Sen slope,right panel) detected in annual records (left panel) of (a)

Figure 6 . 4

 64 Figure 6.4 Fluctuations of rockfall activity reconstructed from tree-ring analyses at Saint-Guillaume (a) and Valdrôme (b) sites and linear monotonic trends (Theil-Sen slope) detected in both reconstructions (Saint-Guillaume, c; Valdrôme, d). The signicance of the trend (p<0.05) has been tested using the Mann-Kendall test. For each reconstruction, the MK test was computed over the 1959-2017 period covered by meteorological series, for moving time windows with length varying from 30 to 59 years. Starting years (x-axis) range between 1959 and 1988, ending years (y-axis) between 1988 and 2017.
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 1 include annual precipitations and mean temperatures. They show a positive correlation between smoothed tree-ring reconstructions and rainfall records while increasing rockfall frequencies are observed during cooler periods. VD3-VD8 are more robust than VD1-VD2, as evidenced by R2 and AIC values, but seem more complex. VD3 dier from VD1-VD2 as it includes the years as additional variables. The inclusion of the latter variable, positively correlated with rockfall activity, increase the robustness of the model (R 2 =0.67) yet surprisingly inverts the correlation with annual rainfall (r=-0.004). In VD4, Years were replaced by the sample size. RR and SS have been retained as signicant regressors, positively associated with rockfall records, but mean temperatures were eliminated in the stepwise procedure. VD5-VD8 include the annual number of freeze-thaw cycles as potential regressors. Regardless of the variables included in the analyses, a positive correlation is computed between freezing and rockfall activity. When freeze-thaw cycles are combined with annual rainfall (VD5) and sample size (VD7), both later variables are eliminated during the stepwise selection and FT cycles are selected as the only explanatory variable. The robustness of the models (r 2 =0.65 and r 2 =0.67 for VD5 and VD7, respectively) remains comparable to VD3. In VD6-VD8, characterized by the higher R 2 , positive correlations with the 'years' variable reveal that rockfall activity remains time-dependent. However, in VD8, the negative correlation between annual rainfall and rockfall frequency seem a physical nonsense. Finally at Valdrôme, none of the proposed model is completely satisfactory. From a physical perspective, VD1-VD2 and VD6 yet appear as the more convincing ones. Asynchronous evolution of rockfall activity at both sites Over the last decades, historical documentation have been used in mountain regions to document the impacts of climate change on rockfall activity. At high-altitude sites, several studies

  Results obtained for the Valdrôme site are thus in line with those obtained by D'Amato et al. (2016) using Lidar data from the calcareous Chartreuse Massif, located 90 km north of Valdrôme. In their study, D'Amato et al. (

  clis. By contrast, at lower altitude sites, scarce and incomplete inventories failed to identify clear impacts of increasing temperatures. On forested slopes, multiple tree-ring reconstructions of rockfall activity have been developed in mountainous regions worldwide to overcome the limitations of historical chronicles. Paradoxically, reconstructed rockfall activity has only rarely been compared with climatic data to identify potential impacts of climate change on process activity. In this paper, dendrogeomorphic reconstructions of rockfall activity were computed for two slope located in the Vercors and Diois massifs (Calcareous French Prealps). Despite a careful estimation of uncertainties related to decreasing sample size back in time based on highly-resolved mapping of the studied plots and the high spatio-temporal resolution of the SAFRAN database used to characterize climate uctuations since 1959, both reconstructions did not show synchronous uctuations pleading for a strong climate forcing on rockfall activity. At Saint-Guillaume (Vercors massif ), although the impacts of global warming could not be totally excluded, the rapid forest colonization observed since 1946 at the studied plot suggests that the strong time-dependent increasing trend observed in the reconstruction results from the overrepresentation of young sensitive trees. At Valdrôme, the forest plot planted at the beginning of the 20 th century has only experienced very limited evolution since then. Relationships between our reconstruction and climatic variables enabled identication of annual precipitation totals and mean temperatures as the main drivers of rockfall activity in line with existing literature in comparable environments. The absence of clear trend in the reconstruction suggest limited impacts of climate change on rockfall activity. Yet, these ndings should be interpreted cautiously

1

 1 Methodological improvements for the reconstruction of past rockfall activityOptimized selection of sampled treesFor the last decades, and notably since the PhD thesis of[START_REF] Stoel | Spatio-temporal variations of rockfall activity into forests: results from treering and tree analysis[END_REF] a large body of literature has been dedicated to the reconstruction of rockfall activity based on tree-ring analysis of injured trees (see the introductory chapter of this manuscript for an exhaustive review of existing literature) in mountainous regions worldwide. Despite the eorts made to increase the robustness of the reconstructions through(1) the inclusion of more trees(Stoel, 2005a),(2) the assessment of the blurring of rockfall evidence following the blurring of woundsStoel and Perret (2006), (3) the selection of the individualsStoel and Perret (2006);Mayer et al. 

  2005. The mean corrected number of impacts only slightly increased between the periods 1959-1988 (2.4 GD.yr-1 ) and 1989-2017 (2.8 GD.yr-1 ). The decades 1960-1969 (1.4 event.year-1 ) and 2000-2009 (1.6 event.year-1 ) are characterized by the lowest frequencies of impacts. According to the Mann-Kendall analysis, no trend is detected (p<0.01) in the reconstruction over the 1959-2017 period. 7.1.3 Meteorological triggers of rockfall events and impacts of climatic uctuations on rockfall activity Development of a 4-step procedure to detect meteorological triggers of past rockfall events

  then used (3) a stepwise regression procedure, that combines forward selection and backward elimination of variables, to determine which combination of independent variables aect rockfall activity in the studied area. Model performance was evaluated with several indicators such as the Akaike Information Criteria (AIC) and the adjusted-R2 determination coecient. The variance ination factor (VIF), representing the quotient of the variance in a model with multiple terms by the variance of a model with one term alone, was used to quantify the severity of multicollinearity between predictor variables included in the model. Finally, (4) based on z-score transformed reconstructions, we dierentiated three levels of rockfall activity classied as low (<-1 z-score), medium (1>z-score>-1) and high (>1 z-score). We used one-way ANOVA to determine the signicance of dierences between mean values of meteorological factors included in the multiple regression model. Snedecor's F-distribution was used to compare meteorological factor averages for dierent levels of rockfall activity and within the same group.Meteorological drivers of rockfall activity in a non-glaciated calcareous cli of the French AlpsBased on our 4-step procedure, we demonstrate that precipitation totals and intense rainfall events were the main drivers of rockfall activity at Saint-Guillaume (chapter 4) and Valdrôme (chapter 5). At the same time, correlations failed to identify the inuence of freeze-thaw cycles and temperature variations on rockfall activity. In detail, at Valdrôme, relationships between reconstruction and meteorological variables computed over 10 to 360 consecutive days, for the period 1958-2017, enabled identication of summer precipitation totals and annual number of rainfall events >10 mm as the main drivers of rockfall activity. At Saint-Guillaume, over the period 1989-2017, characterized by the absence of trend in the reconstruction, summer precipitation explain almost 50% of interannual uctuations of reconstructed rockfall activity. Our results are in line with those obtained by D'Amato et al. (2016) using Lidar data from the Saint-Eynard calcareous cli (Chartreuse Massif, located 40 and 90 km north of Valdrôme and Saint-Guillaume, respectively). In their study, D'Amato et al. (
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 71 Figure 7.1 Overview of interdiciplinary and complementary approaches that could be used in future.

Figure 7 . 2

 72 Figure 7.2 Location of C2ROP database events in the Alpine departments.

  

  

  

Table 4 .

 4 4.1. 1 Overview of sampling strategy scenarios

	Scenario	Area	Nb of trees CIP 2017 Reliability Surface (ha)
	S1	Entire slope	161	No CIP	/	1,04
	S2	Entire CIP	179	0,89	1969-2017	0,81
	S3	N. compartment	108	0,93	1980-2017	0,45
	S4	Upper N. compartment	83	0,86	1989-2017	0,17
	S5	S. compartment	71	0,79	1960-2017	0,36
	S6	Cross Sections	24	0,37	/	0,28

  are comparable totaling 951 mm (± 201 mm) and 1022 mm (± 195 mm) on average at Saint-Guillaume and Valdrôme, respectively. The driest season is winter (96 ± 55 mm, 182 ± 172 mm at Saint-Guillaume and Valdrôme), whereas wetter conditions prevail in autumn (330 ±131 mm, 339 ±143 mm). At Saint-Guillaume, mean

	annual, winter and spring temperatures average 6.2 (±0.7°C), 1.1 (±1.2°C), 4.1 (±0.9°C), respec-
	tively (Fig6.1c). By contrast, du to more Mediterranean inuences, warmest conditions are expe-
	rienced at Valdrôme with mean annual, winter and spring temperatures averaging 10.2 (±0.6°C),
	1.1 (±1.1°C), 8.2 (±0.9°C), respectively (Fig6.1c). On average, 78 (±12, Saint-Guillaume)and
	90 (±14, Valdrôme) freeze-thaw cycles occurred each year at the study sites between 1959 and
	2017, mainly during winter and spring (85%).

  -Std t = (EGD t /SS t )/( In a second step, we developed stepwise regression procedures to determine which combination of independent variables aect rockfall activity in the studied area. Starting from an initial null model with no covariates and then comparing the explanatory power of incrementally larger and smaller models, this procedure combines forward selection and backward elimination of variables using the Akaike Information Criteria (AIC) as a metric to compare the relative quality of the dierent models. Forward selection tests all the variables retained at step 2, one by one, and includes them in the nal selection if they are statistically signicant based on the p value of the t-statistics, whereas backward elimination starts with all candidate variables and tests them one by one for statistical signicance, deleting those that are not signicant on the basis of the p value of the t-statistics. Model performance was evaluated with several indicators such as the AIC and the adjusted-R2 determination coefcient. Stepwise regression procedures were developed using the smoothed EGD and EGD-std reconstructions as explained variables while years, sample size and the smoothed meteorological series were retained as explanatory covariables.

	nyear	
	SSt/nyear)	(6.2)
	t=1	
	where EGD-Std represent the detrended rockfall chronology, SSt the sample size at year t and
	nyear the number of years covered by the both meteorological series and rockfall reconstructions
	(59 in our case). In a rst step, Pearson correlation coecients were calculated between raw
	and detrended (smoothed) rockfall reconstructions and each of the above-mentioned (smoothed)
	meteorological series at both sites. The statistical signicance of results was tested with a one-
	tailed t-test at a signicance level α=0.05. 6.4 Results	
	6.4.1 Evolution of climatic conditions at both sites since 1959	
	According to the Mann-Kendall test, over the 1959-2017 period for moving time windows with
	length varying from 30 to 59 years, no signicant trend exist in annual rainfall series at both
	sites (Fig.6.2a,6.3a). Above-average annual precipitations were observed at Saint-Guillaume
	(1070 mm) and Valdrôme (1104 mmm) for the decade 1990-1999 while driest conditions occurred
	between 1980 and 1989 (887 mm at Saint-Guillaume and 950 mm at Valdrôme, respectively).

Table 6 .

 6 Comparable yet not signicant correlation are computed between rockfall activity and annual rainfall at Saint-Guillaume (r=0.12) and. With regard to mean temperature, inverse correlations (r=0.18 and r=-0.24 at Saint-Guillaume and Valdrôme) are computed at both plots. 3 Correlation matrices computed for the (detrended) rockfall reconstruction (EGD-std, EGD), meteorological parameters (RR: annual rainfall total, RR10 : annual number of rainfall events > 10 mm, Tmean : mean annual temperature, FT cycles : annual number of freeze-thaw cycles), and additional variables (year, SS: sample size). Rockfall and meteorological series have been smoothed using a 15-yr moving average, Years and Sample Size have been retained with an annual resolution. The bold values dier from 0 at a p<0.05 signicance level EGD) from Saint-Guillaume used as predictands, meteorological parameters (RR: annual rainfall total, RR10 : annual number of rainfall events>10 mm, Tmean: meanannual temperature, FT cycles : annual number of freeze-thaw cycles) years and sample size(SS) used as predictors. Rockfall and meteorological series have been smoothed using a 15-yr moving average, Years and Sample Size have been retained with an annual resolution.

	. The mean corrected number of impacts only

The matrix in (Tab6.2) synthesizes the correlations between the (detrended) rockfall reconstructions (EGD, EGD-std), meteorological parameters as well as years and sample size considered as potential explanatory variables for rockfall uctuations. The 0.99 (Saint-Guillaume) and 1.00 (Valdrôme) correlation coecients computed between EGD and EGD-std at both sites demonstrate that the standardization of the rockfall chronology by sample size has only a limited impact. Signicant correlations computed between rockfall activity, years (r=0.73) and sample size (r=0.68) at Saint-Guillaume reveals that the trend previously evidenced in the reconstruction, based on the Mann-Kendall analysis, is probably partly explained by the increasing number of trees over the 1959-2017 period. This trend is not observed at Valdrôme where correlations between rockfall activity, years and sample size are not signicant. Regardless of study site, no signicant correlation was computed between the re-constructions and meteorological parameters.

(in combination with precipitation totals, sample size, or years) is a common regressor to all the models thus conrming the positive and signicant correlation computed between the later variable and rockfall activity. The coecients of determination range between 0.63 (SG1) and 0.96 (SG6). Finally, based on the AIC criterion, the more robust models include annual rainfall and years in combination with temperatures (SG3, SG5) or freeze thaw-cycles (SG6).

At Valdrôme, the coecients of determination (ranging between 0.42 for VD1-VD2 and 0.74 for VD8) are signicantly lower than those computed for SG1-SG6 (tab. 6.5). VD1-VD2 both

Table 6 .

 6 5 Multiple regression analyses (SG1-SG8) computed between the (detrended) rockfall reconstructions (EGD-std, EGD) from Valdrôme used as predictands, meteorological parameters (RR: annual rainfall total, RR10 : annual number of rainfall events>10 mm, Tmean : meanannual temperature, FT cycles : annual number of freeze-thaw cycles) years and sample size(SS) used as predictors. Rockfall and meteorological series have been smoothed using a 15-yr moving average, Years and Sample Size have been retained with an annual resolution.

	Model Explained variable Initial variables	Selected variables	Coecients	R 2 AIC	mod. p-value
	VD1	EGD	RR, Tmean	RR, Tmean	Constant	1.304	0.42	-67.41	<0.0001
					RR	0.006			
					Tmean	-0.496			
	VD2	EGD-std	RR, Tmean	RR, Tmean	Constant	1.243	0.42	-68.104	<0.0001
					RR	0.006			
					Tmean	-0.483			
	VD3	EGD	RR, Tmean, Years	RR, Tmean,Years	Constant	-70.822	0.67	-97.669	<0.0001
					RR	-0.004			
					Tmean	-0.983			
					Years	0.043			
	VD4	EGD	RR, Tmean, SS	RR, SS	Constant	-60.44	0.56	-82.932	<0.0001
					RR	0.003			
					SS	0.335			
	VD5	EGD	RR, FT cycles	FT cycles	Constant	-1.89	0.67	-102.252	<0.0001
					FT cycles	0.05			
	VD6	EGD	FT cycles, Years	FT cycles, Years	Constant	-20.357	0.69	-105.429	<0.0001
					FT cycles	0.04			
					Years	0.01			
	VD7	EGD	FT cycles, SS	FT cycles	Constant	-1.89	0.67	-102.252	<0.0001
					FT cycles	0.05			
	VD8	EGD	FT cycles, Years, RR	FT cycles, Years, RR	Constant	-38.664	0.74	-111.843	<0.0001
					RR	-0.004			
					FT cycles	0.049			
					Years	0.021			

conclude that a general upward trend in the frequency of rockfalls cannot be seen in observational records. Discrepancies between these statements are obviously related to scarce historical data and a strong focus of research activities towards glaciated or permafrost areas. However, the dependency of rock-

Based on this regression model, we estimated the age of each tree within the plot and derived an annually-resolved CIP series, so as to estimate the real annual number of rockfall (RR) as
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Abstract Rockfalls are one of the most common geomorphological processes in the steeply sloping environments. These events involve independent movement of individual rock fragments that detach from bedrock along new or previously existing discontinuities such as bedding planes, joints, fractures, cleavage, and foliation. As the relative inuence of rainfall, snowmelt, temperature, or freezethaw cycles have long been identied as the main drivers of rockfall activity, increasing rockfall hazards triggered by climate change are a major concern expressed both in scientic and non-scientic media. At high altitude sites, unequivocal relationships have been established between heightened rockfall activity, permafrost thawing and global warming. By contrast, below the permafrost limit, scarcer studies, relying on incomplete historical chronicles failed to identify climatically induced trends in rockfall time series. In order to ll this gap, we developed two tree-ring reconstructions of rockfall activity at study sites from the calcareous French Alps (Vercors and Diois massifs) located below the permafrost limit. Uncertainties related to the decreasing number of trees available back in time were quantied based on high-resolution maps at both sites while climatic uctuations since 1959 were documented using the highly spatio-temporally resolved reanalyses of the SAFRAN database provided by Meteo France. In the Vercors massif a strong time-dependent increasing trend is observed in the reconstruction.

We explained this trend by a rapid forest recolonization at the studied plot and the overrepresentation of young sensitive trees in our reconstruction rather than by climatic uctuations. In the Diois massif, annual precipitation totals and mean temperatures were identied as statistically signicant drivers of rockfall activity in line with existing literature in comparable environments.

The absence of signicant trend in the reconstruction suggests that a premature warning of increasing rockfall hazard, is not supported by the existing data. Yet, the weak robustness of the multiple regression models used here, the limited increase of temperature at the study sites since 1959 and the incompleteness of our tree-ring reconstructions suggest that these results have to be treated with caution.

Keywords: Rockfall, tree-ring reconstruction, global warming, calcareous French Alps. CHAPITRE 7

General synthesis and perspectives

This research work has a two fold objective: from a methodological perspective, it aims at improving the reliability of tree-ring reconstructions of rockfall activity through the denition of clear guidelines allowing (1) the denition of optimized strategy, (2) the identication of tree species most likely to record past rockfall events as well as ( 3) the precise quantication of their robustness back in time; based on these methodological improvements, the scientic purpose is to assess the meteorological triggers of rockfall events so as to detect potential impacts of global warming on rockfall activity located below the permafrost limit. In order to reach these goals, two calcareous slopes were selected in the french calcareous Prealps, in the Vercors (Saint-Guillaume, 1500 m asl) and the Diois (Valdrôme, 900 m asl) massifs. Sites were obviously selected for the occurrence of past rockfall events evidenced notably through visible impacts on tree stems and the presence of centennial-old forest stands at the vicinity of the clis, two sine qua none conditions for the tree-ring reconstruction of rockfall activity. Sites were equally chosen to represent two variants of the mountainous climatic conditions encountered in the French Alps (more humid at Saint-Guillaume, more mediterranean at Valdrôme) and due to the presence of drastically different forest stands (mixed coniferous-deciduous forest at Saint-Guillaume, monospecic planted pine tree forest at Valdrôme). In order to allow comparison between reconstructions developed at both sites, the same methodology was employed. The later includes (1) the high-resolution and exhaustive mapping of the trees (see chapter 2-3), ( 2) the selection of trees based on the Conditional Impact Probability approach (detailed in chapters 4-5) as well as sampling of all growth disturbances visible on the selected supplemented by the systematic sampling of three additional increment cores at height of 0.5, 1 and 1.5 m above the soil surface, respectively and

(3) the estimation, more precise than ever before, of the CIP rst proposed, by [START_REF] Moya | Tree-ring based assessment of rockfall frequency on talus slopes at Solà d'Andorra, Eastern Pyrenees[END_REF] and further rened by Trappmann et al. (2013), which the purpose to normalize the the number of observed growth disturbances to account for the decreasing number of available trees back in time. In addition, (4) in order to identify meteorological triggers (chapter 4-5)

and the potential impacts of global warming (chapter 6) on rockfall activity, each reconstruction was compared with highly-resolved meteorological series of temperatures (minimum, mean and maximum), precipitations (totals and rainfall intensity) and freeze-thaw cycles (considered with respect to dierent thresholds) extracted from the SAFRAN database (Durand et al., 2009a,b).

Multiple (regression) models were computed between (smoothed) rockfall reconstructions and (smoothed) meteorological series considering time frames ranging from 10-day to one decade.

The main results of this PhD thesis presented under the form of ve research papers (chapter 2, 3 and 5 accepted, chapters 4 and 6 in preparation) are synthesized in the rst section of this chapter. The prospects for its continuation are developed in the second section. treated rock risk. Work will also be done on the best way to take into account local eects in the "regional" statistical treatment (normalisation, covariates, etc.);

We could then seek to evaluate the non-stationarity in rare rockfalls through adapted extreme statistical models (i.e. with time-dependent parameters), and to explicitly introduce the dependence on the most relevant climatic and a-climatic (land use) variables in these models. At this stage, we could benet from the already existing Irstea -Météo France partnership, which will guarantee access to quality climate information at the required spatiotemporal scales (daily reanalyses by massif, altitude and exposure in particular);

The models thus obtained will ultimately be associated with rened climate projections (IPCC 2019 scenarios regionalised and adapted to Alpine topography, in a multi-model and multi-scenario context). This will provide quantitative predictions of the evolution of rock hazards in the targeted territories over various horizons (up to 2100).

7.2.4 Contributions of dendrogeomorphic approach for 3-D simulation and hazard zoning in a context of environmental changes

Rockfall protection through rigorous land-use planning based on hazard zoning maps and/or appropriate risk mitigation measures is a crucial issue for authorities and stakeholders in rockfall prone areas [START_REF] Agliardi | Integrating rockfall risk assessment and countermeasure design by 3D modelling techniques[END_REF][START_REF] Corominas | Quantitative assessment of the residual risk in a rockfall protected area[END_REF][START_REF] Farvacque | Quantitative risk assessment in a rockfall-prone area: the case study of the Crolles municipality (Massif de la Chartreuse, French Alps). Géomorphologie : relief, processus[END_REF]. Precise risk analysis and evaluation are usually based on quantitative risk assessment (QRA) procedures that classically include each term of the risk components [START_REF] Hackl | Estimating the risk related to networks: a methodology and an application on a road network[END_REF]. In addition, in the case of rockfalls, they integrate 3D numerical models to evaluate the spatial probability (trajectory, runout distances) and intensity (energy) of impacts on structures [START_REF] Agliardi | Integrating rockfall risk assessment and countermeasure design by 3D modelling techniques[END_REF]. Essential parameters for the deployment of these simulations involve (1) the identication of source areas and (2) a careful parameterization of the model notably with regard to the choice of parameters accounting for energy dissipation and surface roughness [START_REF] Corona | Modeling rockfall frequency and bounce height from threedimensional simulation process models and growth disturbances in submontane broadleaved trees[END_REF].

In addition, Farvacque (in prep.) recently emphasized the complexity to quantify precisely the temporal probability of failure i.e. the probability of occurrence of a rockfall event, expressed in terms of frequencies or return periods [START_REF] Ferrari | Qualitative Rockfall Hazard Assessment: A Comprehensive Review of Current Practices[END_REF], crucial in QRA procedures. In the past, several studies used dendrogeomorphic to assess the parameterization of rockfall simulations (Stoel et al., 2006;[START_REF] Corona | Parameterization of rockfall source areas and magnitudes with ecological recorders: When disturbances in trees serve the calibration and validation of simulation runs[END_REF][START_REF] Trappmann | Achieving a more realistic assessment of rockfall hazards by coupling three-dimensional process models and eld-based tree-ring data: AS-SESSMENT OF ROCKFALLS BY COUPLING ROCKFALL MODELS AND TREE-RING DATA[END_REF][START_REF] Favillier | Dendrogeomorphic assessment of rockfall recurrence intervals at Saint Paul de Varces[END_REF]. Based on the results of this thesis, especially recurrence interval maps provided in chapter 3, we plead for a more holisitc integration of tree-ring analysis in a QRA procedure. In that sens, preferential source areas could be determined precisely, following [START_REF] Corona | Parameterization of rockfall source areas and magnitudes with ecological recorders: When disturbances in trees serve the calibration and validation of simulation runs[END_REF], based on the spatial patterns of damaged trees. In addition, the convergence of dendrogeomorphic and modeling data would permit a precise parameterization of the model that would allow for accurately mapping the propagation and the spreading of rockfalls [START_REF] Corona | Parameterization of rockfall source areas and magnitudes with ecological recorders: When disturbances in trees serve the calibration and validation of simulation runs[END_REF]. Finally, dierent rockfall frequencies estimated from tree-ring reconstructions for e.g. cold/warm decades of the 20th century could be included with dierent Land Use and Land Cover (LULC) Scenarios [START_REF] Lopez-Saez | Impacts of landuse and land-cover changes on rockfall propagation: Insights from the Grenoble conurbation[END_REF][START_REF] Farvacque | Quantitative risk assessment in a rockfall-prone area: the case study of the Crolles municipality (Massif de la Chartreuse, French Alps). Géomorphologie : relief, processus[END_REF]) so as to evaluate the impact of environmental changes (global warming and LULC changes) on rockfall risk. We really believe that such non-stationary approaches would be of prime interest to quantify risks emanating from possible changes in process activity and to promote mitigation strategies, thereby reducing vulnerability of infrastructures, systems and communities.