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Impacts of land-cover changes on snow avalanche activity in the French Alps 1 

Abstract 2 

Dendrogeomorphic analyses provide long and continuous chronologies of mass movements that are useful for the 3 

detection of trends related to climate change. Socio-environmental changes can, however, induce non-4 

stationarities. This study addresses the following questions: (1) How does the evolution of forest cover induce non-5 

stationarities in tree-ring based reconstructions of snow avalanche activity? (2) How are trends inherent to tree-ring 6 

approaches distinguishable from real fluctuations in avalanche activity? Using dendrogeomorphic techniques, we 7 

reconstructed snow avalanches in six adjacent paths in the French Alps. Results show two distinct trends in process 8 

activity between 1750 and 2016. In the southern paths, the frequency of snow avalanches increased sharply in the 9 

1970s. The distribution of tree ages, as well as old topographic maps, allow an attribution of this trend to the 10 

destruction of large parts of the forest stand by a large snow avalanche in the 1910-20s. This extreme event induced 11 

a sudden change in the capability of newly colonizing trees to record subsequent snow avalanches. In the northern 12 

paths, by contrast, progressive afforestation starting in the mid-19th century, as well as colonization of the release 13 

areas after World War II, resulted in a strong reduction in snow avalanche activity since the 1930s. Even if global 14 

warming remains a possible additional driver of snow avalanche activity at the study sites, the rural exodus and the 15 

abatement of pastoral practices during the 19th and 20th centuries are the main explanations for the observed trends 16 

in process activity. Results also illustrate a need to clarify the complex interrelations among forest evolution, global 17 

warming, social practices, and the process activity itself when interpreting trends in mass movements. 18 

Keywords: Snow avalanches, tree-ring analysis, land cover changes, French Alps 19 

 20 

1. Introduction 21 

Climate warming in Europe has occurred since the end of the Little Ice Age (or LIA) around ~1850; this trend has 22 

accelerated more markedly since ~1985 (IPCC, 2013). High mountain environments experience a stronger 23 

response to climate change with even faster average warming as compared to the global mean (Mountain Research 24 

Initiative EDW Working Group et al., 2015). This evolution has resulted in rapid changes in the cryosphere (Beniston 25 

et al., 2018) and related changes in hydro-geomorphic process activity (Stoffel and Huggel, 2012). As a result of 26 

ongoing warming, available in situ snow depth data indicate an elevation-dependent decreasing trend in snow 27 

amounts, snow cover duration and snow water equivalent in the Alps (e.g. Bormann et al., 2018; Falarz, 2004; 28 

Laternser and Schneebeli, 2003; Marty et al., 2017; Morán-Tejeda et al., 2013). At the same time, the abandonment 29 

of traditional farming systems since the mid-19th century have affected many mountain regions across Europe, and 30 

even more so after World War II. The abatement of traditional farming has favored grassland abandonment, 31 



subsequent forest encroachment (Gellrich et al., 2007; O’Rourke, 2006), and the progressive disappearance of 32 

mosaics of landscape features reflecting traditional mixed farming management (MacDonald et al., 2000). 33 

Changes in snow cover characteristics often induce changes in spontaneous avalanche activity (Castebrunet et al., 34 

2012; Stoffel and Corona, 2018), including alterations in friction and flow regime (Naaim et al., 2013; Köhler et al., 35 

2018). Tree-ring and historical archives enable inferences of longer-term changes of avalanche activity (Corona et 36 

al., 2013; Giacona et al., 2017), and possibly detections of the impacts of climate change on snow avalanche 37 

activity. In this regard, Ballesteros-Cánovas et al. (2018) reported increased avalanche activity on some slopes of 38 

the Western Indian Himalaya over the past decades and related the changes in process behavior to the increased 39 

frequency of wet-snow conditions. In the European Alps, studies have demonstrated negative correlations between 40 

past changes in avalanche numbers and runout distance, as well as avalanche activity in forested areas, with 41 

temperature changes. They have also shown positive correlations with snow depth changes (Eckert et al. 2013, 42 

Teich et al., 2012). These studies also suggested that avalanche mass and run-out distance have decreased over 43 

past decades, with a decrease of avalanches with a powder part since the 1980s, a decrease of avalanche numbers 44 

below 2000 m, but an increase of snow avalanches at higher elevations (Eckert et al., 2013; Lavigne et al., 2015; 45 

Gadek et al., 2017). At the same time, other studies have shown a positive trend in the proportion of avalanches 46 

involving wet snow over the last decades and for the months of December through to February (Pielmeier et al., 47 

2013; Naaim et al., 2016). 48 

A large body of literature has documented interferences between snow avalanche activity and land cover changes 49 

(e.g., Bebi et al., 2009; Germain et al., 2005; Hétu et al., 2015; Kulakowski et al., 2006, 2011; Podolskiy et al., 2014; 50 

Schneebeli and Bebi, 2004; Teich et al., 2012). Germain et al. (2005) showed that deforestation and landscape 51 

heterogeneity should be carefully considered as tree removal—after clear-cuts and forest fires—affected snow 52 

redistribution, which in turn would increase the frequency of events in existing and new avalanche paths. Similarly, 53 

Kulakowsky et al. (2011) demonstrated a decreasing fragmentation of forest stands on avalanche paths resulting 54 

from the modification of the disturbance regime interacting with land use changes and global warming over the last 55 

45 years in Switzerland. Accordingly, changes in traditional agricultural systems are susceptible to affect avalanche 56 

activity, as they can favor passive colonization of release areas with shrubs and trees, with potentially marked 57 

consequences on avalanche frequency and on runout distances. Yet, to date, research has not considered the 58 

impact of land abandonment and marginalization on mass-movement activity in a thorough manner. One exception 59 

is the study of García-Hernández et al. (2017) who reported passive reforestation as the main driver of changes in 60 

avalanche damage in the Spanish Pyrenees over the last fifty years. Similarly, Giacona et al. (2018) reported that 61 

progressive land abandonment and decreased anthropogenic pressure have significantly reduced the exposure of 62 

properties (i.e. high-altitude farms in particular) to the risk of avalanches in the Vosges massif. 63 



The lack of long-term studies is usually attributed to the scarcity of continuous records of past avalanche activity 64 

(see Corona et al., 2012). On wooded paths, dendrogeomorphology (Alestalo, 1971) allows to identify and date of 65 

growth disturbances induced by past mass-movement activity in ring-width series. It can therefore also provide 66 

continuous, annually resolved snow avalanche reconstructions to complement historical sources. 67 

Dendrogeomorphic approaches have repeatedly yielded reconstructions of multi-decadal to multi-centennial 68 

chronologies of snow avalanche events over the last decades in numerous mountainous regions worldwide (see 69 

Favillier et al., 2017 for a recent review). Yet, non-stationarities in process or site characteristics are likely to affect 70 

dendrogeomorphic reconstructions that will then impact the resulting time series of past events and trends therein. 71 

For this reason, Corona et al. (2012) proposed to adjust thresholds aimed at detecting past process activity in tree-72 

ring records to account for the reduced frequency of reconstructed events related to the decreasing number of living 73 

trees back in time. Similarly, Favillier et al. (2018) attributed the over-representation of avalanche events in their 74 

reconstructions since the mid-20th century to the difficulty to retrieve ancient hidden scars (Stoffel and Perret, 2006), 75 

invisible on the stem surface, thus rendering the determination of suitable sampling positions a difficult task 76 

(Trappmann and Stoffel, 2013). Finally, age- and diameter-dependent sensitivities of trees observed in hydro-77 

geomorphic processes are yet another factor to be considered (Tichavský and Šilhán, 2016). These sensitivities 78 

thus represent a third source of non-stationarity in tree-ring reconstructions. 79 

In this study, we deployed a dendrogeomorphic approach to study snow avalanches on a slope of the upper Guil 80 

valley (Chateau-Ville-Vieille municipality, French Alps) in the Queyras massif. We addressed the following 81 

questions: (i) How does the forest cover evolution induce non-stationarities in tree-ring reconstructions of snow 82 

avalanche activity? (ii) How are trends inherent to tree-ring approaches distinguishable from real fluctuations in 83 

avalanche activity? To answer these questions, we selected a slope comprising six different avalanche paths with 84 

similar morphology (in terms of altitude of the starting zone and path length) but different forest cover (i.e. densely 85 

forested paths upstream and corridors characterized by a marked transverse zonation downstream), thus allowing 86 

comparison between reconstructions. To this end, we performed a diachronic analysis of historical maps, aerial 87 

photographs and estimated tree ages to document the evolution of the forest stand within each path. We 88 

hypothesized that potential non-stationarities in tree-ring reconstructions could result from (1) forest recolonization 89 

after destructive avalanche events or (2) afforestation related to recent socio-environmental changes at the study 90 

site. 91 

2. Study site 92 

The site under investigation is on the territory of Château-Ville-Vieille (Queyras massif, French Alps), 1.5 km to the 93 

northwest of a hamlet called Souliers. The study site is locally known as Grand Bois (44° 47'N, 6° 46'E, Fig. 1) and 94 

consists of a west-facing slope (135 ha) extending from the Crépaud ridge (2580 m asl) to the Souliers torrent (1900 95 

m asl). Naturally triggered snow avalanches are common on the slope and release from several starting zones 96 



located between 2300 and 2580 asl. We delineated six avalanches paths (S1-S4, A1-A2) based on the mapping of 97 

erosional and depositional avalanche features in the field as well as on the interpretation of aerial photographs. We 98 

derived the morphometric characteristics of each path from a 5-m Digital Elevation Model (DEM) extracted from the 99 

IGN RGE ALTI® database (Tab. 1). With respect to land cover, a preliminary analysis of aerial photographs shows 100 

a north-south gradient of afforestation on the selected paths, meaning that the forest cover increases from 31.2% 101 

at A2 to 65.1% at S2. Paths S3-S4 and A1-A2 have characteristic transverse vegetation patterns, as defined by 102 

Malanson and Butler (1984): dense shrubs with flexible stems colonize the inner zone of these paths, including 103 

European rowan (Sorbus aucuparia L.) or common juniper (Juniperus comunis); in the outer zones, European larch 104 

(Larix decidua Mill.) is dominant. Rhododendron (Rhododendron ferrugineum L.) and bilberries (Vaccinium myrtillus 105 

L.) form most of the understory vegetation. By contrast, transverse vegetation patterns were absent at S1-S2 and 106 

tree stand physiognomy (i.e. candelabra-shaped or broken-crown trees) was the main evidence of past avalanche 107 

occurrences. According to Saulnier (2012), residents exploited the Grand Bois de Souliers slope intensively for 108 

pastoralism since the mid-19th century. Despite a sharp decline in pastoral activities, forest exploitation remained 109 

in place over large parts of the 20th century and until pastoralism disappeared in 1971 (Saulnier et al., 2015). 110 

 111 



Figure 1. Location of the studied paths: (a) overview of the Queyras massif (French Alps), (b) detailed view of the 112 

Chateau-Ville-Vieille locality within the Queyras massif and the study site (c) detailed view of the six avalanche 113 

paths delineated on the Grand Bois de Souliers slope. 114 

At the meteorological station of Saint-Véran (44°41’N, 6°52’E, 2039 m asl), located 12 km southeast of Grand Bois, 115 

mean annual precipitation and temperature are 709.6 mm and 5.3°C (1981–2010), with a winter (Dec-Apr) mean 116 

temperature of -0.2°C and winter precipitation totaling 237 mm on average. Due to its remoteness and the lack of 117 

objects at risk, the northernmost portion (S1-S4) of the Grand Bois de Souliers slope has neither been included in 118 

the EPA (Enquête Permanente sur les Avalanches; Bourova et al., 2016; Mougin, 1922) database nor mapped in 119 

the CLPA (Carte de Localisation des Phénomènes Avalancheux; Bonnefoy et al., 2010). Conversely, in the case 120 

of paths A1-A2, CLPA maps exist for two events: one in 1972 covering the Souliers road and torrent over 80 m. 121 

The second record is from December 2008 when a powder-snow avalanche destroyed 50 m3 of wood. The 2008 122 

event occurred during an intense avalanche cycle that affected the Queyras between December 14 and December 123 

17, 2008 (Eckert et al., 2010b). During this period, southerly atmospheric fluxes progressively evolved into an 124 

easterly return causing important snowfall for three days. Cold temperatures and drifting snow aggravated the 125 

situation and caused the occurrence of 209 avalanches over a period of 5 days according to the EPA avalanche 126 

database. Some avalanches had very long runout distances and exceeded the historical limits recorded in the 127 

CLPA (Gaucher et al., 2009). 128 

Table 1. Main characteristics of the studied avalanche paths. Numerical values correspond to the areas delineated 129 

in Fig. 1c and derived from crossed a 5-m DEM. 130 

Path 

Avalanche path Release area 

Aspect Length Mean width Area Mean slope Forest cover in 2015 Release altitude Mean slope Area 

 (m) (m) (ha) (°) (%) (m) (°) (ha) 

S1 W 1231 250 39.1 22.4 45.92% 2390-2570 28.1 7.9 

S2 W 990 350 35.6 24.8 65.13% 2350-2420 26.7 1.5 

S3 W 1107 250 27.6 28 43.53% 2300-2515 31.1 7.5 

S4 W 950 180 16.5 28.8 55.49% 2380-2490 29.6 2.1 

A1 W-S 695 92 6.02 27 50.33% 2150-2250 34.4 1.2 

A2 W-S 1105 160 15.6 28.4 31.20% 2375-2490 34.8 2 
 

 131 

3. Material and methods 132 

3.1. Sampling strategy, dating and classification of growth disturbances 133 

The field work missions in summers 2011 (S1-S2) and 2016 (S3-S4, A1-A2) allowed collecting a total of 884 134 

increment cores from 825 European larch (Larix decidua Mill.) trees growing in the 6 avalanche paths. In the field, 135 

the sampling design followed the recommendations of Šilhán and Stoffel (2015) and Stoffel and Corona (2014), 136 

with particular attention paid to the number and the spatial distribution of sampled trees as well as to the balance 137 



between older and younger trees. The use of a 1-m precision GPS device allowed recording the position of each 138 

tree. In addition, we recorded a series of data including the diameter at breast height (DBH) and the nature of the 139 

disturbance (type, height) in the field. In the lab, we applied standard dendrochronological procedures (Stoffel and 140 

Bollschweiler, 2008) to process the samples. We used the Souliers and Echalp reference chronologies (Corona et 141 

al., 2012; Saulnier et al., 2019) to cross-date growth disturbances (GD) identified in the tree-ring series and to 142 

correct the tree-ring records of affected trees in case of missing or false tree rings. We considered injuries and 143 

callus tissues (CT) (Stoffel et al., 2010), tangential rows of traumatic resin ducts (TRD) (Schneuwly et al., 2009a, 144 

2009b), compression wood (CW) and sharp growth suppression (GS; Kogelnig-Mayer et al., 2013)—considered if 145 

tree-ring width was ≥60% smaller over ≥3 year compared to mean tree-ring width of the 5 years preceding the sharp 146 

decrease—as the most reliable indicators of past avalanche activity. To emphasize features obviously associated 147 

to snow avalanche activity, we classified GDs by intensity (Stoffel et al., 2013) based on their visual aspect and 148 

according to the classification proposed by Kogelnig-Mayer et al. (2011) as follows: weak (intensity class 1), medium 149 

(intensity class 2), strong (intensity class 3) reactions and clear evidence of injuries (intensity class 4). 150 

3.2. Detection of past avalanche events in growth disturbance series 151 

To detect past snow avalanche events in GD series, we employed the four-step procedure proposed by Favillier et 152 

al. (2017); please refer to Fig. 2 for details. We restricted the avalanche reconstruction to the period for which at 153 

least 10 trees were alive. In addition, we adjusted the minimum number of GDs and Shroder’s It index (Shroder, 154 

1978) in a way to account for changes in sample depth (Butler and Sawyer, 2008; Corona et al., 2012). Definition 155 

of these thresholds depends on the nature of the avalanche path and the type of vegetation, and sometimes needs 156 

to be adjusted to the study site. For this reason, we employed thresholds that were less rigid than those proposed 157 

by Favillier et al. (2017) so as to (1) to maximize the frequency of reconstructed events while still (2) taking sufficient 158 

care not to include noise in the reconstruction. To optimize the reconstruction, we considered preferentially trees 159 

located in the release area and within the tracks for the reconstruction of snow avalanches. We added GDs 160 

observed in ring series of trees located in the runout zone of more than one avalanche path (S2–S3; Fig; 3a) as 161 

additional evidence of past events. 162 



 163 

Figure 2. Synoptic diagram of the 4-step approach used for the detection of avalanche events in tree-ring series, 164 

adapted from Favillier et al. (2017). Growth disturbance (GD) and Shroder’s It index (It) thresholds vary according 165 

to sample size: (a) <20 trees; (b) 20 to 49 trees; (c) 50 to 99 trees; and (d) ≥ 100 trees. We analyzed avalanche 166 

events occurring at the same time as larch budmoth outbreaks (LBM) or climatic events again and assigned 167 

confidence levels to this dating according to the weighted index factor (Wit). 168 

In a second step (Fig. 2), we identified years with larch budmoth (LBM) outbreaks and climatic extremes (cold/dry 169 

years) as they could potentially bias the avalanche reconstruction. Saulnier et al. (2017) recorded LBM outbreak 170 

years at the study site. The homogenized temperature (1780-2014) and precipitation (1800-2002) records from the 171 

HISTALP grid points located nearest to the study site (Chimani et al., 2013; Efthymiadis et al., 2006) allowed the 172 

computation of extremely cold and dry summers. Table 2 presents the list of LBM events and extreme summers 173 

found at the study site. In case that potential avalanche events detected in step 1 coincide with LBM years or 174 

climatic extremes, we analysed tree-ring records again to avoid erroneous reconstruction of snow avalanches. In 175 

these years, we systematically excluded abrupt growth suppressions from the GD record. In addition, a minimum 176 

threshold of 3 GDs enabled the discrimination of avalanche from non-avalanche events (Fig. 2). In a third step, we 177 

assigned levels of confidence to each avalanche event based on the weighted index factor (Wit) proposed by 178 

Kogelnig-Mayer et al. (2011) accounting for GD type and intensity as follows: very high (vHLC, Wit > 0.3), high 179 

(HLC, 0.3 > Wit > 0.2) and medium (MLC, Wit < 0.2) (Favillier et al., 2017). To increase the stringency of the 180 

approach further, we rated each event detected during step 1 and events coinciding with LBM or climatic events in 181 

step 2 with a low level of confidence (LLC) (Fig. 2). In a last step, we mapped avalanche events and associated 182 

GDs using the ArcGIS 10.2.1 Time Slider (ESRI, 2013; Kennedy, 2013). On the basis of the position of impacted 183 



trees, we categorized avalanches with a length <600 m, 600-800m, 800-1000m, 1000-1200m, 1200-1400m, and 184 

<1400 m as eXtra-Small (XS), Small (S), Medium (M), Large (L), eXtra-Large (XL), eXtra- eXtra-Large (XXL) 185 

avalanches, respectively. Fig. 2 summarizes the thresholds employed in the four-step procedure with respect to the 186 

minimal number of GDs, their intensity and the minimum percentage of disturbed trees. At the scale of individual 187 

paths, we computed the annual probability for an avalanche event by dividing the number of reconstructed events 188 

by the period covered by the reconstruction. 189 

Table 2. Larch budmoth years (in bold) and pointer years (in italics) – according to Saulnier et al. (2017) – as well 190 

as extremely cold (*) and dry summers (**) (Efthymiadis et al., 2006; Saulnier et al., 2011) recorded in the French 191 

Alps. A careful analysis of these years enables detection of possible interferences between snow avalanche 192 

damage in trees and LBM and/or climatic signals. Both LBM and climate events may induce growth reductions 193 

comparable to those observed after snow avalanches in the tree-ring series. 194 

2003** 1926 1848 1801 

1997 1925 1847 1795 

1996 1918 1843* 1794 

1991** 1912* 1841* 1779 

1980 1910 1830 1766 

1972 1909* 1821* 1758 

1963 1902 1820 1750 

1950** 1901 1816*   

1947** 1888* 1813*   

1945 1867 1812   

1937 1860* 1803   

1936 1857 1802**   

 195 

3.3. Documentation of forest dynamics 196 

Time series of cartographic documents are reliable indicators of spatio-temporal dynamics of forest stands 197 

(cadastral, topographic maps, aerial photographs; Houghton et al., 2012). In France, the oldest map yielding data 198 

on evolution is the Napoleonic cadastral map from the early 19th century. Specifically created for taxation purposes 199 

(Eynard-Machet, 1993), this map offers a precise and detailed record of land ownership and use at the level of 200 

allotments (Coughlan, 2013). At Souliers, the Napoleonic cadastral map dates to 1827. We used it as a baseline 201 

for the documentation of forest cover changes. In addition, we analyzed pictures from 5 aerial flight campaigns from 202 

the French National Geographic Institute (IGN; <1:30,000) to detect forest changes, namely in 1945, 1971, 1981, 203 

2003 and 2015. Image interpretation was realized with standard photographic keys (i.e., tone, texture, pattern, 204 

shape, and size) and supplemented with secondary information on geomorphology, historical vegetation maps, and 205 

ground truth data. Based on these physiographic constraints, we realized visual interpretation and digitalization 206 

(Kennedy, 2013) at the path scale to generate maps of forest cover patterns for each of the dates, allowing 207 



quantification of forest cover changes between 1945 and 2015 for each path and for 100-m elevation bands using 208 

ArcGIS 10.2.1 (ESRI, 2013). In addition, this analysis also investigated data from 11 aerial flight campaigns with 209 

lower-resolution images (>1:30,000) to detect evidence of high-magnitude snow avalanches that would have 210 

destroyed the forested stands partially between 1945 and 2016. 211 

The age structure of the stand also served the assessment of forest dynamics for each path. For this purpose, we 212 

approximated the number of tree rings in each of the selected trees. Whenever the pith was not present on a core, 213 

we estimated the number of missing rings using the “Estimate Distance and Rings to Pith” function of the coo-214 

recorder 9.0 software (Larsson, 2016). In this study, sampling positions ranged from 0.2 to 1.5 m above ground 215 

level. To compensate for the time elapsed from germination until a tree reaches sampling height, we added an age 216 

correction factor (Bollschweiler et al., 2008; Bosch and Gutiérrez, 1999; Muntán et al., 2004). We estimated age at 217 

sampling height in comparison to nearby L. decidua trees with according heights, for which the age could be easily 218 

determined by counting branch whorls (Sorg et al., 2010). 219 

4. Results 220 

4.1. Evolution of the forest cover  221 

Trees sampled in the six paths were, on average, 186.1±126 years old. The oldest tree sampled in path S2 was 222 

628 years old whereas the youngest tree (S3) reached sample height in 2010. Amongst the individuals sampled on 223 

the Grand Bois de Souliers slope, 40.6% of the sampled trees were less than 100 years old and 26.7% had between 224 

200 and 300 growth rings at sampling height. One-fifth of all trees was older than 300 years (19.2%) and 8.3% of 225 

the sampled trees were at least 400-year-old. The spatial distribution of trees shows clear spatial patterns with three 226 

homogeneous areas (Fig. 3a): (1) an old-growth forest stand mainly composed of >300-year old trees in the 227 

northern part of the slope (S1-S2), (2) a cluster (S2-S3) where the distribution of tree ages ranges between 100 228 

and 300 years but does not exceed 100 years at the margins of the main tracks, and (3) several clusters of 229 

senescent trees above 2200-2300 m asl. 230 

Tree-ring data also provide valuable information on forest dynamics for the last century (Fig. 3a). Tree ages are 231 

significantly higher in paths S1 (306±122 yrs), S2 (229±122 yrs) and S3 (225±128 yrs) than in S4, A1 and A2 where 232 

tree ages averaged 137±120, 92±70 and 128±97 yrs, respectively. In paths S1-S3, sample depth exceeds 10% 233 

after 1620 CE and steadily increased between 1730 and 1860 (Fig. 3b). In these three paths, >70% of the sampled 234 

trees were present in 1860. Sample size evolved only moderately during the 20th century. By contrast, in paths S4 235 

and A1-A2, sample size evolves moderately from 18.3, 5.5, and 14.3% in 1750 CE to 36.1, 16.9, and 33.6% in 236 

1920, respectively. The number of sampled trees remains <40% before 1920 but sharply increases during the 237 

interwar period to exceed 80% after World War II. Here, results suggest a rapid colonization of the central part of 238 

the paths between the 1920s and the 1960s. 239 



 240 

Figure 3. Age structure of the forest stand growing at Grand Bois de Souliers: (a) spatial distribution of individual 241 

tree and interpolated stand ages; (b) evolution of the sample size at the six avalanche paths. The black line 242 

represents the mean sample size evolution. 243 

At the slope scale, historical maps and aerial photographs usefully supplement tree-ring data to document forest 244 

evolution since the mid-19th century. At the Grand Bois de Souliers slope, the Napoleonian Cadastral map from 245 

1827 shows a binary landscape with allotments (Getrille and Clos de la Chaussole) between 2100 and 2300 m asl 246 

mainly occupied by larch stands, whereas rocks and scree covered with shrubs and herbs take over above 2300 247 

m asl. Landscape changes appears rather limited between 1827 and 1945, but resolution obviously differs between 248 

the cadastral map and the aerial photographs. Between 1945 and 1971 (Fig. 4), diachronic comparison of aerial 249 

pictures reveals rapid forest sprawl, mostly in paths S1-S3, and an increase of forested areas between 2100 and 250 

2300 m asl by 9 ha (+71.1%, Fig 5). In addition, the expansion of young trees on bare areas is clearly visible above 251 



2300 m asl in S1-S3 (+0.72 ha). Between 1981 and 2015, forest colonization was ongoing above 2300 m asl (+9.6 252 

ha), i.e. in a zone where avalanches are usually released. Over the full period covered by aerial pictures (1945–253 

2015), the forested surface has more than doubled at Grand Bois de Souliers (32.7 vs. 89.7 ha or +274.3%). 254 

 255 

Figure 4. Diachronic evolution of the forest stands at Grand Bois de Souliers between 1945 and 2015: (a) 1945-256 

1971, (b) 1971-1981, (c) 1981-2003, and (d) 2003-2015. 257 



 258 

Figure 5. Evolution of the surfaces occupied by larch stands, computed for 100-m elevation bands, (a) at Grand 259 

Bois de Souliers; within (b) avalanche paths S1-S3; and (c) paths S4, A1 and A2 as delineated in Fig. 1. 260 

4.2 Past snow avalanche activity 261 

Comparison of the 16 additional aerial photographs available for the period 1945-2016 allowed retrieving signs of 262 

past avalanche events through the identification of avalanche-induced forest damage or avalanche deposits. 263 

Comparisons of aerial photographs of 1971–1974 and 2003–2009 allowed a delineation of the events listed in the 264 

CLPA for 1972 and 2008, respectively. We could not retrieve additional events in the 10 other photographs covering 265 

the periods 1945–1948, 1952–1971, 1974–2003, and 2009–2013 (Fig.4). 266 

Analysis of the 825 trees sampled in the six paths allowed identification and dating of 2,460 GDs (1750-2016) with 267 

annual resolution. Table 3 summarizes the number and types of GDs identified at the slope and path scales. The 268 

mean number of GDs per tree is significantly lower in paths S1-S3 (1.85, 2.1, and 1.7 GD.tree-1, respectively) as 269 

compared to paths S4, A1-A2 (3.7, 3.8, and 4.8 GD.tree-1, respectively). Figure 6 shows types of GDs computed 270 

for the time windows 1750-1799, 1800–1849, 1850-1899,1900-1949, and 1950–1999 in paths S1-S3 (Fig. 6a) and 271 

S4-A1-A2 (Fig. 6b). In paths S1-S3, the mean number of GDs progressively decreased from 41.6 GD.decade-1 272 

(n=208 GDs) in 1800-1849 to 28.2 GD.decade-1 (n=141 GDs) in 1950–1999. Conversely, in paths S4-A1-A2, we 273 



detect a significant increasing trend from 20.4 GD.decade-1 (n=102 GDs) in 1750-1799 to 122.4 GD.decade-1 274 

(n=612 GDs) in 1950–1999. For all paths, a clear shift is visible in the spectrum of mechanical damage: the 275 

percentage of growth suppression in the spectrum of mechanical damage decreased inversely proportional to the 276 

percentage of callus tissue, tangential rows of traumatic resin ducts and compression wood. In addition, in paths 277 

S4 and A1-A2, the proportion of injuries increased during the 19th century. Based on the 4-step procedure, the 278 

reconstruction of past events includes 974 GDs (40%). At the opposite, the procedure excluded 1460 GDs (60%) 279 

from analysis as they were noise and were not related to past snow avalanche activity. Amongst the 974 GDs, 314 280 

had intensities of 3 or 4 are thus considered the more robust indicators of snow avalanching. 281 

 282 

Figure 6. Bar plots showing the distributions of GD types and intensities between 1750 and 2000 for paths (a) S1-283 

S3 and (b) S4-A1-A2. 284 

Table 3. Intensities of reactions and types of growth disturbances (GD) assessed in the 825 larch trees selected 285 

for analysis. 286 

Path 

Impact scars Mechanical disturbances Growth suppression 

Total (n) TRD, CT, CW (n) (n) 

 strong medium weak strong medium weak 

S1 0 (0%) 45 (1.8%) 11 (0.4%) 21 (0.9%) 57 (2.3%) 42 (1.7%) 13 (0.5%) 189 (7.7%) 

S2 0 (0%) 70 (2.8%) 48 (2%) 88 (3.6%) 81 (3.3%) 96 (3.9%) 54 (2.2%) 437 (17.8%) 

S3 0 (0%) 46 (1.9%) 17 (0.7%) 22 (0.9%) 31 (1.3%) 49 (2%) 26 (1.1%) 191 (7.8%) 

S4 48 (2%) 80 (3.3%) 44 (1.8%) 218 (8.9%) 43 (1.7%) 86 (3.5%) 182 (7.4%) 701 (28.5%) 



A1 4 (0.2%) 31 (1.3%) 32 (1.3%) 128 (5.2%) 12 (0.5%) 12 (0.5%) 53 (2.2%) 272 (11.1%) 

A2 17 (0.7%) 84 (3.4%) 65 (2.6%) 305 (12.4%) 33 (1.3%) 55 (2.2%) 111 (4.5%) 670 (27.2%) 

Total 69 (2.8%) 356 (14.5%) 217 (8.8%) 782 (31.8%) 257 (10.4%) 340 (13.8%) 439 (17.8%) 2460 (100%) 

 287 

Dendrogeomorphic analysis allowed the dating of 97 snow avalanches (Fig. 7) occurring in 67 different years. 288 

Except for path A1 where the number of trees is insufficient to reconstruct avalanches before 1908, the sample 289 

depth exceeds the minimal threshold (n=10) for the period 1750-2016. In total, we reconstructed 6, 11, 11, 23, 10, 290 

and 36 avalanche events in paths S1, S2, S3, S4, A1 and A2, respectively. The oldest event occurred in 1756 on 291 

S2 whereas the most recent avalanche occurred in paths A1-A2 in 2015. Based on possible interferences between 292 

avalanche activity, climatic, and LBM signals in the tree-ring record (step 2), and based on the Weighted Index 293 

Factor (Wit; step 3, Figs. 7-8), we assigned very high and high levels of confidence to 28 and 30 events, 294 

respectively. By comparison, we reconstructed 22 events with a Wit<0.2, and characterized by a majority of weak 295 

and medium GDs, therefore rated with a LLC. We excluded 13 out of the 30 potential events coinciding with LBM 296 

outbreak episodes or extreme climatic years and we rated the 17 remaining events with an LLC (Fig. 7). At the 297 

annual scale, frequencies reached the highest values in the years 1808, 1908, 1933, 1971, 1972, 1984, and 2004, 298 

during which we reconstructed a snow avalanche on 3 out of 6 paths. Interestingly, we retrieved the two events 299 

mentioned in the CLPA for 1972 and 2008 with an LLC in S4-A1-A2 and with a vHLC in S4-A2, respectively. 300 

 301 

Figure 7. Synoptic diagram showing the characteristics of the reconstructed snow avalanche events and possible 302 

interferences with climate or larch budmoth outbreaks, level of confidence, and minimum slide extent. 303 

Considering all reconstructed events, the mean recurrence interval of avalanches at Grand Bois de Souliers is 2.8 304 

years (or 3.6 events per decade) for the period 1750–2016. The recurrence interval is not constant over time but 305 



shows a clear decrease from 5.9 years for the periods 1750–1850 and 1851-1950 to 2 years between 1950 and 306 

2015. Decadal frequencies reach their maximum between 1772 and 1793 (9 events), 1804–1810 (8 events), 1825-307 

1837 (7), 1932-1937 (5), 1970-1986 (13), and 1999-2009 (10) (Fig. 8). Conversely, the number of reconstructed 308 

events decreased drastically between 1838 and 1861 (1), 1884–1900 (1), 1912–1930 (1), 1938–1959 (2), 1964–309 

1969 (0), and 1987–1998 (5) (Fig. 8). At the path scale, the frequency of events sharply increased in A1 and A2 310 

since 1970. In these paths, the number of reconstructed events increased from 0 to 10 and from 6 to 18 for the 311 

periods 1924-1969 and 1970-2016, respectively. By contrast, tree-ring analyses in paths S1 and S2 did not 312 

evidence any events since 1933 and 1974 whereas GDs in tree-ring series revealed only 2 avalanches with LLC in 313 

S3 since 1974 (Fig. 8). Decadal frequency of events ranged between 0.3 (S1) and 0.68 events.decade-1 (S4, A2) 314 

for the period 1750-1882 but is very heterogeneous between paths: while it is <0.2 event.decade-1 in paths A1-A2, 315 

values exceeds 1 event.decade-1 in S4 (1.1) and S2 (2.04) for the period 1883-2016. 316 

 317 

Figure 8. Avalanche events reconstructed for the period 1750–2016 in six paths at Grand Bois de Souliers. Symbol 318 

sizes are proportional to the level of confidence. The color range highlights the minimum slide extent determined 319 

from the position of impacted trees. Grey bands represent years associated to LBM outbreaks. Vertical lines show 320 

snow avalanches documented in chronicles (black), as well as extremely dry (orange) and cold (blue) summers. 321 

5. Discussion 322 



The study we report here employs dendrogeomorphic techniques in six avalanche paths at Grand Bois de Souliers 323 

with the aim to discuss interrelations between forests stand dynamic and snow avalanche activity as documented 324 

by tree rings. To meet this objective, we used the detection procedure developed by Favillier et al. (2017) (1) to 325 

disentangle snow avalanche signs in tree-ring records from signals induced by climatic or ecological disturbances 326 

and (2) to qualify the robustness of our tree-ring based snow avalanche reconstruction. This procedure allowed the 327 

reconstruction of 97 snow avalanche events in 67 different avalanche years back to 1750 CE. In parallel, a 328 

diachronic analysis of cartographic documents and age estimates of the stand structure allowed quantification of 329 

forest structure evolution, as well as the illustration of the afforestation process in the selected paths since the mid-330 

18th century. In detail, our study reveals a strong dichotomy between paths S1, S2, and S3 (Group 1, G1) where 331 

the reconstructed chronology highlights the progressive disappearance of snow avalanche activity since the 1930s 332 

on one side and paths A1, A2 and to a lesser extent S4 (Group 2, G2) for which the recurrence intervals drastically 333 

increased since the 1970s on the other side. Forest cover evolution further reinforced this difference with a gradual 334 

increase in paths S1, S2, and S3 since 1750, whereas it showed an abrupt extension only around the 1920s in the 335 

other paths. 336 

5.1 Non-stationarity of the dendrogeomorphic reconstruction potential in paths A1, A2 and S4 337 

For the paths of Group 2, we attribute the increase in the avalanche frequency over the last decades to a non-338 

stationarity in the potential of dendrogeomorphic approaches to capture past snow avalanches. As such, we could 339 

attribute this non-stationarity to the underestimation of hidden scars as reported by Stoffel and Perret (2006): as 340 

conifers mask scars of past events effectively, the detection and/or positioning of old scars on the stem surface 341 

remain complex, rendering determination of suitable sampling positions a difficult task. It is thus possible to miss 342 

older events on increment cores of L. decidua, and older trees will tend to yield data on fewer impacts relative to 343 

their age (Trappmann and Stoffel, 2013). Corona et al. (2012) evidenced that snow avalanche chronologies derived 344 

from tree-ring series tend to underestimate process activity by roughly 60%. In a more recent study, however, de 345 

Bouchard d’Aubeterre et al. (2019) demonstrated that paths covered by forests up to release zones allow to 346 

reconstruct both exhaustive—up to 70% of the real snow avalanche activity—and reliable snow avalanche 347 

chronologies over longer time periods. Accordingly, the number of reconstructed snow avalanche events must be 348 

considered as a minimum frequency in our study. As geomorphic characteristics and forest cover of the studied 349 

paths are similar to those of the Ravin de la Salce (de Bouchard d’Aubeterre et al., 2019), we consider that the 350 

reconstructed activity in our study is close to real snow avalanche activity. 351 

Secondly, we could also attribute the tipping point observed in the reconstructions of Group2 paths in the 1970s to 352 

forest recolonization after an avalanche event destroying large parts of the forest stands, thereby removing 353 

evidence of past and subsequent events (e.g. Bryant et al., 1989; Carrara, 1989, 1979; Corona et al., 2012; Dubé 354 

et al., 2004; Germain et al., 2005; Kogelnig-Mayer et al., 2011, Larocque et al., 2001; Rayback., 1998). We could 355 



not retrieve evidence for such an extreme event from GDs detected between 1880 and 1920 in trees from paths 356 

S4, A1 and A2. Yet, the distribution of tree ages in paths A1-A2 and S4, showing a sharp increase in sample depth 357 

during the 1930s and signs of forest recolonization on topographic maps between 1896 and 1933 (Fig. 9b, c), 358 

supports the occurrence of such an event. On the site cleared by powder-snow avalanche in 2008, L. decidua 359 

seedlings tend to recolonize avalanche paths at Grand Bois de Souliers within only a few years after a geomorphic 360 

event. One may therefore reasonably assume that an avalanche that would have occurred in the early 1910–1920 361 

could have given rise to a new forest stand in the 1930s, and that this growing forest would have recovered its 362 

complete “dendrogeomorphic potential” in the 1970s. This assumption and the lags are in line with observations of 363 

a sharp increase in avalanche activity observed at Täsch (Swiss Alps; Favillier et al., 2018). Here the increase in 364 

reconstructed avalanche activity in the 1960s was the result of an extreme avalanche event that destroyed a 365 

400×800 m forest strip in 1920. It thus seems reasonable to suggest that a forest stand will need up to 40–50 years 366 

to reach its full “dendrogeomorphic potential” after an extreme event. Obviously, the above-mentioned time period 367 

is strongly dependent of the intensity of the destructive event, the altitude of the forest stands and the recruitment 368 

rate of the considered tree species. 369 

5.2 Non-stationarity of the snow avalanche activity related to slope afforestation 370 

In the paths of Group 1, the frequency of GDs and avalanche events detected in the tree-ring series decreased 371 

since the 1930s. In these three paths, the oldest trees are more than 500 years old and most of the sampled trees 372 

exceed 200 years. In addition, forests continuously expanded since ca. 1540, and especially during the 18th century. 373 

The presence of multi-centennial trees in avalanche paths suggests the absence of extreme events since the mid-374 

16th century as otherwise extreme avalanches would have destroyed the forest stand. Furthermore, evidence for 375 

more moderate snow avalanching as compared to Group2 exists via the more limited number of GDs (n=857) 376 

identified and dated in the tree-ring series from the 461 trees sampled in this sector and via the absence of injuries 377 

(intensity 4 damage). By contrast to Group1, the dendrogeomorphic potential in the paths of Group2 appears to be 378 

constant over time and reconstructions should thus properly reflect the natural fluctuations of avalanche activity. 379 

Yet, we should not dissociate conservation of the forest from human activity at Souliers. Saulnier (2012) reports 380 

that specific silvicultural rules existed since “immemorial times” at Grand Bois de Souliers to maintain the protective 381 

function of the forest stand. Interestingly, Roman (1887) and Gadoud (1917) indicate a multiplication of protective 382 

regulations between the 13th and 15th centuries in the Queyras massif aimed at preventing forest overexploitation 383 

or destruction. The proclamation of these regulations coincides with the age of the oldest trees in paths S1 and S2. 384 

From a perspective of process dynamics, our reconstruction shows a moderate, yet continuous avalanche activity 385 

in paths S3 and S2—and to a lesser extent in S1—between the mid-18th century to the 1930s that decreased 386 

sharply thereafter. This evolution is most likely related to the afforestation of several release areas that is clearly 387 

visible through the analysis of aerial photographs since 1945. Indeed, the presence of trees is a decisive factor 388 



stabilizing snowpack by (1) increasing terrain roughness (2) intercepting falling snow, (3) modifying radiation and 389 

temperature regimes and by (4) reducing near-surface wind speeds (de Quervain, 1978; Leitinger et al., 2008; 390 

McClung, 2003; Salm, 1978). Schneebeli and Bebi (2004) demonstrated that these effects considerably limit 391 

avalanche formation to the steepest slopes (>35°). 392 

 393 

Figure 9. Diachronic comparison of topographical maps of (a) 1866, (b) 1896, (c) 1933, (d) 1971, and (e) 2015. 394 

According to the labelling system of each map, forest cover is represented by green polygons on the maps dated 395 

to (a) 1866, (b) 1896, (c) 1933 and (e) 2015, and with conifers like pictograms on (d) the 1971 map. Germination 396 

dates of sampled trees suggest that a devastating avalanche in the 1910s or 1920s cleared the forested surface in 397 

paths S1-A1-A2. Topographic maps support this interpretation by showing the absence of a forest (c) in 1933 and 398 

an almost complete (re)colonization (d) in 1971 and (e) in 2015. 399 



Even if the interrelations between a decrease of snow avalanche activity and forest expansion are undoubted, the 400 

causes for this evolution are less easily understood. Indeed, one should keep in mind that forest colonization in 401 

paths S1-S3 dates to Medieval times as testified by the age structure of sampled trees and that the forest expanded 402 

continuously, especially during the 18th and 19th centuries. This trend is in line with the forest expansion observed 403 

at Chateau-Ville-Vieille (and at the scale of the Queyras massif), where forested areas increased from 357 ha (4400 404 

ha in the Queyras massif) in 1747 to 2,325 ha (16,000 ha) in 1908 (Gadoud, 1917). The anthropogenic global 405 

warming cannot reasonably explain pre-industrial afforestation. According to Touflan et al. (2010) and Chauchard 406 

et al. (2010), forest and grazing management induced significant recruitment of L. decidua during the 18th and the 407 

19th centuries. Larch is not only an early successional species, but also favored by shepherds because of its 408 

compatibility with grazing activities. The deciduous foliage of larch, with its soft needles and its low tree density, 409 

ensures high grass productivity and offers shelter from rain and intense sunlight to both cattle and sheep (Carrer 410 

and Urbinati, 2001; Chauchard et al., 2010; Motta and Lingua, 2005). In addition, larch is probably more resistant 411 

to trampling as compared to swiss stone pine or silver fir and its wood is also more valued for its natural decay 412 

resistance, high density and aesthetic value (Chauchard et al., 2010). In addition, the strong decrease of livestock 413 

from 6808 units (LU) in 1836 (Granet-Abisset, 1994), to 3015 LU in 1961 (Leynaud and Georges, 1965), and 1994 414 

LU in 2010 (AGRESTE, 2012), resulting from a rural exodus (Chauchard et al., 2007; Didier, 2001; Motta and 415 

Garbarino, 2003), is an imprint of the progressive abatement of livestock grazing in the Queyras. The reduced 416 

livestock pressure and rural exodus certainly explains part of the upward shift of larch trees at Souliers as it 417 

coincides with the demographic evolutions in (1) the Chateau-Ville-Vieille municipality where the number of 418 

inhabitants decreased from 1440 in 1763 to 766 in 1911 and (2) in the Queyras massif where the 1911 census 419 

population (4094 inhabitants) was lower to the one of 1700 (5310 inhabitants) (Blanchard, 1915). 420 

Finally, we cannot exclude potential influences of decreasing trends in snow cover depth (Beniston et al., 2018; 421 

Durand et al., 2009; Reid et al., 2016) and snow cover duration (Beniston, 1997; Uhlmann et al., 2009) on 422 

avalanche-forest interactions through direct impacts on avalanche frequency (Eckert et al., 2010c; Ballesteros-423 

Cánovas et al., 2018) and the nature (Pielmeier et al., 2013; Naaim et al., 2016) of snow avalanches. At Grand Bois 424 

de Souliers slope, it is therefore possible that the increase in the tree-line in the 20th century was a mere bounce-425 

back to a level without depression by previous anthropogenic activity (Gehrig-Fasel et al., 2007), rather than a 426 

climatically induced advance of the tree-line. Similarly, (i) the absence of clear trends in avalanche frequency in 427 

Group2 since the 1970s, (ii) the rather weak decrease in snow amounts and snow cover duration documented so 428 

far in the Southern French Alps (Durand et al., 2009; Castebrunet et al., 2014) at the altitudes at which the 429 

avalanche release areas are located, and (iii) the rather limited changes documented over the last decades in 430 

avalanche occurrence numbers around the study area (Eckert et al., 2013; Lavigne et al., 2015) further suggest 431 

limited impacts of global warming. 432 



6. Conclusion 433 

In summary, this study provided answers to the two research questions posed: (i) how does past forest cover 434 

evolution induce non-stationarities in tree-ring reconstructions of snow avalanche activity? (ii) How are trends 435 

inherent to tree-ring approaches distinguishable from real fluctuations in avalanche activity? 436 

First, two distinct types of non-stationarities were identified in the reconstructed avalanche activity. In the three 437 

paths located in the southern part of the slope, a strong increase in avalanche frequency occurred since the 1970s. 438 

The distribution of tree ages retrieved from dendrogeomorphic analyses, in combination with old topographic maps, 439 

allowed attributing this non-stationarity to rapid afforestation of the snow avalanche paths. In the northern paths, 440 

the frequency of reconstructed events decreased in S1 during the 1930s and in S2-S3 after World War II. This non-441 

stationarity is related to the densification of the forest stands in these paths since the 18th century and to the 442 

colonization of the release areas during the 20th century. 443 

Second, the rapid afforestation evidenced in the three southern paths of the slope is related to a forest recolonization 444 

process induced by a snow avalanche that destroyed the forest stand before the 1930s. On the three northern 445 

paths, the identified non-stationarity indicates a decrease in snow avalanche activity induced by forest colonization 446 

processes. Even if global warming may still play a role in this evolution—by speeding up forest colonization or 447 

weakly decreasing available snow amounts in S1-S3—, both dynamics are explainable by socio-environmental 448 

factors. Their impact on forest cover dynamics, namely through forest and grazing management during the 18th 449 

century, and the rural exodus and abatement of grazing throughout the 20th century, is particularly evident. 450 

These results demonstrate the necessity for a more careful inclusion and consideration of socio-environmental 451 

factors—such as the pastoral decline or rural exodus—to better understand and explain ongoing trends in mass-452 

movement activity. More widely, this study calls for more systemic approaches in tree-ring reconstructions to tackle 453 

the complex interrelations among forest evolution, global warming, social practices and process activity adequately 454 

in the future. 455 

  456 
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Captions 759 

Figure 1. Location of the studied paths: (a) overview of the Queyras massif (French Alps), (b) detailed view of the 760 

Chateau-Ville-Vieille locality within the Queyras massif and the study site (c) detailed view of the six avalanche 761 

paths delineated on the Grand Bois de Souliers slope. 762 

Figure 2. Synoptic diagram of the 4-step approach used for the detection of avalanche events in tree-ring series, 763 

adapted from Favillier et al. (2017). Growth disturbance (GD) and Shroder’s It index (It) thresholds vary according 764 

to sample size: (a) <20 trees; (b) 20 to 49 trees; (c) 50 to 99 trees; and (d) ≥ 100 trees. We analyzed avalanche 765 

events occurring at the same time as larch budmoth outbreaks (LBM) or climatic events again and assigned 766 

confidence levels to these events according to the weighted index factor (Wit). 767 

Figure 3. Age structure of the forest stand growing at Grand Bois de Souliers: (a) spatial distribution of individual 768 

tree and interpolated stand ages; (b) evolution of the sample size at the six avalanche paths. The black line 769 

represents the mean sample size evolution. 770 

Figure 4. Diachronic evolution of the forest stands at Grand Bois de Souliers between 1945 and 2015: (a) 1945-771 

1971, (b) 1971-1981, (c) 1981-2003, and (d) 2003-2015. 772 

Figure 5. Evolution of the surfaces occupied by larch stands, computed for 100-m elevation bands, (a) at Grand 773 

Bois de Souliers; within (b) avalanche paths S1-S3; and (c) paths S4, A1 and A2 as delineated in Fig. 1. 774 

Figure 6. Barplots showing the distributions of GD types and intensities between 1750 and 2000 for paths (a) S1-775 

S3 and (b) S4-A1-A2. 776 

Figure 7. Synoptic diagram showing the characteristics of the reconstructed snow avalanche events and possible 777 

interferences with climate or larch budmoth outbreaks, level of confidence, and minimum slide extent. 778 

Figure 8. Avalanche events reconstructed for the period 1750–2016 in six paths at Grand Bois de Souliers. Symbol 779 

sizes are proportional to the level of confidence. The color range highlights the minimum slide extent determined 780 

from the position of impacted trees. Grey bands represent years associated to LBM outbreaks. Vertical lines show 781 

snow avalanches documented in chronicles (black), as well as extremely dry (orange) and cold (blue) summers. 782 

Figure 9. Diachronic comparison of topographical maps of (a) 1866, (b) 1896, (c) 1933, (d) 1971, and (e) 2015. 783 

According to the labelling system of each map, forest cover is represented by green polygons on the maps dated 784 

to (a) 1866, (b) 1896, (c) 1933 and (e) 2015, and with conifers like pictograms on (d) the 1971 map. Germination 785 

dates of sampled trees suggest that a devastating avalanche in the 1910s or 1920s cleared the forested surface in 786 



paths S1-A1-A2. Topographic maps support this interpretation by showing the absence of a forest (c) in 1933 and 787 

an almost complete (re)colonization (d) in 1971 and (e) in 2015. 788 

Table 1. Main characteristics of the studied avalanche paths. Numerical values correspond to the areas delineated 789 

in Fig. 1c and derived from crossed a 5-m DEM. 790 

Table 2. Larch budmoth years (in bold) and pointer years (in italics) – according to Saulnier et al. (2017) – as well 791 

as extremely cold (*) and dry summers (**) (Efthymiadis et al., 2006; Saulnier et al., 2011) recorded in the French 792 

Alps. A careful analysis of these years enables detection of possible interferences between snow avalanche 793 

damage in trees and LBM and/or climatic signals. Both LBM and climate events may induce growth reductions 794 

comparable to those observed after snow avalanches in the tree-ring series. 795 

Table 3. Intensities of reactions and types of growth disturbances (GD) assessed in the 825 larch trees selected 796 

for analysis. 797 




