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In snow-rich areas, snow avalanches endanger settlements and cause heavy damage to infrastructure or
transportation routes. In wooded avalanche paths, dendrogeomorphology has been used extensively to recon-
struct snow avalanche histories or to complement existing archival records. Several authors noted (i) that ava-
lanche chronologies reconstructed from tree rings would depend on the number of trees sampled, and on (ii)
the minimum number of tree-ring responses; and (iii) that they would always represent minimum frequencies.
These restrictions gave rise to the question of how much of the real avalanche activity can be captured in tree-ring
records. We therefore performed a dendrogeomorphic analysis based on 175 Larix decidua Mill. and 34 Picea abies
(L.) Karst. trees from an extensively and accurately documented (1905-2010) avalanche path located in the Arve
valley (French Alps) to obtain optimal thresholds for sample size and index values (i.e. percentage of responses in
relation to the number of trees alive for a given year). Results clearly demonstrate that a sample size of ~100 trees
is needed to obtain the best match between reconstruction (tree rings) and documentation (archives) while min-
imizing the inclusion of noise in the dendrogeomorphic record. Validation of the reconstruction (1771-2010)
with historical archives shows that 13 undocumented events could be added to the archival record and that
43% of all documented events were deciphered with dendrogeomorphic techniques. The reconstruction of the
spatial extent and reach of past snow avalanches matches with historical archives as far as the longitudinal extent
of the largest avalanches is concerned. Yet, tree-ring records tend to underestimate runout elevations for a majority
of minor events. Large discrepancies are also reported between the lateral limits derived with dendrogeomorphic
techniques and the data reported in historical reports and hazard maps, with tree-ring data suggesting larger lateral
spread of avalanche snow.
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1. Introduction change analysis in time series of aerial photographs, vegetation studies)

and/or interviews with (elderly) residents. Although these approaches

Snow avalanches are major hazards to humans living in or visiting
mountain ranges around the world. Densely populated mountain re-
gions have experienced the largest amount of avalanche-related death
tolls and infrastructural damage over the centuries. In the Alps, for exam-
ple, the earliest chronologies date back to the 14th century (Casteller et
al., 2011). These archival records have repeatedly been used in the past
to document the chronology and the extent of past avalanches. Other
empirical methods used by practicioners included terrain analysis (e.g.,
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represent an indispensible step in avalanche hazard assessments
(Ancey, 2004), (i) they strongly rely on the experience of a few individ-
uals and inevitably suffer from shortcomings: archival records of past av-
alanche events do not normally yield data with satisfying spatial and
temporal resolution or (ii) precision (e.g., runout distance, avalanche
type). In addition, historic documentation is most often (iii) biased to-
ward events that caused damage to structure or loss of life on one
hand and (iv) nonexistent in unpopulated areas on the other hand
(Bollschweiler et al., 2011).

Where avalanche paths are covered with forest, dendrogeomorphol-
ogy can be used to date past avalanche events with annual resolution
and for periods covering the past decades to centuries (Butler and
Sawyer, 2008). The basic principles of tree-ring dating of mass-
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movement processes have been outlined e.g., by Alestalo (1971), Butler
(1987), Stoffel and Bollschweiler (2008) and Stoffel et al. (2010a). Den-
drogeomorphology is based on the fact that trees form one increment
ring per year in temperate climates and that trees affected by geomor-
phic processes will record the event in the form of characteristic growth
disturbances (GD) in their tree-ring series. The use of tree rings for the
reconstruction of chronologies of snow avalanching has a decades-
long history, with increasing sophistication characterizing most recent
applications (Butler and Sawyer, 2008). Pioneering dendrogeomorphic
studies on snow avalanches date back to the 1960s when Potter
(1969) and Schaerer (1972) developed the first avalanche reconstruc-
tions in North America (also see Table 1 and Butler and Sawyer (2008)
for a recent review). Dendrogeomorphic analyses of snow avalanches
were unusual in Europe before the early 2000s but were becoming in-
creasingly popular in the early 2000s (Table 1), particularly in the Alps
(e.g., Casteller et al.,, 2007; Corona et al., 2010; Stoffel et al.,, 2006) and
Pyrenees (Muntan et al., 2009).

It has been noted in previous work that avalanche histories derived
from tree-ring records would always remain incomplete (Reardon et
al,, 2008) and that the resulting time series would therefore represent
minimum frequencies of past activity (Stoffel et al., 2006). Past events
may have been missed as a result of tree selection in the field or through
the fact that avalanches did not leave any signs in the trees currently
present in the avalanche path (Stoffel et al., 2010b). Previous dendro-
geomorphic work on snow avalanches also suffered from the lack of a
uniform agreement concerning minimum sample size (ie. sample
size) and the minimum number (and intensity) of growth disturbances
(GD) necessary for the recognition of a past avalanche event (Butler and
Sawyer, 2008; Butler et al., 1987; Germain et al., 2009).

As a consequence, these restrictions give rise to the question of
how much of the real avalanche activity can be captured in the
tree-ring series. While it is true that past dendrogeomorphic recon-
structions have been compared with (limited) archival records (e.g.,
Corona et al., 2010; Dubé et al., 2004; Hebertson and Jenkins, 2003;
Reardon et al., 2008), snow avalanche histories derived from tree-ring
records have not been calibrated on consistently and systematically
documented paths so far.

It was therefore the purpose of this study to (i) compile archival data
for an unusually well-documented avalanche path in the French Alps;
(ii) illustrate how variations in the minimum number of responding
samples can result in variations in snow avalanche chronologies; (iii)
quantify the proportion and nature of snow avalanches reconstructed
with dendrogeomorphic techniques; and to (iv) evaluate the spatial
reliability and accuracy of tree-ring reconstructions.

2. Study site

The present study was conducted on the north-facing slope of the
Arve Valley in the Northern French Alps (Haute-Savoie, 45°54'N,
6°51'E, Fig. 1), where the Pélerins avalanche path extends from
1100 to 3650 m asl and dominates the hamlet of Les Pélerins, located
2 km southwest of downtown Chamonix. Snow avalanches are com-
monly naturally triggered from a starting zone (50 ha) located between
2750 and 3650 m asl (mean slope angle: 36°) where an orthogneissic
rockwall is partly covered by the Pelerins glacier. Once released,
snow avalanches pass through a conical track (mean slope angle:
30°, path length: 1200 m) before reaching the runout zone (15 ha)
at 1350 m asl.

A characteristic transverse vegetation pattern (Malanson and Butler,
1984) can be observed across the track: The inner zone is colonized by
dense shrubs and shade-intolerant pioneer tree species with flexible
stems, such as green alder (Alnus viridis (Chaix) DC), European rowan
(Sorbus aucuparia L.) and silver birch (Betula pendula Roth.). In the
outer zone, European larch (Larix decidua Mill.) and Norway spruce
(Picea abies (L.) Karst.) are dominant. Located in the upper mountain
stage (Ozenda, 1985), the runout zone is covered by a dense forest

dominated by P. abies. A vast majority of trees around the track and
within the runout zone exhibit clear signs of disturbance from multiple
avalanche events.

According data from the nearby meteorological station of Chamonix
(1054 m asl), annual temperature is 6.6 °C for the 1935-1990 period
and annual precipitation amounts to 1262 mm for the 1934-1990 period
(Zumbiihl et al., 2008). For the same periods, winter temperature (DJF) is
—2.5 °C and winter precipitation amounts to 311 mm (Zumbiihl et al.,
2008). Between December and April, precipitation falls primarily as
snow. Average annual snowfall reaches 287 cm (4121 cm) for the
period 1960-2007.

The Pélerins avalanche path threatens the hamlet of Les Pélerins and
the first section of the Aiguille du Midi cable car (Les Pélerins-La Para),
which has been constructed for the first Winter Olympics in 1924. In ad-
dition, the access road to the Mont Blanc Tunnel crosses the runout zone
several times below 1275 m asl. This tunnel is a major north-south con-
nection for Europe and two million vehicles have been counted on this
road per year, of which 33% are trucks (Deline, 2009). As a result of the
intense and multi-purpose use of the area, abundant and continuous
historical records are available for the Pélerins avalanche path.

3. Materials and methods
3.1. Compilation of historical archives

Several documentary sources were used in this study to compile a
precise and as complete as possible historical chronology of ava-
lanche events in the Pélerins path. Most of the recent data were
extracted from the “Enquéte Permanente des Avalanches” (EPA), a
chronicle describing the history of avalanche events for ~5000 recog-
nized paths in the French Alps and the Pyrenees (Eckert et al., 2009).
These EPA records are usually complemented with a map (Carte de
Localisation des Phénoménes Avalancheux; hereafter referred to as
CLPA) localizing the release zones, lateral extent, runout elevations,
and type of snow avalanches (Jamard et al., 2002). As a result of the
potential threat to infrastructure, the Pelerins avalanche path has re-
ceived considerable attention in the past and activity has been documen-
ted continuously and with unusual accuracy since the beginning of the
20th century. In addition, technical reports (e.g., ETNA, 2000; Lagotala,
1927; Leone, 2006), aerial photographs and terrestrial photographs
were used to assess the extent of high-magnitude events.

Data on pre-20th century events were derived from diaries, paint-
ings and municipal archives (Lambert, 2009). Particularly, the events
for the period 1779-1802, 1830-1850 and 1860-1881 were derived
from diaries written by J.M. Cachat (Cachat, 2000), F.X. Cachat and J.A.
Couttet (Chaubet, 2011; Leone, 2006) and F. Savioz (Leone, 2006),
respectively.

3.2. Dendrogeomorphic analysis

The reactions of trees to snow avalanches are driven by the forces
of the avalanche and the mechanical impact of debris (i.e. rocks and
boulder or broken trees) transported by the snow as well as by the
size and flexibility of the tree itself (Bebi et al., 2009). Typical mor-
phologies of avalanche trees include tilting, wounding as well as trunk,
apex and branch breakage (Bartelt and Stockli, 2001; Luckman, 2010).
These external anomalies are reflected in the wood with anomalous an-
atomical features, which can be detected and accurately dated in tree-
ring series using dendrogeomorphic techniques (e.g., Stoffel and
Bollschweiler, 2008, 2009). The reactions most commonly observed in
tree rings following avalanche activity are (i) a distinct growth suppres-
sion (Butler and Malanson, 1985) following apex loss or the break-off of
branches (Johnson, 1987), (ii) the formation of compression wood
(Timell, 1986) with thicker (rounder) and slightly darker tracheids
(Stoffel and Bollschweiler, 2008) after tilting and (iii) the production of
chaotic callus tissue (Stoffel et al., 2010a) and tangential rows of



C. Corona et al. / Cold Regions Science and Technology 74-75 (2012) 31-42

traumatic resin ducts (referred hereafter as to TRD) at the edges of the
injury after wound infliction and/or cambium damage (Schneuwly et
al., 2008; Stoffel and Hitz, 2008).

For this investigation, we used the appearance of callus tissue and
TRD, the initiation of compression wood and abrupt growth reductions
to determine the occurrence of avalanches. A total of 209 trees (175 L.

33

decidua and 34 P. abies trees) damaged by snow avalanches was sampled
with 452 increment cores. A minimum of two increment cores were
extracted per tree, with one from upslope in the assumed direction of
past avalanche event and one in the opposite direction. GPS coordi-
nates were recorded for each tree with 1-m accuracy using a Trimble
GeoExplorer. For each tree, additional data were collected including

Table 1
Bibliographic synthesis on tree-ring reconstructions of snow avalanches.
Authors Year Country Location Number  Species Sample Period Number of Minimal ~ Number of
of paths depth growth Index avalanche
disturbances value events
Potter 1969 USA Wyoming 17
Schaerer 1972 Canada British Unknown Unknown Unknown Unknown Unknown Unknown Unknown
Columbia
Smith 1973 USA Washington 13 Unknown Unknown Unknown Unknown Unknown Unknown
Ives et al. 1976 USA Colorado Unknown Populus tremuloides, Picea engelmannii Unknown 1860- 56 Unknown 6
1974
Carrara 1979 USA Colorado 1 Populus tremuloides, Picea engelmannii, 50 1880- Unknown Unknown 4
Abies lasiocarpa, 1976
Butler 1979 USA Montana 5 30
Butler and 1985 USA Montana 2 Picea engelmannii, Abies lasiocarpa, 30+48 1924- Unknown 40% 10+15
Malanson Pseudotsuga menziesii, Larix occidentalis, 1979
Pinus contorta 1934-
1981
Frazer 1985 Canada Alberta
Johnson 1985 Canada Alberta
etal.
Bryant et al. 1989 USA Colorado 3 Populus tremuloides, Picea engelmannii 60+60  Unknown Unknown Unknown Unknown
+60
Patten and 1994 USA Wyoming
Knight
Rayback 1998 USA Colorado 2
Larocque 2001 Canada Québec 1 Picea glauca, Picea mariana, Abies 111 1885- Unknown 10% 3
etal. balsamea, Larix laricina 2000
Hebertson and 2003 USA Utah 16 Picea engelmannii, ,Abies lasiocarpa, 297 (8- 1928- Unknown Unknown 14
Jenkins 26) 1996
Boucher 2003 Canada Québec 1 Abies balsamea, Picea mariana 62 1895- Unknown 10% 35
et al. 1996
Jenkins and 2004 USA Utah 1 Picea engelmannii, Abies concolor, Populus 78 1891- Unknown Unknown 13
Hebertson tremuloides 1995
Dubé et al. 2004 Canada Québec 3 Thuya occidentalis, Abies balsamea, Betula 62 + 20 1871- Unknown 10% 7
papyrifera. +28 1996
Muntan et al. 2004 Spain Pyrenees 1 Pinus uncinata 230 1750- Unknown Unknown 3
2000
Kajimoto et al. 2004 Japan 1 Abies mariesii 34 Unknown Unknown Not Not
computed computed
Germain et al. 2005 Canada Québec 2 Unknown 78452 1941- 420 Unknown 11
2004
Pederson et al. 2006 USA Montana 1 Pseudotsuga menziesii 109 1910- Unknown 10% 27
2003
Stoffel et al. 2006 Switzerland Alps 1 Larix decidua 251 1750- 561 Unknown 9
2002
Casteller et al. 2007 Switzerland Alps 2 Larix decidua, Picea abies 66 +79 Unknown Unknown Not Not
computed computed
Mundo etal. 2007 Argentina  Andes 1 Nothofagus pumilio 20 Unknown Unknown Not Not
computed computed
Butler and 2008 USA Colorado 2 Abies lasiocarpa, Pseudotsuga menziesii, 10+12 1945- Unknown 20%,40% 15+9
Sawyer Pinus contorta 2008
1963-
2008
Reardon et al. 2008 USA Montana 1 Pseudotsuga menziesii 109 1910- Unknown 10% 27
2003
Germain et al. 2008 Canada Québec 12 Unknown 10-243 1895- 51-799 10% 19
1999
Laxton and 2008 India Himalaya 1 Cedrus deodara 36 1972- Unknown Unknown 4
Smith 2006
Casteller et al. 2008 Argentina  Andes 1 Nothofagus pumilio 50 Unknown Unknown Unknown 6
Muntanetal. 2009 Spain Pyrenees 6 Pinus uncinata 26-131 1870- Unknown 16-40% 3
2000
Corona et al. 2010 France Alps 1 Larix decidua 232 1919- 901 10 20
1994
Kose et al. 2010 Turkey Kayaarka 2 Abies bornmuelleriana 61 Unknown Unknown Not Not
computed computed
Casteller et al. 2011 Argentina  Andes 9 Nothofagus pumilio 6-15 1820- Unknown Unknown 6

2005
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Fig. 1. The Arve Valley and the Pélerins avalanche path.

its position within the avalanche track, its diameter at breast height
(DBH), description of the disturbance (i.e. amount of impact scars,
branch flagging, and tilting) and information on neighboring trees.
Sampling height was chosen according to the morphology of the
stem: (i) injured or tilted trees were sampled at the height of the dis-
turbance; (ii) cross-sections and cores from decapitated trees were,
in contrast, extracted next to the stem base so as to preserve as much
tree-ring information as possible (Stoffel and Bollschweiler, 2008).

In addition to the disturbed trees sampled in the path, (iii) 24
undisturbed L. decidua trees showing no signs of avalanche activity
or any other geomorphic process were selected outside of the active
avalanche zone. Three cores were extracted per tree, two perpendic-
ular to the slope and one in the downslope direction. The preparation
and analysis of samples followed standardized geomorphic proce-
dures as described in Stoffel and Bollschweiler (2008). Ring-width
measurements were made with a digital LINTAB positioning table
with an adjoining Leica stereomicroscope and the time-series analysis
software TSAP (Rinntech, 2009). To detect dating errors (i.e. missing or
false rings) the cross-dating quality was evaluated using the program
COFECHA (Holmes, 1983) and the graphical function of the program
TSAP. Resulting measurements were graphically and statistically com-
pared with the reference chronology computed from undisturbed
trees; missing or false rings were corrected where necessary. For sam-
ples heavily impacted by multiple avalanches, “marker years” recorded
in neighboring trees were used to ensure accurate calendar dating
(Reardon et al., 2008). Thereafter, all samples were visually inspected
under a stereomicroscope to identify GD associated with geomorphic
disturbances, including abrupt growth suppression, compression wood,
injuries and TRD.

3.3. Tree-ring reconstruction of avalanches
In a subsequent step, we assigned scores to each avalanche-related

GD using an approach similar to those used previously by Dubé et al.
(2004), Reardon et al. (2008) or Corona et al. (2010):

— Intensity 5: Abrupt change in radial growth associated with stem
breakage; or clear impact scar associated with obvious compression
wood or TRD or growth suppression.

— Intensity 4: Clear scar, but no compression wood or suppression of
growth or obvious compression wood that lasts for approximately
three years.

— Intensity 3: Obvious compression wood during 1 or 2 successive
growth years following the disturbance.

— Intensity 2: Compression wood or growth suppression present but
not well defined; or compression wood present but formed when
tree was young and more susceptible to damage from various
environmental and biological factors.

— Intensity 1: Same as intensity 2 except that compression wood is
very poorly defined, and slow onset may indicate other processes
such as soil or snow creep as the primary causes of disturbance.

This rating system emphasizes features that are clearly associated
with avalanche activity and discriminates against disturbances which
can be induced by a variety of factors other than snow avalanches
(e.g., improved light conditions or creeping snow). GD data from indi-
vidual trees were then summarized in event response histograms
(Dubé et al., 2004; Reardon et al., 2008; Shroder, 1980). For each
year t, an index I was calculated based on the percentage of trees
showing responses (R) in their tree-ring record in relation to the
number of trees sampled (A) being alive in year t:

It= ((i}Rt)/(i;At)) * 100

In our attempt to define acceptable minimum sample size and
minimum numbers of responsive trees, we surveyed papers in
which tree-ring analysis was utilized to reconstruct avalanche chro-
nologies (Table 1). As no standard thresholds exist for a minimum
number of trees responding to avalanche disturbance in a path, we
defined optimal values for GD and It such that (i) the match between
avalanches documented in archival records and those reconstructed
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in the tree-ring series was maximized and (ii) noise in the tree-ring
record was not considered an avalanche in case no event was
recorded in the EPA. Definition of optimal values was limited to the
accurately and continuously documented period 1905-2010. As op-
timal thresholds vary according to sample size (Butler and Sawyer,
2008), we extracted subsets of the entire sample with sample sizes
varying from 10 to 200. To reduce the dependence on the sampling
itself, and thus prevent addition of further noise to the reconstruc-
tion, 1000 subsets of n trees, extracted without replacement, were
computed for each sample size n (with n varying between 10 and
200).

For each subset, the total number of GD and It was computed for
each year. Chronologies of reconstructed events were obtained by ap-
plying thresholds going from 2 to 10 for the minimum number of GD
and from 1% to 50% for It. An avalanche year is determined in case
both thresholds (for GD and It) are exceeded. These chronologies
were then compared with historical archives. Reconstructed events
which were absent from the archive were classified as noise. Final re-
sults are presented in the form of matrices and summarize the
mean percentage of reconstructed events documented in historical
archives and the mean number of events classified as noise accord-
ing to the It and GD thresholds and based on 1000 sampling
iterations.

4. Results
4.1. Historical avalanche chronology

Analysis of historical archives yielded data on 48 snow avalanche
events at Pélerins between 1776 and 2002, with a large majority of
events (37) recorded during the 20th century (Fig. 2). The moderate
mean avalanche frequency of 0.02 events yr~! for the period
1776-1900 certainly reflects discontinuity in the record and archives
invariably emphasized avalanches which caused victims and/or dam-
age to human structure. For example, the snow avalanche of 1779 was
mentioned in historical archives most probably because it reached the
hamlet of Les Bots. Similarly, in 1796 and 1818, avalanches killed four
persons crossing the path. For the pre-20th century, temporary in-
creases in avalanche frequency clearly reflect periods for which diaries
and other archival data are present.

Throughout the 20th century, events were continuously and accu-
rately monitored in the EPA and avalanche frequency increases to
0.34 events yr— ! between 1901 and 2010 with 10-yr minima in
1965-1974 and 1989-1998 (one event each) and a 10-yr maximum
between 1905 and 1914 (7 events). The type of avalanches (i.e. the
quality of snow and the position of the sliding surface; Fig. 2a), date
of occurrence (Fig. 2b, c) and runout elevation (Fig. 2 d) have been
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Fig. 2. Types (a), dates of occurrence (b, ¢) and runout elevations (d) of the documented avalanche events on the Pélerins avalanche path.
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described occasionally in historical archives (pre-20th century) and
are more readily and systematically available in the EPA. Among the
reconstructed events, a total of 27 events (56%) were classified full-
depth avalanches in the EPA, 9 (19%) are described as surface layer
avalanches and no classification exists for 12 events (25%; Fig. 2b).
Among the 48 snow avalanches recorded, 31 occurred between
December and March, 11 between April and July, and 6 were not
precisely dated (Fig. 2c).

For the pre-20th century events, the runout elevation was rarely
noted in historical documents (Fig. 2 d): For the 1779 avalanche, de-
tailed writings allowed an estimation of the runout elevation to
~1200 m asl. In 1796 and 1818, runout elevations of avalanches were
estimated to ~1100 m asl. For the period 1901-2010, runout elevations
were documented for 32 snow avalanches and show an average of
1250 m asl with a maximum runout at 1100 m asl in 1911, 1936 and
1954 and a minimum at 1600 m asl in 2002. In addition, historical pho-
tographs, writings and technical reports enabled precise reconstruction
of the slide extent of three major destructive events in 1924, 1931 and
1983 (Fig. 3a).

4.2. Types of growth disturbances related to snow avalanche activity

The 452 increment cores selected from the 209 trees permitted
identification of 645 GD relating to past snow avalanche activity.
Table 2 illustrates the nature of GD as well as their intensity. Abrupt
growth reductions were the GD most frequently identified in the
samples (356, 55%), followed by TRD (149, 23%), compression wood
(80, 12%) and callus tissue (60, 9%). In total, 78% of the GD were
rated severe, high-intensity disturbances (intensity classes 4 or 5).
The oldest GD identified in the tree-ring series was dated to 1745.
GD became more frequent after 1770, and nearly every year exhibited
GD in a small number of trees (Fig. 4a, b). Some GD are clearly related
to snow avalanche activity, but some are noise.

4.3. Determination of optimal thresholds for GD and It functions of sample
size

Avalanche chronologies were successively computed using thresholds
of 2-10 for GD and of 1-50% for It, for subsets of the samples randomly

hihs” 'Lu-;:»..,

E Main road E Cable car
E] CLPA area E Path

Slide extent of the avalanche event in 1924

E] Forest

E=<] Slide extent of the avalanche event in 1931
E Slide extent of the avalanche event in 1983

E Avalanche protection structure

Fig. 3. Spatial extent (a) and historical photographs (b) of the major avalanche events in 1924, 1931 and 1983.
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Table 2
Intensity reactions and types of growth disturbances (GD) assessed in the 209 trees se-
lected for analysis.

Intensity Number % Type Number %
Tangential rows of traumatic resin 149 23
ducts

1 8 1 Compression wood 80 12

2 81 13 Callus tissue 60 9

3 52 8 Growth reduction 356 55

4 153 24

5 351 54

Total 645 100 645 100

extracted with sizes varying from 10 to 200 trees. The matrices presented
in Fig. 5 illustrate the mean percentage of historical events known from
archival records identified in the tree-ring records as well as the average
number of events reconstructed in the tree-ring archives but absent
from the EPA, after 1000 sampling iterations. For example, with 20 trees
27% of the documented events would have been reconstructed with den-
drogeomorphic techniques. In this case, a low GD threshold (>3 GD) can
be used as it does not induce noise in the reconstruction (Fig. 5a). The per-
centage of events reconstructed with tree-ring data increases to 35%
when 50 trees are used (Fig. 5b). The optimal thresholds for GD and It
are 5 and 10%, respectively, in this case. If analysis is based on 100
trees, the mean percentage of reconstructed events after 1000 sampling
iterations increases to 41%, but the cut-off for the minimum number of
responding trees with GD needs to be fixed to 7 responders in this
case to avoid the introduction of noise in the reconstruction (Fig. 5c¢). Fi-
nally, with 200 trees, the percentage of reconstructed events does not
even increase (41%) with an optimal minimum of 9 GD corresponding
to a minimal It of 4.5% (Fig. 5 d).

4.4. Reconstruction of avalanche events based on optimized thresholds

The reconstruction of past avalanche events was based on the GD
and It thresholds presented in the previous paragraph and calibrated
for the period where historical data from EPA was available
(1905-2010). In total, GD did exceed the optimal thresholds for GD
and It in 34 years after 1770 (Table 3); these years were considered
avalanche years: 1771, 1774, 1779, 1791, 1795, 1796, 1807, 1836,
1843, 1851, 1866, 1869, 1874, 1878, 1880, 1885, 1897, 1906, 1911,
1916, 1923, 1924, 1928, 1931, 1932, 1937, 1947, 1951, 1960, 1962,
1971, 1981, 1983 and 1988. The years 1983 (n=57), 1931 (n=40),

1937 (n=37) and 1988 (n=29) are those exhibiting the largest
number of trees with GD (Table 3, Fig. 4a). In a similar way, the largest
frequency of appearance of trees with GD was measured in 1779 (37%),
1983 (27%), 1931 (24%) and 1937 (21%) (Table 3, Fig. 4b).

Considering the period since AD 1770, the overall return period
(i.e. the average number of years between two events) is 7.1 yr and
the mean decadal frequency is 1.4 events. This value slightly increases
from 6.8 years for the period 1770-1904 to 7.5 years for the period
1905-2010. Maximum decadal frequencies (3 events) are observed
in 1771-1780, 1791-1800, 1921-1930 and 1981-1990. Conversely,
no event was reconstructed for the periods 1781-1790, 1811-1830
and since 1990.

The spatial distribution of trees affected by the same event was used
to determine the minimum lateral reach (Fig. 6) and the minimum run-
out elevation (Table 3) of reconstructed avalanches. The mean runout
elevation calculated for these events is 1490 m asl (£210 m) varying
between 1775 m asl (1869) and 1184 m asl (1779). Large snow ava-
lanches reached the current entrance of the Mont Blanc tunnel
(1275 m) at least seven times in the past, namely in 1779 (Fig. 6a),
1906, 1931 (Fig. 6b), 1951, 1960, 1962, and 1983 (Fig. 6¢). Based on
the tree-ring record, it was also possible to reconstruct 10 minor events
which stopped in the upper part of the path at a runout elevation
>1700 m asl, namely in 1771, 1774, 1796, 1791, 1795, 1807, 1843,
1851, 1869, and 1981 (Table 3).

4.5. Comparison of historical archives with reconstructed events

For the period documented in the EPA, 16 out of the 37 avalanches
(43%) are reconstructed using optimized thresholds for GD and It.
Based on the tree-ring data, only one avalanche in 1916 was not listed
in the EPA. Prior to 1905 (before the introduction of the EPA), the
dendrogeomorphic reconstruction confirmed 5 events documented
in historical archives (1779, 1795, 1796, 1843, and 1874) and added
13 undocumented events to the local database.

Although an optimized threshold was used for the identification of
snow avalanches with tree-ring records, 21 of the 48 events docu-
mented since AD 1776 (43%) were identified as avalanches based
on dendrogeomorphic criteria. From the 21 reconstructed events,
based on archival information, 12 were full-depth avalanches, six
were surface layer avalanches and three events could not be attribut-
ed to either of the avalanche types (Table 3). Runout elevations tend
to be underestimated with dendrogeomorphic techniques by as little
as 5m (1937) to up to 464 m (1981; Table 3). On the other hand, it
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Fig. 5. Mean percentage of historical events (left panel) and mean number of undocumented events (noise, right panel) reconstructed from three-ring analysis, functions of the
number of growth disturbances (GD) and index values (It). The mean of 1000 sampling iterations was calculated for subsets of (a) 20, (b) 50, (c) 100, and (d) 200 trees randomly
extracted without replacement. The black boxes denote the optimal thresholds for GD and It that maximize the percentage of reconstructed events and minimize noise.
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Table 3
Characteristics of the reconstructed events and comparison of minimal runout elevations
computed from tree-ring analysis and from historical archives.

Event GD It Type of Runout altitude Runout altitude
year avalanche (m, tree-ring)  (m, historical archives)
1771 6 26 Undocumented event 1758 Undocumented
1774 5 20 Undocumented event 1756 Undocumented
1779 10 37 Deep-snow full layer 1184 <1200 (estimated)
1791 6 19 Undocumented event 1740 Undocumented
1795 6 18 Dry-snow surface 1746 Unknown
layer
1796 5 15 Deep-snow full layer 1731 <1200 (estimated)
1807 7 19 Undocumented event 1745 Undocumented
1836 10 19 Undocumented event 1370 Undocumented
1843 5 9 Deep-snow full layer 1754 Unknown
1851 8 13 Undocumented event 1757 Undocumented
1866 20 26 Undocumented event 1346 Undocumented
1869 5 6 Undocumented event 1775 Undocumented
1874 7 8 Deep-snow full layer 1608 Unknown
1878 6 7 Undocumented event 1602 Undocumented
1880 6 6 Undocumented event 1530 Undocumented
1885 8 8 Undocumented event 1637 Undocumented
1897 14 11 Undocumented event 1314 Undocumented
1906 20 15 Deep-snow full layer 1233 1150 (—83)
1911 17 12 Deep-snow full layer 1470 1100 (—370)
1916 9 6 Undocumented event 1640 Undocumented
1923 11 7 Deep-snow full layer 1461 1140 (—321)
1924 14 9 Deep-snow full layer 1290 1250 (—40)
1928 7 4 Dry-snow surface 1457 1250 (—207)
layer
1931 40 24 Dry-snow surface 1215 1220 (5)
layer
1932 9 5 Unknown type 1474 Unknown
1937 37 21 Unknown type 1322 1200 (—122)
1947 10 5 Deep-snow full layer 1510 1300 (—210)
1951 15 8 Deep-snow full layer 1219 1300 (81)
1960 11 5 Unknown type 1241 Unknown
1962 15 7 Dry-snow surface 1220 1300 (80)
layer
1971 25 12 Deep-snow full layer 1282 1250(—32)
1981 10 5 Dry-snow surface 1734 1270 (—464)
layer
1983 57 27 Deep-snow full layer 1190 1170 (—20)
1988 29 14 Dry-snow surface 1411 1250 (—161)

layer

can also be seen from Fig. 6 that reconstructed avalanche events fre-
quently exceeded the lateral limits of the CLPA map, particularly
above 1600 m asl. Even for the most accurately documented events of
1924, 1931, and 1983 (Fig. 6), discrepancies exist between the lateral
spread as reconstructed with dendrogeomorphic techniques and results
obtained from contemporary photographs and technical reports.

5. Discussion
5.1. Optimal sample size

In his seminal paper, Shroder (1978) emphasizes that sample size
may be a moot question unless site selection ensures that trees are
responding to the process under investigation. We agree that site selec-
tion is important (Stoffel and Bollschweiler, 2008), but consider that
Butler's (1987) questions of how many trees should be sampled and
how many of the sampled trees must illustrate tree-ring responses before
the inference of an event can be accepted are at least as critical as site
selection.

The study we report here is the first to quantitatively address and
calibrate optimal thresholds for both sample size and growth distur-
bance (GD, It) on a forested avalanche path where events have been
monitored accurately and continuously over the entire 20th century.
For the purpose of calibrating optimal index values, avalanche chro-
nologies were successively computed for subsets of the entire sample
(209 trees) and subset sample sizes were varied between 10 and 200

trees. Results demonstrate very clearly that the percentage of known
events (i.e. those noted in the EPA) to be replicated with tree-ring re-
cords increases with sample size to an optimum of ~100 disturbed
trees and remains relatively stable above this value. Interestingly,
this threshold clearly exceeds the sample size reported in numerous
studies published in the past (Table 1). Although it is clearly not our
purpose to reject studies which have been based on a smaller sample
sizes, we realize that discrete processes such as snow avalanches are
more accurately reconstructed with a larger sample size (Butler,
1987). The apparent existence of a plateau in reconstruction above
~100 trees may also be helpful for the design of sampling campaigns
at new sites and can help to more accurately plan fieldwork (in terms
of time and budget). This sample size should be adjusted according to
the morphology of the path, the stand and the GD densities and the
response of tree species against avalanche impacts.

5.2. Avalanche reconstruction and minimal index values

Previous studies used different minimal indices (It) values ranging
from 10% (e.g., Dubé et al., 2004) to 40% (e.g., Butler and Malanson,
1985). In our study, a large set of archival records was available to cal-
ibrate GD in tree-ring series with documented snow avalanche events
for the entire 20th century. The calibration for the documented period
demonstrated quite clearly that a reconstruction based on dendro-
geomorphic techniques is optimized if the thresholds for It and GD
are adjusted to sample size. When sample size is still small (<20
trees), a 10% It infers an avalanche event on the basis of two GD and
therefore induces a lot of noise (6 undocumented events) into the re-
construction. On the other extreme, an It threshold of 40% appears to
be much too stringent even for a small sample size, and only 5% (2 out
of 37 events) of the events recorded in archival records would have
been recognized in the tree-ring series.

Based on these considerations and on the results presented in Fig. 5,
our study suggests that an optimal index value of ~15% should be used
with a small sample size to capture a maximum of snow avalanches
without introducing noise. With a very large sample size (>200 trees),
the optimal It can be reduced to 5% without introducing significant
noise to the reconstruction. With an It of 5%, the only event trespassing
the threshold without being noted in the archives occurred in 1916, i.e.
during World War 1 for which the lacunary character of the database
has been described in the past (Ancey, 2004).

5.3. Temporal accuracy of the reconstruction

When optimized thresholds are used for GD and It, 34 events can
be reconstructed for the Pélerins avalanche track for the last 239 yr
(1771-2010). The reconstruction was successful overall as (i) it com-
plemented the existing snow avalanche chronology and (ii) extended
it back to 1771, (iii) added one event which was not previously
known for the period with EPA records (1905-2010) and 12 for the
time before 1905. From the 37 snow avalanches recorded in the
EPA, 16 could be confirmed with dendrogeomorphic techniques. In
addition, five of the reconstructed pre-20th century snow avalanches
were confirmed via other historical sources. The optimized thresh-
olds, calibrated for the period documented by the EPA, minimized
the likelihood that GD resulting from non-avalanche events were in-
cluded in the chronology (Reardon et al., 2008). The thresholds also
facilitated rejection of GD related to other geomorphic processes
such as snow creep or rockfall which have been shown to affect a
rather limited number of trees per event (Stoffel and Perret, 2006).
For years with threshold exceedances, the presence of clear and
strong signs of physical impact (injuries and adjacent callus tissue
and/or other severe GD, i.e. intensity 4 and 5 reactions) was used as
a further criterion for a doubtless dating of snow avalanche events.

However, the comparison between historical archives and tree-ring re-
cords at Les Pélerins suggests that the dendrogeomorphic reconstruction
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Fig. 6. Reconstructed minimum avalanche extent in the runout zone for the events of (a) 1924, (b) 1931, and (c¢) 1983 and comparison with historical limits derived from technical
reports and photographs. Maps show living trees and all trees showing an event-response for the year of the avalanche.

underestimates years with natural avalanche activity by roughly 60%. This
proportion slightly exceeds the 50% value of unreconstructed events
reported by Corona et al. (2010) in the Oisans massif (French Alps). In
any case, the number of reconstructed snow avalanches has to be seen
as a minimum frequency of natural avalanches, mainly for the following
reasons: Avalanches have to be of sufficient magnitude to have significant
impacts on trees. Critical snow pressures for stem breakage of trees have
been deduced mainly from theoretical models and observational studies
(Bebi et al., 2009; Bartelt and Stockli, 2001) and have shown to depend
on stem diameter and avalanche type. For flowing avalanches (character-
ized by a high snow density at the bottom), it can be expected that only
the events with typical masses >100 m>, a path length >100 m and an
impact pressure > 50 kPa - i.e. destructive class 2 or larger according to
McClung and Schaerer (1993) or Reardon et al. (2008) - will emerge
from the tree-ring record. For powder snow avalanches, critical pres-
sures for an event to be identified in a tree-ring record are lower
(3-5 kPa) as not only the stem but also the crown of a tree is exposed
to avalanche pressure (Bebi et al., 2009).

Another reason for differences in ecosystem responses of individual
trees to snow avalanches are related to tree size and flexibility (Bebi et
al., 2009; Kajimoto et al., 2004). A tree flexible enough to be deflected
may remain largely undamaged by the avalanche. Small P. abies, L.
decidua or Cembran pine (Pinus cembra L.) trees with heights <5 m
and diameters <15-20 cm have been shown to tolerate snow pressure
by bending and leaning in the snowpack (Bebi et al., 2009).

While the methodology presented in this study minimizes the risk
of including non-avalanche events in the chronology, it most likely
also creates a bias towards larger avalanches, as smaller snow ava-
lanches or events limited to the non-forested parts of the avalanche
talus cone cannot be identified by means of tree-ring analysis. This
fact is for example supported by archival data for the events of
1913, 1951, 1985, 1986, or 2002, where the EPA notes the presence
of snow avalanches with limited extension. These events do not there-
fore appear in the tree-ring based reconstruction, since they did not af-
fect forested areas or the number of trees sampled in the area affected
was small and therefore the number of GD observed in the tree-ring se-
ries did not exceed the threshold. In addition, major avalanches may

remove or blur the evidence of previous or subsequent events in case
large parts of the forest are destroyed (e.g., Bryant et al., 1989; Carrara,
1979) or disturb tree growth in such a way that younger events cannot
be identified in the tree-ring record (Kogelnig-Mayer et al., 2011). For
example, we find a large number of trees showing GD as a result of the
avalanche activity of 1779, 1911, and 1937, but fail to identify the events
between 1780 and 1790 or for consecutive years with avalanche activity
noted in the EPA (e.g., 1913, 1914 or 1938, 1939).

5.4. Spatial accuracy of the reconstruction

The spatial reconstruction of snow avalanches using tree-ring records
matches well with archival data and technical reports of the large events
in 1924, 1931, and 1983, especially concerning the runout elevation. In
contrast, the dendrogeomorphic reconstruction largely underestimates
runout elevations for the events in 1796, 1911, 1923, 1928, 1947, 1981,
and 1988. Underestimation might be related to (i) the modification of
path geometry (steepness, curvature) by the geomorphic effect of the
avalanches in the runout zone below 1300 m asl. These modifications
may have induced rapid avalanche deceleration (McClung, 1990;
McClung and Schaerer, 1985) and snow pressures insufficient to damage
trees during some of the events listed above; (ii) observation inaccura-
cies in the EPA typically ranging from 25 m for the older to 10 m for
the more recent events (Ancey, 2004). Indeed, for safety reasons, runout
elevations noted in the EPA are not measured in situ but estimated from
observation points and manually plotted on a map. For extreme events
involving very dry, non cohesive snow and/or a powder cloud, the
point of the farthest reach is sometimes very difficult to be located be-
cause of the absence of clearly visible deposits (Eckert et al., 2010).

Large discrepancies are also reported between the lateral limits
reconstructed with dendrogeomorphic techniques and the data
reported in technical reports and the CLPA. For several events, we
identify trees with avalanche damage some 50-100 m outside of the
CLPA limits, especially above 1600 m asl (Fig. 6). Uncertainties of
CLPA boundaries have in fact been estimated to >50m (Ancey,
2006; Bonnefoy et al., 2010), albeit, theoretically, the CLPA should
contain the maximum boundaries of historically known avalanches.



C. Corona et al. / Cold Regions Science and Technology 74-75 (2012) 31-42 41

Yet, the CLPA map is drawn for large areas (scale 1:25,000) and com-
piled from various sources (historical archives and interviews, field
observations and photo interpretation) with often no or only very
limited data on the lateral spread of avalanches (Bonnefoy et al.,
2010). Furthermore, such discrepancies may be related to the lateral
extent of powder snow avalanches that is very difficult to evaluate
for an observer.

6. Conclusions

Evaluating the potential of tree-ring analysis on an extensively
and accurately documented (1905-2010) avalanche path located in
the Chamonix valley (French Alps) reveals (i) that ~100 trees are
needed to obtain the best match between reconstruction and historical
archives while minimizing the inclusion of noise in the dendrogeo-
morphic record. This threshold is not absolute but suggests that chronol-
ogies for geographically discrete processes, such as avalanches, should
aim for a high sample size; (ii) increasing GD thresholds adjusted to sam-
ple size should be preferred to fixed values used in previous work; (iii)
tree-ring analysis proves to be a valuable source of information to recon-
struct past avalanche events and to add substantially to the historic record
for this area, particularly for the undocumented period (1770-1904). Yet,
one must keep in mind that the reconstruction represents a minimum
frequency for past avalanche events as ~40% of all documented events
were deciphered with dendrogeomorphic techniques; (iv) because of
increased human activity in mountain areas, the identification of area
endangered is of paramount importance. For this purpose, dendrogeo-
morphic should be used systematically where woody vegetation is
available to add evidence on the runout distance of large events and
to determine the lateral spread of past avalanches. It should though rep-
resent a valuable tool for avalanche hazard mapping where other
sources often fail to produce conclusive results.
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