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A B S T R A C T

Expected runout distances and related return periods are the most important parameters needed for zoning in
terrain prone to snow avalanching. Hazard mapping procedures usually allocate areas of land to zones with a
diﬀerent degree of danger based on return periods estimated for given snow volumes in the starting zone or with
statistical/dynamical models. On forested avalanche paths, dendrogeomorphology has a great potential to add
critical input data to these calculations in terms of recurrence intervals or return periods. However, quite
paradoxically, recurrence interval maps of snow avalanches have only rarely been retrieved from tree-ring
analysis and mostly represent the inverse of the mean frequency of avalanches that could be retrieved locally
rather than the return period. The purpose of this study therefore was to propose a consistent approach for treering based recurrence interval mapping of snow avalanche events. On the basis of 71 snow avalanches retrieved
from 2570 GD growth disturbances identiﬁed in 307 larch trees from three avalanche paths located in the
vicinity of Täsch (Canton of Valais, Swiss Alps), we ﬁrst followed the classical approach used in dendrogeomorphology and derived recurrence interval maps through interpolation from recurrence intervals observed at the level of individual trees. We then applied an expert delineation of the spatial extent of past events
based on the location of disturbed trees. Our results show that the second step improved representation of
expected patterns of recurrence intervals that typically increase as one moves down the centerline of the avalanche path. Despite remaining limitations and uncertainties precluding from direct use of our maps for hazard
mapping purpose, these results suggest that dendrogeomorphic time series of snow avalanches can yield valuable
information for the assessment of recurrence intervals of avalanches on forested paths for which only very
limited or no historical data exists, and that this data can be obtained independently from meteorological data or
numerical modeling.

1. Introduction
In mountainous regions, snow avalanches are substantial hazards
that aﬀect valley slopes, endanger infrastructure or transportation
routes and may even cause fatalities (Bründl et al., 2004). In Switzerland, snow avalanches are considered the main natural hazard and have
caused 378 fatalities between 1937 and 2015 (Badoux et al., 2016).
⁎

Avalanche risk management usually involves predetermination of potentially damageable events (Eckert et al., 2008).To this end, it investigates the full set of past avalanche activity on a given path over a
long-time period. The aim of this documentation is the realization of
hazard maps so as to enforce building restrictions and to design defense
structures. To achieve this goal, annual probabilities of occurrence with
a given intensity need to be deﬁned for each point of the runout zone
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Fig. 1. Synthesis of tree-ring based avalanche reconstructions. Colored dots represent dendrogeomorphic snow avalanche studies with (green)
and without (yellow) an estimation of the spatial
extent of reconstructed snow avalanche events. Red
lozenges represent studies for which avalanche recurrence interval maps have been computed. The red
star correspond to the location of this study. 1. Potter
(1969); 2. Schaerer (1972); 3. Smith (1973); 4. Ives
et al. (1976); 5. Butler (1979); 6. Carrara (1979); 7.
Butler and Malanson (1985); 8. Bryant et al. (1989);
9. Rayback (1998); 10. Larocque et al. (2001); 11.
Boucher et al. (2003); 12. Hebertson and Jenkins
(2003); 13. Dubé et al. (2004); 14. Jenkins and
Hebertson (2004); 15. Kajimoto et al. (2004); 16.
Muntán et al. (2004); 17. Germain et al. (2005); 18.
Pederson et al. (2006); 19. Stoﬀel et al. (2006); 20.
Casteller et al. (2007); 21. Mundo et al. (2007); 22.
Butler and Sawyer (2008); 23. Casteller et al. (2008);
24. Reardon et al. (2008); 25. Germain et al. (2009);
26. Laxton and Smith (2009); 27. Muntán et al.
(2009); 28. Corona et al. (2010); 29. Köse et al.
(2010); 30. Szymczak et al. (2010); 31. Casteller
et al. (2011); 32. Garavaglia and Pelﬁni (2011); 33.
Kogelnig-Mayer et al. (2011); 34. Corona et al.
(2012); 35. Decaulne et al. (2012); 36. Arbellay et al.
(2013); 37. Corona et al. (2013); 38. Schläppy et al.
(2013); 39. Voiculescu and Onaca (2013); 40.
Decaulne et al. (2014); 41. Schläppy et al. (2014);
42. Voiculescu and Onaca (2014); 43. Chiroiu et al. (2015); 44. Tumajer and Treml (2015); 45. Germain (2016); 46. Lempa et al. (2016); 47.Martin and Germain
(2016a); 48. Martin and Germain (2016b); 49. Pop et al. (2016); 50. Schläppy et al. (2016); 51. Voiculescu et al. (2016); 52. Favillier et al. (2017); 53. Gadek et al.
(2017); 54.Krause and Křížek (2017); 55.Pop et al. (2017); 56.Šilhán and Tichavský (2017); 57. Ballesteros-Cánovas et al. (2018); 58.Casteller et al. (2018). (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

one-to-one link between snow input and runout distance (Eckert et al.,
2007). In addition, the number of basic physical processes (snow entrainment or release, turbulent suspension and transformation into an
airborne avalanche) occurring in the avalanche course are either unknown or neglected in these models (Meunier and Ancey, 2004). As a
consequence, several studies highlighted weaknesses in the values
proposed by these guidelines (see e.g. Barbolini et al., 2000), especially
due to a signiﬁcant mismatch in frictional parameter values ﬁtted from
ﬁeld data (Ancey et al., 2004).
Finally, a third option consists in an explicit combination of a propagation model and statistical analysis using Monte Carlo simulations.
These statistical-dynamical approaches (Bozhinskiy et al., 2001;
Barbolini and Keylock, 2002; Eckert et al., 2008, 2010) use probability
distributions as input for the propagation model. Output variable replicates are then used to characterize the return period of snow avalanches. Calibration of statistical-dynamical models with site-speciﬁc
archival records improves the reliability of the approach considerably
(Ancey and Meunier, 2004). A major diﬃculty is the choice of input
distributions that appropriately represent variability of the avalanche
phenomenon at the studied site. Data available for calibration typically
remains quite limited (Straub and Grêt-Regamey, 2006), non-explicit in
nature, and diﬃcult to be implemented in the friction law (Eckert et al.,
2010). Models are well capable to simulate contemporary events, corresponding to return period ≤30 yr on which they could be calibrated,
but uncertainties increase as soon as longer return periods are investigated (Schläppy et al., 2014).
This shortcoming is mainly related to documentation that is only
rarely available with satisfying spatial resolution over long timescales
and as a continuous record. Historical records are most often biased
towards events that caused damage to infrastructure or loss of life and
remain largely unavailable for sites that are far away from existing
towns (Corona et al., 2012). Any calibration of statistical-dynamical
models with archival records has been shown to improve the reliability
of the approach considerably (Ancey and Meunier, 2004).

(Maggioni et al., 2006; Schläppy et al., 2014).
Predetermination is complex as a result of the numerous sources of
variability that constrain avalanche activity on a given path (i.e. release
area, snow depth, snow quality, path roughness, Eckert et al., 2008). To
limit these biases, avalanche specialists ﬁrst used statistical–topographical or “Norwegian” methods (Lied and Bakkehøi, 1980). These
“historical” models assume regional homogeneity in avalanche behavior for a given mountain range, and, to overcome data sparseness at
the site-speciﬁc scale, pool data from various paths in a common database to derive a simple statistical regression explaining observed
runout distances from topographic covariates. The approach was then
further developed through the integration of the runout ratio method in
which data transformation is applied to ﬁt a probability distribution to
standardized observed runout distances (McClung and Lied, 1987;
Keylock, 2005). Yet, in alpine countries, where avalanche paths of the
same mountain range only rarely exhibit similarity in shape, the fundamental assumption of avalanche homogeneity at the regional scale
should be questioned. In addition, a major drawback of this approach is
that it depends on the quantity and quality of available data. In many
cases, the historical record of run-out distances is not long enough and
the resulting ﬁtted probability distribution must be extrapolated to
evaluate the run-out distance of avalanche events with long return
periods (Ancey and Meunier, 2004).
The Swiss guidelines (Salm et al., 1990) are an alternative to the
“Norwegian” method. Here, precipitation data is used to predetermine
variations of snow depth for return periods of 30, 100, and 300 years
(Salm et al., 1990). The corresponding amount of snow is propagated
using the Voellmy (1955) model with tabulated friction coeﬃcient
values depending on path geometry and altitude, before the corresponding amount of snow is transformed into a runout distance and
velocity proﬁle using a propagation model (Bartelt et al., 1999). One of
the main weaknesses of this second family of methods is that the return
period of the avalanche is the return period of the corresponding snow
depth. The avalanche propagation thus remains a fully deterministic
10
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release zones located between 2200 and 3500 m asl. Once released,
they pass through a forested slope mainly composed of European larch
(Larix decidua Mill.). At the bottom of the slope, the avalanche track
crosses the road from Täsch to Zermatt during winter (Fig. 2b). As a
consequence, 10-m high deﬂecting dams and a tunnel were built in the
1990s to protect properties and infrastructures from snow avalanches.
In detail, three main paths have been identiﬁed at our study site
(Fig. 2b):

In temperate climate zones, trees serve as silent witnesses of past
geomorphic process activity and provide valuable information on event
frequencies and spatial patterns of process occurrences (Stoﬀel and
Bollschweiler, 2008). As a consequence, they can theoretically yield
valuable information for the assessment of recurrence intervals of
avalanches on forested paths with limited or no historical data, and this
information can be obtained independently from meteorological data or
numerical modeling.
The dating of geomorphic events using tree-ring series, known as
dendrogeomorphology (Alestalo, 1971), has been applied repeatedly
over the last decades in numerous mountainous regions worldwide to
reconstruct multi-decadal to multi-centennial chronologies of snow
avalanche events (Fig. 1) and to assess the spatial extent of individual
events (see Favillier et al., 2017 for a recent review). With respect to
this abundant literature, only twelve studies explore the mapping of
return periods of snow avalanche with dendrogeomorphic methods (i.e.
Casteller et al., 2011; Corona et al., 2010; Martin and Germain, 2016a;
Reardon et al., 2008; Voiculescu and Onaca, 2014, see Fig. 1). In addition, most of the aforementioned studies estimate avalanche return
period maps based on the interpolation of the disturbance frequency at
the level of individual trees (F) as follows:

FT = (nGDObsT ) ÷ (AT )

(i) In the northernmost path T1 (60.6 ha), snow avalanches are released from a steep area (> 35°) located between 2250 and 2700 m
asl. The couloir, poorly incised, is characterized by steep slopes
(25°-35°) between 1500 and 2300 m asl. The runout zone (< 10°)
is limited to the valley ﬂoor located below 1500 m asl.
(ii) The slope angle of T2 (87.8 ha) decreases progressively from > 35°
in the release area to 15–20° below 1700 m asl and < 10° next to
the Mattervispa (1500 m asl). In its upper part, this track has three
steep, incised rocky channels converging at ~1800 m asl with the
Täschwang couloir. At this path, preliminary analysis of orthophotos highlights that the forest stand has repeatedly suﬀered from
severe damage and deﬂecting barriers are installed along the left
side of this channel (1750–2500 m asl) to protect Zermettjen and
the access road to Zermatt (Fig. 2) since at least 1941.
(iii) T3 (61 ha) is characterized by a complex release area divided into
two units that are separated by a 150-m high rockwall at 2500 m
asl. Below 2200 m asl, the forested slope is incised by several
channels converging with the Täschwang couloir at 1650 m asl.

(1)

where nGDObs represents the number of growth disturbances related to
snow avalanches observed in tree T, and A, the total number of years
tree T was alive. Despite recent eﬀorts to use anisotropic interpolation,
that takes account of avalanche ﬂow direction on the slope into account
(e.g. Corona et al., 2010), these maps have so far failed to represent the
expected patterns of recurrence intervals properly (in the sense that
they did not show an increase in recurrence intervals as one moves
down the centerline of an avalanche path; e.g. Meunier and Ancey,
2004; Eckert et al., 2007; Schläppy et al., 2014). Speciﬁcally, they do
not represent the return period of avalanches, but the inverse of the
mean frequency of avalanches that could be retrieved locally, which
strongly depends on the local characteristics of the forest stand and on
the chosen tree-ring methods (sampling strategy, event attribution
procedure). As a sole exception, Schläppy et al., 2014, n°41 on Fig. 1),
evaluated tree ring based return periods for avalanche runout distances
focusing, for each event, on the tree of further reach only. This led a
monotonically increasing one-to-one mapping between distance along
the path proﬁle and return period, which makes much more sense for
potentially aﬀected elements at risk. However, such an approach has
never been applied in a 3D mapping frame, yet mandatory for hazard
zoning purposes.
In this context, the purpose of this study is to provide a methodology
to map tree-ring based recurrence intervals of snow avalanche events.
To this end, and based on the procedure proposed by Favillier et al.
(2017)–where the noise induced by climate conditions or exogenous
disturbances is minimized in tree-ring based process histories–we reconstruct snow avalanche event frequency (1740–2015) of an avalanche slope at Täsch (Canton of Valais, Swiss Alps). In a second step,
the temporal accuracy of our reconstruction is checked through a
comparison with the historical documentation available at our study
sites. Finally, an expert delineation of the spatial extent of past events is
used, and recurrence interval maps are derived from their distribution
and confronted to the interpolations of the frequency of growth disturbances commonly used in the literature.

According to the nearby weather station of Zermatt (46°3′N, 7°75′E,
1638 m asl), annual temperature in the Zermatt valley is 4.2 °C for the
period 1981–2010 and average annual precipitation amounts to
639 mm. During winter, mean air temperature (DJF) is −3.7 °C while
precipitation amounts to 125 mm. From November to April, precipitation falls primarily as snow and average annual snowfall reaches
270.2 cm for the period 1982–2010 with an average of 39 days of snow
per year. Finally, there are no indications in the historical archives nor
in the local authority testimonies of any debris ﬂow activity that could
signiﬁcantly aﬀect the studied forested stand.
3. Material 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 snow
avalanches in the Täschwang paths. Data were extracted from local
newspapers, ecclesiastical archives and stakeholder chronicles. In total,
6 regional and local newspapers (i.e. Confédéré, Walliser Bote, Le
Nouvelliste, Journal et Feuille d'avis du Valais, Le Rhône, La
Sentinelle), published between September 1861 and June 2014, were
examined via the Swiss virtual newspaper archives available online at
http://newspaper.archives.rero.ch/Olive/ using keywords such as
“Täschwang” corresponding to the toponymy of the main paths. In
addition, “Täsch” and “Zermatt” were used as keywords, as they refer to
the two closest localities as well as “avalanche” and “Lawine”, the
French and German words for snow avalanche. In addition, the annual
winter reports published by the Institute for Snow and Avalanche
Research (Institut für Schnee und Lawinenforschung–SLF) since 1935
and local chronicles available at the Institut zur Erforschung der
Geschichte des Alpenraums (FGA) and from the Swiss-scale database
from Laternser and Pﬁster (1997) were reviewed in detail. Finally, in
order to complement this archival database, ﬁve aerial ﬂight campaigns
– available from the Federal Oﬃce of Topography (Swisstopo;
1:20,000) –and the Siegfried map (Mischabel, 533, edition 1909) were
compared to detect potential damaging avalanches and to reconstruct
forest dynamics since 1941.

2. Study site
The site under investigation (46°3′N, 7°46′E, 307.6 ha,
1450–3247 m asl) is located on the west-facing slope of the upper
Zermatt valley in the Swiss Alps (Canton of Valais, Switzerland,
Fig. 2a). Its geology is dominated by gneisses with amphibolite zones
oriented NE-SW (Federal Oﬃce of Topography Swisstopo). Snow avalanches are commonly naturally triggered from several non-forested
11
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Fig. 2. Location of the study site: (a) the Zermatt valley in the canton of Valais, Switzerland, (b) Spatial distribution of the sampled trees within the three paths and
their release areas. The green lines represent the avalanche dams built after major avalanche events. Map and aerial photography are reproduced by permission of
swisstopo (BA18022). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

injuries –i.e. impact scars– and callus tissues (CT) (Stoﬀel et al., 2010),
tangential rows of traumatic resin ducts (TRD) (Schneuwly et al., 2008,
2009), compression wood (CW) and abrupt growth suppression (GS;
Kogelnig-Mayer et al., 2013) were identiﬁed in the tree-ring series and
cross-dated against two local reference chronologies (Büntgen et al.,
2005), so as to correct our series for possibly missing and false rings.
Intensities were then assigned to each GD using criteria deﬁned by
Kogelnig-Mayer et al. (2011). This step was included to emphasize
features which were clearly associated with avalanche activity. Intensities of growth suppression, compression wood and TRDs were
classiﬁed according to Schneuwly et al. (2008) and Frazer (1985) to
distinguish between weak (intensity class 1), medium (intensity class
2), and strong (intensity class 3) reactions and clear evidence of injuries
(intensity class 4).

3.2. Sampling strategy, identiﬁcation, dating and classiﬁcation of growth
disturbances
To reconstruct past avalanche activity based on dendrogeomorphic
techniques, a total of 620 increment cores and 60 cross-sections have
been sampled from 307 European larch (Larix decidua Mill.) trees using
a Pressler increment borer (diameter 5.15 mm, maximum length 40 cm)
in autumn 2015. A minimum of two cores was extracted per tree, one
upslope and one in the downslope direction (Stoﬀel and Bollschweiler,
2008). Additional data were collected for each tree including its diameter at breast height, description of the disturbance (i.e. amount of
scars, decapitation, tilting), and exact position of the sampled tree using
a 1-m precision GPS device.
Trees presenting obvious evidence of snow avalanches, such as decapitation, tilting, and injury, were preferentially selected. Following
recent recommendations by Stoﬀel and Corona (2014), old trees were
selected to extend the reconstruction of past avalanche events as far as
possible. Nevertheless, younger trees were also considered to account
for the loss of sensitivity of older trees in recording mass-movement
signals (Šilhán and Stoﬀel, 2015). Sampling height was chosen according to the morphology of the stem: (i) injured trees were sampled at
the height of the disturbance from the overgrowing scar tissue; (ii)
tilted trees were analyzed at the maximum bending angle (Stoﬀel et al.,
2013); and (iii) cross-sections and cores from decapitated trees were
taken at the lowest possible position on the tree to maximize the
number of available rings (Stoﬀel and Bollschweiler, 2008). Samples
were prepared and data processed following standard procedures described in Stoﬀel et al. (2013). Growth disturbances (GD) such as

3.3. Detection of past avalanche events in growth disturbance series
To detect past snow avalanche events – which correspond to the
occurrence of one snow avalanche at least in the selected path at a
yearly resolution – in the GD series, we adopted the four-step procedure
described in Favillier et al. (2017) that underlines the necessity to
disentangle the potential eﬀects of snow avalanches from disturbance
pulses caused by climatic or exogenous factors, such as cold/dry years
or larch budmoth outbreaks:
(i) In a ﬁrst step, for each year t with a minimum of 15 trees available
in each path, an index I was calculated, according to Shroder (1978)
and based on the percentage of trees showing responses in their tree12

Cold Regions Science and Technology 154 (2018) 9–22

A. Favillier et al.

Fig. 3. Synoptic diagram of the 4-step approach used for the detection of avalanche events in tree-ring series, adapted from Favillier et al. (2017).

ring record in relation to the number of sampled trees being alive in
year t:
n

Table 1
Larch budmoth events (according to Esper et al., 2007 and Büntgen et al.,
2009), as well as extremely cold and dry summers (Battipaglia et al., 2010;
Efthymiadis et al., 2006) in the Swiss Alps. All these years have been carefully
analyzed due to probable interferences between snow avalanche damage in
trees, as well as LBM and climatic signals that may induce comparable growth
reduction in tree-ring series.

n

⎛⎛
⎞⎞
⎞ ⎛
It = ⎜ ⎜∑ Rt ⎟/ ⎜∑ At ⎟ ⎟ ∗100
⎝ ⎝ i=1 ⎠ ⎝ i=1 ⎠ ⎠

(2)

where ƩR represent the number of trees responding to an event in year
t, and ƩA is the number of trees alive in year t. Following recommendations from Butler and Sawyer (2008), a double threshold for
sample sizes of 15–20 (GD > 4 and It > 15%), 21–50 (GD > 5 and
It > 10%), 51–100 (GD > 7 and It > 7%), and ≥ 100 trees (GD > 9
and It > 4.5%) has been used to discriminate potential avalanche and
non-avalanche events in accordance with statistically determined
threshold as deﬁned by Corona et al. (2012). These thresholds also
aimed at limiting the inclusion of noise related to snow creeping (Stoﬀel
and Corona, 2014), snow loading (Martin and Germain, 2016a), or any
other kind of ecological disturbances (Butler and Sawyer, 2008; Corona
et al., 2012) in the process reconstruction (Fig. 3).
(ii) The grey larch budmoth (LBM, Zeiraphera diniana Gn.) is a foliage
feeding Lepidopteran insect responsible for periodical outbreaks (8to 10-year intervals), mainly in the interior valleys of the European
Alps (Baltensweiler et al., 1977). The feeding of LBM on larch
needles causes massive defoliation that results in growth suppression in trees lasting for 3–4 years (Kress et al., 2009) which may,
thus, interfere with the dendrogeomorphic signal contained in treering series. In total, 26 triplets of LBM outbreak years (i.e. three
consecutive years, see Table 1) have been reconstructed in the
Swiss Alps since 1740 CE according to Esper et al. (2007) and
Büntgen et al. (2009). Similarly, climate extremes such as cold
summers and prolonged droughts are susceptible to lastingly aﬀect
larch growth (Battipaglia et al., 2010; Lévesque et al., 2013; George
et al., 2017) and to cause prolonged growth suppressions that may
be confound with avalanche-induced GDs. According to Battipaglia
et al. (2010), extremely cold summers were reconstructed in the
central Alps from tree-ring data and historical archives in 1740,
1742, 1767, 1769, 1814, 1816, 1829, 1833, 1851, 1860, 1896,

2003

1945

1903

1851

1792

1995
1984
1981
1980
1979
1978
1972
1972
1965
1963
1962
1954

1937
1932
1931
1924
1923
1921
1919
1915
1912
1911
1910
1908

1896
1896
1893
1892
1888
1880
1879
1870
1865
1864
1860
1856

1843
1838
1833
1830
1829
1821
1821
1817
1816
1814
1811
1801

1779
1771
1769
1767
1758
1753
1743
1742
1740

LBM-outbreak years, Extreme cold summer, Drought years.

1912, 1924, 1964, 1972, 1984, and 1995. Based on the gridded
HISTALP point temperature information (Efthymiadis et al., 2006)
closest to the study site, 11 years with negative May–September
anomalies of temperature – 1.5 SD below the average – could be
found for the period 1780–2008 and have thus been considered as
cold summers years (Table 1). In the same way, eight years with
negative April–July precipitation anomalies (i.e. -1.5 SD) were
identiﬁed in the HISTALP point precipitation database for the
period 1800–2003 (Efthymiadis et al., 2006). These years have
been considered as drought years.
Potential avalanche events detected in step 1 that coincided with
LBM outbreak episodes or extremely cold/dry years were therefore
examined in more detail. To limit possible interferences between geomorphic, climatic, and LBM signals, growth suppressions were systematically excluded from the account of GDs and a minimum threshold
13
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within their paths.
To limit this bias, Rims2–3 were computed with a three-step procedure. In a ﬁrst step, we (i) delineated the minimum area aﬀected by
each reconstructed event based on the spatial pattern of impacted trees,
the geomorphology of the slope and the ﬂowing nature of the process
under investigation. We (ii) calculated recurrence intervals at each
point of the slope as the ratio between the total number of years included in the dendrogeomorphic reconstruction and the number of
times the snow avalanches reached this point. Finally, we (iii) built
Rims2–3 without applying an interpolation procedure. Rim2 diﬀers
from Rim3 by the total number of years (275 and 75 years, respectively)
included in the dendrogeomorphic reconstruction. Provided a precise
(i) estimation of the number of avalanche events and (ii) delineation of
past events, this procedure enables an approximation of recurrence
intervals of snow avalanches at each pixel of the paths, and independently from individual tree ages.

of 4 GDs was retained to discriminate avalanche from non-avalanche
events (Fig. 3).
(iii) In a third step, the type and intensity of GDs were used to evaluate
a qualitative level of conﬁdence associated to the detection of each
reconstructed event. To this end, a weighted index factor (Wit)
adapted from Kogelnig-Mayer et al. (2011) was computed for each
avalanche event detected in step 1 as follows:
n

Wit =

n

n

n

[ (∑i = 1 Ti ∗7) + (∑i = 1 Ts ∗5) + (∑i = 1 Tm ∗3) + (∑i = 1 Tw ∗1) ]
n
∑i = 1 At

(3)

where, for each year t, Ti represents the sum of trees with injuries; Ts
represents the sum of trees with strong GDs; Tm represents the sum of
trees with medium-intensity GDs; Tw represents the sum of trees with
weak-intensity GDs, and where A gives the total number of trees alive in
year t. Based on the Wit, we then distinguish between low (LLC,
Wit < 0.2), medium (MLC, 0.3 > Wit > 0.2), and high (HLC,
Wit > 0.3) levels of conﬁdence in the reconstruction and attributed this
evaluation to the avalanche event detection. In addition, and despite
the precautions taken at each of the previous step, each event detected
at step 2 was only rated with a LLC (Fig. 3).

4. Results
4.1. Snow avalanches recorded in historical archives
Analysis of historical archives yielded data on 45 snow avalanches
(32 avalanche years) in the vicinity of Täsch during the 20th century. In
total, 24 (16 avalanche years) out of the 45 snow avalanches occurred
at the Täschwang site. Within these avalanches, four were observed
during the ﬁrst half of the 20th century in 1907, 1914, 1919, and 1920.
By contrast, 17 occurred during the period 1950–2000 in 1962, 1974,
1975 (4 events), 1977 (3 avalanches), 1978, 1979, 1980, 1981, 1983 (2
avalanches), and 1985 (2 avalanches). Finally, 3 avalanches were
documented during the early 21st century in 2012, 2013, and 2014.
According to the analysis of archival documents, avalanches occurred
preferentially from January to April (75.5%) and at the beginning of
June (4.4%).
Three high-magnitude avalanches are precisely described in historical documentation (1920, 1984 and 2014). According to the
Walliser Bote newspaper, an extreme snow avalanche occurred on
January 17, 1920. This avalanche did not follow the classical path; by
contrast, it reached “Zermettjen” – a locality 780 m downslope of the
usual avalanche deposit where it destroyed a huge part of the forest,
burying a barn with a 9-m thick snow tongue and killing 18 cattle
(Fig. 4a). In 1984, another avalanche reached the Mattervispa River
and killed 11 persons in cars on the road linking Täsch to Zermatt. On
March 4, 2014, several newspapers report a snow avalanche – with a
volume of approximatively 80,000 m3, comparable to the 1984 event –
that buried the road to Zermatt and ﬁlled the northern entrance of the
avalanche protection tunnel built after the 1984 event (Fig. 4b).

(iv) Finally, avalanche events and corresponding GDs were mapped
using the ArcGis 10.2 Time Slider (Kennedy, 2013; ESRI, 2013) to
estimate the minimum sliding extent (ME, w.r.t the barycenter of
the avalanche release zones) of each avalanche event. On the basis
of ME, avalanche events with ME < 600 m, 600 m < ME < 800
m,
800 m < ME < 1000 m,
1000 m < ME < 1200 m,
1200 m < ME < 1400 m, and ME > 1400 m were classiﬁed as
eXtra Small (XS), Small (S), Medium (M), Large (L), eXtra-Large
(XL) or eXtra-eXtra-Large (XXL) events, respectively.
The age structure of the stand was approximated by counting the
number of tree rings of sampled trees and was visualized after interpolation. However, and because trees were not sampled at their stem
base and the piths as well as the innermost rings of some trees were
rotten, the age structure is biased and does not reﬂect inception or
germination dates. Nonetheless, it may provide valuable insights into
major disturbance events at the study site with reasonable precision, as
L. decidua has been shown repeatedly to recolonize surfaces cleared by
snow avalanches or other mass-movement processes in the years following an event (Stoﬀel et al., 2006; Van Der Burght et al., 2012).
3.4. Computation of avalanche events recurrence interval maps
In total, three recurrence interval maps (Rims) were computed at
our study site. In Rim1, the individual impact interval for each tree (FT)
was calculated according to Eq. (1), following the interpolation method
previously used by Reardon et al. (2008), Corona et al. (2010),
Decaulne et al. (2012), or Martin and Germain (2016a). Rim1 was then
visualized in ArcGIS 10.2 (ESRI, 2013). To estimate realistic values for
the impact interval of events in areas where it could not be determined
with dendrogeomorphic methods (Dale and Fortin, 2014), we spatially
interpolated individual recurrence intervals using an inverse distance
weighted interpolation algorithm. To ensure spatial robustness, interpolations were performed with an ellipse-shaped search (major axis:
280-m; minor axis: 96-m) where the anisotropy was set using an angle
of 280° due to the presence of a strong directional inﬂuence (i.e. points
are strongly related to those upslope of their location). Between ten and
twenty-ﬁve neighbors were included within the eight sectors.
Rim1 relies on trees considered as proxies for past avalanche events.
Yet, it does not account for the nature nor the physic of snow avalanches, classiﬁed as fast-moving mass-movements (McClung and
Schaerer, 2006) that may have a huge destructive power reinforced by
transported debris (Bründl et al., 2010) and potentially aﬀect every tree

4.2. Age structure of the stand
In total, 307 European larch (Larix decidua Mill.) trees were sampled
with 620 increment cores and 60 cross-sections. In total, 108, 180, and
45 trees were sampled on tracks T1, T2 and T3, respectively. After
cross-dating, data on the pith age at breast height indicates that
European larch trees growing at Täschwang were on average 145 yrs.
old (σ ± 98 yrs). The oldest tree selected for analysis reached breast
height in 1617 CE while the youngest tree only attained sampling
height in 2011. As illustrated in Fig. 5, the stand is dominated by
10–100-yr (46.3%) and 200–300-yr (30.0%) old trees, whereas
100–200-yr old trees only represent 16.9%. In total, 14 trees could be
found with ages exceeding 300 years.
The comparison of aerial photographs and maps for the period
1909–2016 (Fig. 6) shows signiﬁcant variations in the extent of the
forest stand. In 1909, the uppermost trees were located at 2300–2400 m
asl at T2 and reached 2000 m asl at T1. In 2016, this position has
considerably evolved and the current timberline is above 2300 m asl at
both paths. At T1, the diachronic analysis reveals (i) the destruction of a
14
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Fig. 4. (a) Description of the avalanche of January 1920 in the Walliser Bote
published 17th of January 1920. English translation: “Täsch: The new snow at the
locality exceeded 2 meters. All avalanche couloirs produced events to rush down to
the valley where they caused large damage, especially in the case of the large
Täschwang avalanche. The avalanche did not follow its usual trajectory, but left its
couloir above the so-called “Metjen” from where it descended into a wonderful
conifer forest to destroy it all the way down to the valley ﬂoor. Thousands of stems
have been broken and are now accumulated in the valley. Eight stables and barns
with plenty of hay reserves have been devastated and 18 sheep have been killed.
Damage has to be estimated in the order of 30,000 francs”, (b) The snow avalanche
(≈80,000 m3) of March 4, 2014 buried the northern entrance of the avalanche
protection tunnel and the road linking Täsch to Zermatt (Feistl et al., 2015),
picture extracted from Techel et al. (2015).

400 × 800 m strip of forest, located in the central parts of T1 and T2,
between 1909 and 1941; (ii) a reforestation of this area between 1941
and 1977; and (iii) only a slight reshaping of the forest limits between
1977 and 2016. Coupling the diachronic analysis to both historical
archives and the age structure of the stand lead us to hypothesize that
approximately 32 ha of forest were destroyed by the high-magnitude
snow avalanche of January 1920 and that this surface has been recolonized ever since.

Fig. 5. Age structure of the forest stand growing at the Täschwang sites and its
avalanche paths.

basis of the Weighted Index Factor (Wit; step 3, Figs. 7, 8) that accounts
simultaneously for the type and intensities of GDs, we assigned high
and medium levels of conﬁdence to 32 and 12 events, respectively. By
comparison, 27 events with a Wit < 0.2, and characterized by a majority of weak and medium GDs, were therefore reconstructed with a
LLC. Amongst the 42 potential events that coincide with LBM outbreak
episodes or extreme climatic years, 24 were excluded from the reconstruction and 18 were rated with a LLC (Fig. 7, 8).
Higher levels of conﬁdence were assigned to events that occurred in
T1 (16 HLC and 4 MLC events) and T2 (11 HLC and 8 MLC events).
Tree-ring signatures related to past snow avalanche activity were, by
contrast, less frequent at T3 but all events were considered to have a
HLC. For the period covered by historical archives, 9 (43.8%) out of the
16 avalanche years documented in historical archives were reconstructed with tree-ring records in T2 (1920, 1975, 1977, 1978,
1983, 2012 and 2013) and T1 (1962, 1975, 1977, 1978, 1981, 2013).
By contrast, an insuﬃcient number of GDs and/or possible interferences with LBM outbreaks and climatic extremes prevented us from
retrieving the documented snow avalanches that occurred during
winters 1907/08, 1918/19, 1961/62, 1973/74, 1978/79, 1979/80,
1980/81, 1984/85 and 2014/15.
Considering all reconstructed events within the study area, the
mean event recurrence interval for the Täschwang avalanche paths is
3.8 years (or 2.6 events per decade) for the period 1740–2015.

4.3. Distribution of growth disturbances and chronology of avalanche events
Sampled cores and cross-sections allowed identiﬁcation of 2570 GD
in the tree-ring series for the period 1740–2015, 799 of which were
considered strong avalanche indicators (Classes 3 or 4). Table 2 summarizes the types of GD as well as their intensity. TRDs (49.4%), CT
(3.1%), and CW (2.6%) were the GDs most frequently (55.1%) identiﬁed in the samples, followed by growth suppressions (GS; 38.7%). By
contrast, only 164 injuries were sampled, which represents 6.4% of the
dated disturbances. In total, 35.4% of the GDs were rated as intensity 2
and 33.5% as intensity 1. Intensities 3 and 4 represent 24.7% and 6.4%
of all detected GDs, respectively. The oldest GD identiﬁed in the treering series was dated to 1659 CE. GDs are more frequent after 1900 and
nearly every year exhibited GD in a small number of trees.
On the basis of our 4-step-procedure (Fig. 3, 7), tree-ring analyses
allowed identiﬁcation of 51 years with evidences of snow avalanche in
at least one path between 1740 and 2013 (Fig. 7). The oldest event was
recorded in 1741 (T2), the most recent event in 2013 (T1-T2-T3).
In total, 31 (1740–2015), 35 (1740–2015), and 5 (1772–2015)
avalanche events were reconstructed at sites T1, T2, and T3, respectively. Based on possible interferences between avalanche activity,
climatic, and LBM signals in the tree-ring series (step 2), and on the
15
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Fig. 6. Diachronic evolution of the forest stand at Täschwang for the period 1909–2016: (a) 1909–1941, (b) 1941–1977, and (c) 2009–2016.

way of example, amongst the 46 XXL events, 20 were considered with a
LLC. On the contrary, amongst the 32 events considered with a HLC, 16
events were reconstructed as extreme (XXL), ﬁve exceeded 1200 m in
length (XL, 1796-T2, 1968-T1, 1996-T1, 2007-T3 and 2014-T1) and
only eight were of limited extend.
The ﬁrst recurrence interval map (Rim1, Fig.10a) was computed
from recurrence intervals as obtained for individual trees (eq. 1) and by
using an inverse distance weighted interpolation. Highest recurrence
intervals (13–18 yr) are observed in the release areas of T1 and T2,
above 2200 m asl and at the lowermost parts of the Täschwang channel
whereas lower recurrence intervals (60–100 yr) are computed in the
central part of the channel between 1650 and 2100 m asl. Conversely,
highest recurrence intervals, derived from tree-ring analysis, exceed
150 years in the northern part of T1 and at the southern edge of T2. In
addition, clear “bulls eye” eﬀects – related to the inverse distance
weighting – can be observed e.g. at 1800 m asl on the northern part of
T1 or at 1650 m asl in the southern margin of T3.
In Rim2 (Fig. 10b), our expert approach was used to delineate the
spatial extent of each reconstructed event based on the position of
disturbed trees, geomorphology of the slope and ﬂow patterns of snow
avalanches at the site. Rim2 results from the superimposition of all
reconstructed extents and thus represents the average interval of time
that elapses between events reaching a given location for the period
1740–2015. The spatial pattern of Rim2 obviously diﬀers from Rim1:
within T1 and T2, the recurrence intervals increased rapidly with distance downslope. Return periods range from 10 to 11 years at the release area of T1 (1900–2200-m asl) and T2 (2150–2400-m asl) and
exceed 150–275 years on the interﬂuve between both paths
(1500–1750-m asl). In addition, the Täschwang channel, characterized
by < 10 yr recurrence intervals is clearly delineated in Rim2 (whereas
it remained invisible in Rim1). To account for the strong non-stationarity of the dendrogeomorphic reconstruction characterized by an
obvious increase in avalanche recurrence intervals since the 1960s,
Rim3 was also computed for the period 1961–2015 (Fig. 10c). Rim3
evidences recurrence intervals (i) < 6 yr in the release areas of T1 and
T2 and in the Täschwang channel and (ii) > 18 yr in the lowermost part
of both path below 1600 m asl. No information is available for the
lowermost part of the forested strip, destroyed by the event of 1920, as
no clear evidence of avalanche activity could be found in this sector
since the 1960s.

Table 2
Intensity of reactions and types of growth disturbances (GD) assessed in the 307
larch trees selected for analysis.
Type/
intensity

1

2

3

4

Total

Injuries

–

–

–

164 (6.4%)

CT, TRD,
CW
GS

572 (22.3%)

403 (15.7%)

441 (17.2%)

–

289 (11.2%)

507 (19.7%)

194 (7.5%)

–

Total

861 (33.5%)

910 (35.4%)

635 (24.7%)

164 (6.4%)

164
(6.4%)
1416
(55.1%)
990
(38.5%)
2570
(100%)

Avalanche event frequency is not, however, constant over time but
shows a clear increase from one event per decade for the period
1740–1960 (22 events) to 8.9 events.decade−1 between 1961 and 2015
(49 events). Maximum decadal frequencies are systematically observed
in the recent past, from 1971 to 1980 (9 events), 1981–1990 (8 events),
and 2001–2010 (13 events). Conversely, no events could be reconstructed for the periods 1742–1795, 1804–1860, 1880–1899 and
1904–1918.
In details, at the level of individual paths, the highest avalanche
activity was observed at T2 (35 events, 11 rated HLC, 8 MLC, mean
recurrence interval 7.9 yr) and T1 (31 events, 16 rated HLC, 4 MLC,
mean recurrence interval 8.9 yr). Conversely, T3 is characterized by
lower activity (5 HLC events).

4.4. Spatial extent of avalanche events and recurrence interval maps
The spatial distribution of trees with GDs in a speciﬁc year has been
used to estimate the minimum sliding extent (MSE) for each reconstructed avalanche. In total, 51 out of the 71 (71.8%) reconstructed
events exceeded a length of 1200 m and were thus classiﬁed as XL (5) or
XXL (46) snow avalanches (Fig. 9). The remaining 20 events were
classiﬁed as L (8) or M (12) avalanches. There is no particular pattern
between MSE and LBM outbreak or drought years. During these years,
11 out of 18 avalanche events were rated as XXL, 3 as M-sized and 2 as
L-sized. Moreover, no clear relation was observed between the size of
the event and the level of conﬁdence associated to its reconstruction. By
16
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Fig. 7. Simpliﬁed synoptic diagram showing the characteristics (possible interference with climate or larch budmoth outbreaks, level of conﬁdence, and minimum
slide extent) of the reconstructed events.

Fig. 8. Avalanche events reconstructed for the period 1740–2015 in avalanche paths T1, T2, and T3. Symbol sizes are proportional to the level of conﬁdence, whereas
the colour range denotes the minimum slide extent. Grey bands represent triplets of years associated to LBM outbreaks. Vertical lines show snow avalanche events
documented in historical archives (black), as well as extremely dry (orange) and cold (blue) summers. (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of this article.)

5. Discussion

avalanche events were reconstructed in 51 diﬀerent avalanche years.
The reconstruction therefore complemented the historical chronology
signiﬁcantly as the ﬁrst “only” yielded data on 24 snow avalanche
events for 16 diﬀerent winters between 1907 and 2014, and by extending the series back to 1740 CE. In total, 9 out of 16 (56.3%) avalanche years listed in historical documents were retrieved with the
dendrogeomorphic approach, namely in 1920 (T2), 1962 (T1), 1975
(T1, T2), 1977 (T1, T2), 1978 (T1, T2), 1981 (T1), 1983 (T2), 2012
(T2), and 2013 (T1, T2, T3).
This success rate is comparable to previous tree-ring reconstructions
performed both in the French (Corona et al., 2010, 2012; Schläppy
et al., 2013) and the Swiss Alps (Favillier et al., 2017) but highlights, at
the same time, some limitations in our approach in providing a complete picture of avalanche activity at a site. These limitations are related

5.1. Spatio-temporal accuracy of the reconstruction
The study we report here employs dendrogeomorphic techniques on
three avalanche paths at Täschwang with the aim to assess recurrence
interval maps of past avalanche activity. Speciﬁcally, we focus on
events deﬁned as the area aﬀected a given winter by one or several
snow avalanches in a given path. To meet this objective, the detection
procedure developed by Favillier et al. (2017) was used (i) to disentangle geomorphic signals in tree-ring series (related to the occurrence
of snow avalanches) from signals induced by other external disturbances and (ii) to estimate the robustness of our tree-ring based
snow avalanche reconstruction. Based on this procedure, 71 snow
17
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Fig. 9. Reconstructed Minimum Sliding Extent (MSE) of avalanches that occurred (a) on January 16, 1920, at T1 (b) in 1986, at T1 and T2, and (c) in 2009, at T1, T2
and T3, as derived from the location of disturbed trees and interpretation of the aerial pictures taken in 1941, 1988 and 2009 (in the background, aerial photographs
are reproduced by permission of swisstopo, BA18022).

1990; McClung and Schaerer, 2006) and snow pressures that are insuﬃcient to damage trees during some of the events; (ii) observation
inaccuracies in historical archives, especially for old (Ancey, 2004) and
extreme events involving very dry, non- cohesive snow and/or a
powder cloud, for which the point of the farthest reach is sometimes
very diﬃcult to be located because of the absence of clearly visible
deposits (Eckert et al.., 2010). As a consequence, we have to admit that
the spatial patterns derived from our procedure contain some uncertainties that are not easily quantiﬁable and therefore have to be seen
as the minimum yearly extent of avalanches that occurred in a given
path.

to (i) the energy of snow avalanches that have to be of suﬃcient
magnitude to have impacts on trees; (ii) major avalanches that destroyed large parts of the forest stand and may remove evidence of past
and subsequent events or disturb tree growth in such a way that
younger events cannot be identiﬁed in the tree-ring record (e.g.
Carrara, 1979; 1989; Kogelnig-Mayer et al., 2011). For example, we can
reasonably attribute the clear temporal non-stationarity observed in the
reconstructions (80% of the reconstructed events occurred during the
20th century and 36 out of 71 events even since 1960) to an increased
potential to record past avalanche activity. This is related to the recolonization of the 400 × 800-m forest strip destroyed by the January
1920 event and in which trees reached maturity only in the 1950s.
Similarly we found a large number of trees showing GD as a result of the
avalanche activity of 2012 and 2013, but failed to identify the event of
March 4, 2014 that severely damaged the forest stand in T2 by uprooting, breaking or bending 165, 259, and 696 trees, respectively
(Feistl et al., 2015); (iii) potential biases towards larger avalanches, as
smaller snow avalanches or events limited to the non-forested parts of
the avalanche system or strictly restricted to the incised Täschwang
channel cannot be identiﬁed by means of tree-ring analysis; ﬁnally, (iv)
our methodology is not normally able to provide a distinction between
multiple events that occur at the same path during the same winter. As
a consequence, and despite the stringency of the procedure employed in
this paper, one has to keep in mind the number of reconstructed events
has to be seen as a minimum frequency of natural avalanche activity.
On a spatial plan, past events were carefully delineated on the basis
of growth disturbances observed in trees for a given year. Yet, limitations probably remain in the reconstruction of the boundaries of each
event. In Chamonix, Corona et al. (2012) reported, by comparing archival records with tree-ring data, that runout distances tend to be
underestimated with dendrogeomorphic techniques. Underestimations
are attributed to (i) the modiﬁcation of path geometry (steepness,
curvature) by the geomorphic eﬀect of the avalanches in the runout
zone that may have induce rapid avalanche deceleration (McClung,

5.2. From events to return period mapping
Dendrogeomorphology has a great potential to derive information
on recurrence intervals of past avalanche events. Yet, only few studies
(Fig. 1) really attempted to derive recurrence interval maps from treering based reconstructions. In addition, by using an inaccurate deﬁnition of an avalanche return period, they usually failed to properly reproduce the expected patterns that typically increase as one moves
down the avalanche path. In our study, Rim1 therefore is no exception
to the rule. Classically based on the inverse distance weighting interpolation of individual tree recurrence intervals, the approach tends to
homogenize recurrence intervals: a large part of the slope–with the
exception of the release areas of T1 and at the outlet of the Täschwang
channel (18–28 years)–are thus characterized by recurrence intervals
that exceed 60 years with clear “bulls eye” eﬀects. In addition, the map
does not show a clear increase of recurrence intervals at the vicinity of
the main channels. The limited value and lack of realistic representation of avalanche activity in these maps is also limited by the high
spatial variability of recurrence intervals in individual trees which can
in turn be explained by (i) the heterogeneity of GDs observed in trees
for a given event (i.e. not all trees located in the ﬂowpath of an avalanche will show a GD, see e.g. Fig. 9), but also (ii) by the number and
18
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Fig. 10. (a) Interpolation of individual tree recurrence intervals (Rim1) often assimilated to avalanche return periods in the tree ring literature. Recurrence intervals
computed according to the spatial delineation of past events based on growth disturbances in trees for the period 1740–2015 (Rim2, b) and 1960–2015 (Rim3, c).
Map on panel (d) (Rim4) was transformed in order to adjust recurrence interval values from Rim2 and to estimate recurrence intervals in the missing portions of
Rim3.

Täschwang avalanche system (Canton of Valais, Swiss Alps) with the
speciﬁc aim to improve tree-ring based recurrence interval mapping. To
this end, a 4-step procedure was used to retrieve evidence on 71 avalanche events for the period 1740–2014. The comparison between our
reconstruction and historical archives reveals that 9 out of 16 (56%)
avalanche years listed in local records could be reconstructed with treering analysis. In addition, tree-ring analysis and archival records enabled attribution of the apparent increase in the frequency of snow
avalanches observed after the 1950s to the extreme avalanche that
occurred at Täschwang in 1920. By contrast to those classically found in
the tree ring literature, the diﬀerent recurrence interval maps derived
from our reconstruction for diﬀerent sub-periods (1720–2015 and
1960–2015) clearly show a realistic upslope-downslope gradient as well
as lateral variations in recurrence intervals, with the highest values
being observed in the main Täschwang channel. Despite further potential for reﬁnement to improve and test the accuracy of our maps, e.g.
by comparison with numerical simulations or classical hazard mapping
procedures, this study demonstrates that dendrogeomorphic data
should be seen as an extremely valuable data pool for avalanche hazard
zoning on forested paths with limited or no historical data.

type of GDs recorded in each tree-ring series that directly depends on
tree age (e.g. Šilhán and Stoﬀel, 2015) and tree species (Trappmann and
Stoﬀel, 2013).
To overcome these biases, a new procedure was implemented in
Rim2 and Rim3 that includes an expert delineation of past events based
on disturbed trees. The resulting maps neither account for tree age nor
do they involve interpolation processes. Instead, they represent a signiﬁcant step towards a precise mapping of return period of avalanche
events based on tree-ring analysis as they provide information on the
time elapsing between two events for each location of the paths.
Interestingly, they evidence similar patterns with highest recurrence
intervals observed in the release areas of T1 and T2 and in the
Täschwang channel. Owing to the non-stationarity of our reconstruction and to the increasing frequency of reconstructed snow avalanches
for the last decades, the recurrence interval values of Rim2
(1740–2015) strongly exceed those computed for Rim3 (1961–2015).
According to the limitations presented above for the early part of the
reconstruction (see §5.2), we assume that Rim3 better estimates avalanche events recurrence intervals whereas Rim2 tends to strongly
underestimate real avalanche activity as it only contains those snow
avalanches that exceeded the boundaries of the 1920 extreme event, for
example. Conversely, as no events could be retrieved in the lowermost
part of the slope located between T1 and T2 since 1960, no recurrence
interval could be computed at the interﬂuve between T1 and T2 on
Rim3 which is more spatially limited. In order to (i) adjust recurrence
interval values from Rim2 and to (ii) estimate the recurrence intervals
in those parts not covered by Rim3, the distribution of the ratios Rim3/
Rim2 was computed from those areas common to each map, and to then
use the mean ratio (0.36) as a multiplier for Rim2. The composite recurrence interval map (Rim4, Fig. 10d) resulting from this transformation shows recurrence interval values > 60 yr at the interﬂuve between T1 and T2 and < 6 yr in the release areas of T2 and T3 and in the
most active portions of the Täschwang channel. Interestingly, the latter
values are in the same range as the recurrence intervals computed from
historical documents for the period 1950–2000 (17 events, recurrence
interval: 3 years) and 2000–2015 (3 events, recurrence interval
5 years).
Despite our eﬀorts and encouraging results, we cannot consider at
this stage that our recurrence interval maps can be readily used for
hazard mapping purposes. Indeed, at a given location on the path, we
compute the mean time separating two winters with at least one avalanche instead of the mean time between two snow avalanches which is
more relevant for elements at risk. Even more critically, the abovementioned limitations in terms of spatio-temporal accuracy of the approach makes the reliability of our maps still hampered by some uncertainties related to: (i) the detection of past events and the diﬃculty
to estimate real avalanche activity from both archival records and treering data; (ii) inaccuracies in the delineation of the boundaries of past
events which can, e.g., lead to signiﬁcant underestimations of real
runout distances diﬃcult to quantify and (iii) the fact that we cannot be
sure that each point of the avalanche path is reached by one and unique
release area. Nonetheless, however, results presented here should be
used with care in combination with archival records, expert judgement
and modeling output to maximize knowledge and conﬁdence in proposed mitigation strategies.
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