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ABSTRACT: On forested paths, dendrogeomorphology has been demonstrated to represent a 
powerful tool to reconstruct past activity of avalanches with annual resolution and for periods covering 
past decades to centuries. Here, we present a new semi-quantitative approach for the identification of 
past snow avalanche events, which relies on the assessment of the number and position of disturbed 
trees within avalanche path as well as on the intensity of reactions in trees. Based on a statistical 
evaluation of the approach, we point to the consistency and replicability of the procedure. In a 
subsequent step, we demonstrate how dendrogeomorpic records can contribute to the specification of 
expected runout distances and related return periods of extreme events, an indispensable step in 
avalanche hazard assessment. Based on the reconstructed distribution of runout distances of 25 
events and mean event frequencies at two paths in the French Alps, we successfully derive runout 
values for events with return periods of ≤300 yr. Furthermore, comparison of relations between runout 
distance and return periods between dendrogeomorphic data and predictions of a locally calibrated 
statistical-dynamical model show very reasonable agreement. Within the classical intervals used in 
hazard zoning (i.e. 10–300 yr), mean and mean square errors amounted to 19.7 m and 28.2 m, 
respectively, in the first path, and to 23.5 m and 45.8 m, respectively, in the second path. Despite 
some level of uncertainty related to the limits of both approaches, results suggest that 
dendrogeomorphic time series can yield valuable information to anticipate future extreme events. 

KEYWORDS: Dendrogeomorphology, snow avalanche, hazard zoning, runout distance, return period, 
statistical-dynamical model 
 
 
1. INTRODUCTION 

Dendrogeomorphology is based on the fact 
that trees form one increment ring per year in 
temperate climates and that trees affected by 
mass movements record the evidence of 
geomorphic disturbance in their growth-ring 
series (Stoffel and Bollschweiler, 2008; Stoffel et 
al., 2013). 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 reactions of trees to avalanche include 
tilting, wounding as a consequence of trunk, 
apex and branch breakage (Bartelt and Stöckli, 
2001; Luckman, 2010). These external 
disturbances are reflected in the wood with 
anomalous anatomical features, which can be 
detected and accurately dated in tree-ring series 
using dendrogeomorphic techniques (Butler and 
Sawyer, 2008; Stoffel and Bollschweiler, 2008; 

Stoffel et al., 2012). Assessment of yearly 
patterns of growth anomalies enables 
identification of avalanche events. 

On forested paths, dendrogeomorphology 
(Alestalo, 1971; Stoffel et al., 2010) has been 
demonstrated to represent a powerful tool to 
reconstruct past activity of avalanches with 
annual resolution and for periods covering past 
decades to centuries (Butler and Sawyer, 2008). 
Some authors used quantitative methods based 
on the proportion of disturbed trees (i.e. index 
number) to date an event in a given year (Butler 
and Sawyer, 2008). Corona et al. (2010), Dubé 
et al. (2004), Germain et al. (2005), Pederson et 
al. (2006) and Reardon et al. (2008) used an 
index number but also took account of the total 
number of disturbed trees. Conversely, Stoffel et 
al. (2006) used a qualitative approach where the 
nature and spatial distribution of trees with GDs 
were analyzed visually to determine years with 
avalanche activity. These approaches have 
provided reasonable event chronologies. 
Nevertheless, as Corona et al. (2012) 
emphasized, quantitative methods tend to 
underestimate activity due to the very stringent 
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and arbitrary thresholds used that are better 
adapted to the determination of high-magnitude 
events. On the other hand, qualitative 
approaches may be very useful in cases with a 
limited sample depth, either on the temporal or 
on spatial domains, depending strongly on the 
context at the site (Luckman, 2010). 

Dendrogeomorphic data has been used 
repeatedly in the past to derive minimum 
avalanche frequency and magnitude within the 
path or to estimate avalanche return periods 
based on disturbance frequency of individual 
trees (Corona et al., 2010; Reardon et al., 
2008). However, very little attention has been 
paid to the potential of dendrogeomorphic 
avalanche records for the calibration or 
validation of avalanche models so far (Germain 
et al., 2010). Casteller et al. (2008), for instance, 
used tree-ring records to validate numerical 
simulations in Argentina, but not with a focus on 
runout distance and/or its relation to return 
periods in a given path. 

In this context, we developed a new semi-
quantitative approach which relies on the 
assessment of the number and position of 
disturbed trees within avalanche path as well as 
on the intensity of reactions in trees (Schläppy 
et al., 2013). We used a Classification and 
regression trees (CART) approach to 
demonstrate consistency and replicability of the 
procedure at three avalanche sites in the French 
Alps (Ressec, Château Jouan and Pèlerins; Fig. 
1). In a subsequent step, a statistical-dynamical 
approach was used to derive runout distance–
return period relations at two paths (Château 
Jouan and Avalanche des Pylônes; Fig. 1). The 
locally calibrated model used in this study (for 
details see Eckert et al., 2010) is well capable to 
simulate contemporary events, corresponding to 
return period ≤30 yr on which it can be 
calibrated, but uncertainties increase as soon as 
longer return periods are investigated. 
Therefore, our objective was to show how 
dendrogeomorphic records can help to 
corroborate model predictions and, more 
generally, help to precisely assess extreme 
avalanche runouts. 

2. A NEW TREE-RING BASED, SEMI-
QUANTITATIVE APPROACH FOR THE 
IDENTIFICATION OF PAST SNOW 
AVALANCHES 

Areas sampled with dendrogeomorphic 
techniques were restricted to the lower track of 
the path and its runout zone, as the main goal 
was to maximize the likelihood of identifying the 
maximum reach of avalanche events. All 
samples were extracted from conifers (L. 
decidua, P. abies and A. alba). Characteristic 
growth disturbances (GD) were used to 

calendar-date the occurrence of past snow 
avalanches. Selection of trees, sampling design 
as well as sample preparation and analysis 
followed the procedures described in Stoffel and 
Bollschweiler (2008) and Stoffel et al. (in press). 

 
Figure 1: Location of the studied avalanche 
paths in the French Alps. 

In a subsequent step, intensities were 
assigned to GDs in order to emphasize features 
that are clearly associated with avalanche 
activity and to discriminate these from 
disturbances possibly induced by other factors 
(Corona et al., 2012; Stoffel et al., in press). 
GDs were classified based on the visual quality 
of the evidence of reactions within each sample 
according to the intensity scale presented in 
Table 1. GD data from individual trees were then 
summarized in a geographic information system 
with ArcGIS. For each year derived from the 
tree-ring series, trees that were living (i.e. trees 
present in a given year considering their age as 
obtained from sample analysis) were plotted 
according to their geographic coordinates. The 
identification of snow avalanche years was 
based on a visual evaluation of the resulting 
maps. 

In the expert approach, each map (one per 
chronology year) was assessed separately by 
analyzing simultaneously the number of 
disturbed trees present, the proportion of strong 
intensity GDs (which are undoubtedly related to 
past avalanche activity) compared to 
intermediate ones as well as their distribution 
within the path. Special attention was given to 
strong and intermediate intensity reactions, but 
weaker reactions could be considered in the 
yearly assessment and could be helpful in cases 
where only few disturbed trees were observed. 
A minimum of three disturbed trees was 
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required for a year to be qualified as an 
avalanche year. This threshold aims at 
minimizing the risk that one or two GD caused 
by other factors (possible influence of felling 
activity, scars induced by ungulate browsing) 
may mistakenly be attributed to avalanches. 
Years showing several GDs of strong intensity 
were unequivocally identified as avalanche 
years. 

Table 1: Growth disturbance intensity scale 
emphasizing features that are clearly associated 
with avalanche activity. 

Intensity Growth disturbances characterization 

Class 5 Impact scars or dense TRD
*
 which can 

undoubtly be associated to a scar. 

Class 4 Obvious TRD
*
 (with some gaps in the 

rows), presence of callus tissue, obvi- 
ous compression wood being formed 
for more than 3 successive growth 
years or abrupt growth reduction 
lasting for at least 5 years (associated 
with stem breakage). 

Class 3 Obvious compression wood being for- 
med for 1-3 successive growth years 
following disturbance. 

Class 2 Compression wood present but not 
well defined or growth reduction 
lasting for less than 5 years. 

Class 1 Scattered TRD
*
. 

*
 Tangential rows of traumatic resin ducts 

For years where only few disturbed trees are 
observed, special attention is given to spatial 
criteria allowing the expert to determine whether 
the pattern is clustered or scattered. This allows 
distinction between years with a dispersed 
pattern of reacting trees, where disturbance was 
not apparently induced by snow avalanches, 
and years where disturbed trees were grouped 
on the slope and thus attested to the occurrence 
of an avalanche. In the latter cases, only years 
with disturbed trees located in the upper track 
are assessed as avalanche years. Conversely, 
years showing a few disturbed trees in the 
runout zone but very few or no GDs in the trees 
located higher in the track are not considered 
avalanche years. This is justified by the fact that 
all avalanches that disturbed trees in the runout 
zone should also have been recorded in some 
of the trees located in the upper track. Note that 
here an avalanche year is related to a winter, 
with the year 1999 corresponding, for example, 
to winter 1998–9. 

2.1 Consistency of the approach 

In the semi-quantitative approach, the 
dendrogeomorphic expert assesses each year 
of the tree-ring chronology in a similar way and 
based on the same criteria. Based on this 
procedure (for details see Section 1), 34 

avalanche years were reconstructed at the 
Pèlerins path for the past 240 years (1771-
2010). At the Ressec and Château Jouan paths, 
a total of 24 and 17 avalanche years have been 
identified for the period 1870-2010 and 1799-
2010, respectively. To demonstrate that no bias 
was introduced by the dendrogeomorphic 
expert, we assessed the consistency of 
approach statistically. For this purpose, a 
Classification and regression tree (hereafter 
referred to as CART; Breiman et al., 1984; 
Ripley, 1996) approach was used. CART is a 
statistical tree-building technique that explains 
the variation of a response variable using a set 
of explanatory independent variables, so-called 
predictors (for more details see Breiman et al., 
1984). In our study, the response variable was 
characterized by the score assigned by the 
dendrogeomorphic expert during its 
assessment. Each year of the three tree-ring 
chronologies was thus classified as an 
avalanche or non-avalanche year. Explanatory 
variables were then characterized based on the 
assessment criteria. The first variable chosen 
was , i.e. the total number of GDs 

(classes 3 to 5) in each year t. We then 
calculated  i.e. the number of GDs from 

each class of intensity i, in each year t. To have 
an idea of the proportion of GDs from each class 
related to the total number of GDs present in a 
given year, we computed: 

 

) (t) (1) 

As both sample depth and the number of 
GDs decrease in the past, a standardization 
procedure was applied to take account of all 
values in the dataset and to avoid potential bias 
in the data. We therefore included the annual 
standardized anomaly for each intensity class 
into the analysis: 

)  , (2) 

where: 

, (3) 

 , (4) 

and T corresponds to the extent of each 
tree-ring chronology. 

The last criteria on which the 
dendrogeomorphic expert focused for the 
identification of avalanche years are the position 
and spread of disturbed trees along the path. No 
universally applicable rule could be defined for 
the characterization of the different patterns of 
GD location. Therefore, spatial criteria were not 
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used in the statistical evaluation of the 
approach. 

Considering the seven characterized 

explanatory variables ( , , , , 

, , ), we evaluated consistency of the 

scores assigned by the dendrogeomorphic 
expert to each year of the tree-ring 
chronologies. Practically, data from both the 
Pèlerins and Ressec paths were combined to 
create a sufficiently large and representative 
dataset. Only years where at least one GD was 
present in the tree-ring record were considered, 
since, from a dendrogeomorphic perspective, 
years without GD could not show evidence of a 
snow avalanche event. The combined dataset 
yielded data for 213 years. The classification 
tree was calibrated with the scores assigned 
(avalanche/non-avalanche year) as a response 
variable and based on values resulting from the 
explanatory variables. To test the performance 
of the model, we then carried out repeated 
random sub-sampling validation, where the 
dataset is randomly partitioned into training 
(90% of all years) and validation subsets 
(remaining 10%). For each of these splits, the 
model was fitted to the training subset and 
predictive accuracy was assessed using the 
validation subset (Breiman et al., 1984; Kohavi, 
1995). The results were then averaged over the 
splits for 100 iterations. Cross-validation 
classification probabilities indicated that the 
model correctly classified the years in 89% of 
the cases. This attests the accuracy of 
classification tree predictions and consecutively 
demonstrates the good consistency of our 
procedure. In other words, it confirms that 
similar decisions were taken during assessment 
of each year of the chronology. 

2.2 Replicability of the approach 

Illustration of the replicability of our 
approach was required to demonstrate that the 
expert’s assessment does not depend on site-
related characteristics of a given path and can 
therefore be applied elsewhere. We therefore 
applied the classification tree resulting from the 
above-mentioned combined dataset (from both 
the Pèlerins and Ressec paths; Section 2.1) to 
predict avalanche/non-avalanche years in an 
independent path. The calibrated model pointed 
to the prevalence of the total number of GDs in 
the assessment since the corresponding 
variable  was the first classification split 

(Fig. 2). It also permitted to emphasize a 
hierarchy within the classification splits, from 

variables related to strong intensity ( , ) to 

weaker ones ( , ). 

Based on this classification tree, we 
predicted scores in the Château Jouan path. 
Comparison of the scores (avalanche/non-
avalanche year) predicted and those initially 
assigned during assessment in this path was 
summarized in a confusion matrix. Results show 
that only four out of 128 years (3%) were 
incorrectly predicted (Fig. 2). A correct 
prediction means that the score assigned by the 
dendrogeomorphic expert is the same as the 
one predicted by the model. In fact, three years 
were considered non-avalanche years by the 
expert whereas the classification tree 
considered them as avalanche years. 
Conversely, one year was considered an 
avalanche year during the expert’s assessment 
and was predicted as non-avalanche year by the 
model (Fig. 2). Interestingly, the spatial 
component was decisive in all misclassified 
years which seems logical given that spatial 
criteria could not be included in the statistical 
evaluation of our semi-quantitative approach. 
This finding emphasizes quite clearly the added 
value of the expert’s assessment, especially for 
years where GDs patterns are equivocal. 

3. EVALUATION OF EXTREME AVALANCHE 
RUNOUT DISTANCES AND RELATED 
RETURN PERIODS 

3.1 Evaluation of avalanche runout distance 
from field data 

Based on the semi-quantitative approach 
(for details see Section 2), 13 avalanche events 
were identified at the Château Jouan path for 
the period 1799–2010. At the Avalanche des 
Pylônes path, 12 avalanche winters were 
identified for the period 1963–2011. Runout 
distances were estimated for the 25 avalanche 
events identified with dendrogeomorphic 
techniques, and based on the position of 
impacted trees within the path. The reach of 
avalanches in a given year was defined by the 
location of the lowermost cluster (≥2) of trees 
showing strong or moderate reactions as a 
result of avalanche disturbance. Reactions in 
trees scattered below the lowest tree cluster 
were disregarded to avoid overestimation of 
runout distances. Noteworthy, trees may record 
several impacts during the same winter, so the 
maximum reach obtained with tree-ring records 
will therefore represent the largest reach and/or 
extent of all potential events in a given winter. 

3.2 Calculation of return periods 

Avalanche return period is the average 
interval of time within which the runout distance
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Figure 2: Classification tree calibrated from a combined dataset composed of tree-ring chronology 
years from both the Pèlerins and Ressec paths derived from Schläppy et al. (2013). It was used to 
predict scores (avalanche/non-avalanche years) in the Château Jouan path in order to demonstrate 
replicability of the semi-quantitative approach. 

is reached or exceeded at a given location 
(McClung and Schaerer, 2006). A return period 

 corresponding to the runout distance 

 (i.e. the T year return level) can be 

evaluated by combining the annual avalanche 

rate f, and  ( )stop stop stopF x P X x  , the 

cumulative distribution function (cdf) of runout 
distances: 

 
1

1 ( )stopx

stop

T
f F x




 (5) 

Estimates 
^

f  must be derived. Rather than 

considering only the ratio between the total 
number of avalanche events observed and the 
related number of years considered in the 
chronology (i.e. mean frequency), we retained 
the median of all possible values. The possible 
values were determined considering the time 
period for which data quality was considered 
acceptable and data quantity sufficient to obtain 
robust estimates of avalanche occurrence rates. 

On the other hand, 
^

( )stopF x , the estimated 

cumulative distribution function (cdf) of runout 
distances was approximated using a variation 

commonly referred to as the Hazen formula 
(Hazen, 1914) in hydrology: 

 
(6) 

where  is the number of events which 

stopped before the distance , and N the 

total number of events observed in a path. As a 
result of the limited number of observations, the 
estimation of return periods was subject to a 
considerable level of uncertainty affecting both 

^

f  and 
^

( )stopF x . To evaluate and take into 

account these uncertainties, we (i) computed all 

possible values of 
^

f  and performed a 

sensitivity study, and (ii) computed asymptotic 
non-parametric confidence intervals  for 

^

( )stopF x . 

For hazard zoning purposes, the inverse 
problem has to be solved, i.e. the annual 
exceedance probability is known, for example 
0.01 for the centennial event, and the 
associated runout distance has to be found. 
Inverting Eq. 5 shows that the T year return level 

 is provided by: 
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Figure 3: One-to-one relation between runout distance and return period derived from Schläppy et al. 
(submitted). Empirical relations and associated 95% confidence intervals derived from historical 
archives and tree-ring based reconstructions are compared to the ones derived from the statistical-
dynamical simulations.

1

^
^

^

1
stop

T
xstop

f T
x F

f T

  
 

 
 

 (7) 

where 

1^

stopxF


 is the inverse cumulative 

distribution function of the considered runout 

sample. For the different samples, 

1^

stopxF


 was 

evaluated by kernel smoothing of the empirical 
inverse step function. This has the advantage to 
avoid using Hazen (Eq. 6) or other similar 
approximations, and provides smoother runout 
distance–return period relations as compared to 
the direct use of Eq. 6.  

Based on mean event frequencies
^

f and 

estimated cumulative distribution functions 
^

( )stopF x , return periods corresponding to all 

tree-ring based events were then evaluated 
using Eq. 6. At Château Jouan, runout distances 
derived from dendrogeomorphic data 
corresponded rather to large extent events with 
return periods >300 yr (Tmax=311 yr). 
Conversely, less information was obtained for 
small events, since the minimum return period 
that could be derived from the tree-ring record 

was >10 yr (Tmin=12 yr). At Avalanche des 
Pylônes, dendrogeomorphic records informed 
about return periods trespassing 100 yr 
(Tmax=118 yr). 

3.3 Cross validation of model’s simulations with 
independent dendrogeomorphic data 

Runout distances of extreme events have 
often been evaluated using physically based 
numerical models in the past. The rationales of 
Salm et al. (1990) where thereby used by 
practitioners to reliably evaluate “high 
magnitude” runout distances, but the data has 
not typically been derived from an explicit 
statistical framework (Ancey et al., 2004). More 
recently, statistical-dynamical modeling 
approaches have been put forward as an 
alternative approach, where calibration is based 
on local data reported in historical archives and 
where modeling will enable local 
predetermination of return period at any point 
along a given path (Eckert et al., 2007, 2008). 

In this study, a statistical-dynamical 
approach has been used to analyze runout 
distances at two avalanche sites in the French 
Alps, Château Jouan and Avalanche des 
Pylônes. According to historical data available, 
the model (Eckert et al., 2010) was well capable 
to simulate current events with relatively small 
return periods (i.e. ≤30-yr return interval). As 
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validation of simulated data could not be 
realized for higher return periods with historical 
data, we reconstructed runout distances of 
larger, and less frequent, avalanches in both 
paths with dendrogeomorphic techniques. We 
then compared runout distance–return period 
relations as derived with the model simulations 
and tree-ring based data using the inverse 
cumulative distribution function (cdf) of the 
considered runout sample (Eq. 7). Analysis 
included the mean and mean square errors for 
both paths and different return period ranges, 
according to data availability (Schläppy et al., 
submitted). 

In the Château Jouan path, such a 
comparison was possible for return periods 
ranging roughly from 10 to 300 yr, 
corresponding to the classical interval used in 
hazard zoning (Fig. 3). Mean and mean square 
errors amounted to 19.7 and 28.9 m, 
respectively, which can be considered very 
satisfying considering the different uncertainty 
sources that exist in this kind of analysis 
regarding data or model and with respect to the 
context of avalanche zoning problems. 

In the Avalanche des Pylônes path, 
comparison was mostly limited to return periods 
ranging from 10–100 yr, given the empirical 
Tmax=118 yr (Fig. 3). However, for the purpose 
of comparison, we also calculated mean and 
mean square errors over the same intervals as 
in the Château Jouan path. Mean and mean 
square errors for the 10–300-yr return period 
intervals amounted to 23.5 and 45.8 m, 
respectively. Errors start to decrease with 
increasing ranges of return periods: for the 
interval 30–100 yr, errors are 17.1 and 36.1 m, 
respectively. 

4. SYNTHESIS AND CONCLUSIONS 

Specification of expected runout distances and 
related return periods are the first and most 
important steps for zoning in snow avalanche 
prone terrain Here, we presented an alternative 
semi-quantitative approach for the identification 
of past snow avalanche events, which integrally 
relies on the analytical skills of the 
dendrogeomorphic expert. This approach allows 
identification of different types of avalanche 
independently from their size. Using a 
Classification and regression tree (CART) 
approach, we demonstrated consistency and 
replicability of the procedure statistically. This 
proves that no bias was introduced by the expert 
during assessment. Furthermore, considering 
the good results from the CART approach, we 
successfully showed that the semi-quantitative 
approach is replicable elsewhere. 

In addition, despite the various possible 
sources of uncertainty, this study provided for 
the first time, a cross-validation of runout 
distance–return period relations derived from a 
statistical-dynamical model with data derived 
from independent, natural archives. Hence, we 
are convinced that dendrogeomorphic data can 
be seen as an extremely valuable data pool for 
the assessment of runout distances and return 
periods of extreme avalanche events, and in 
particular for the hazard zoning on forested 
paths with limited or no historical data. 
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