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Trees affected by mass movements record the evidence of geomorphic disturbance in the growth-ring series,
and thereby provide a precise geochronological tool for the reconstruction of past activity of mass movement.
The identification of past activity of processes was typically based on the presence of growth anomalies in af-
fected trees and focused on the presence of scars, tilted or buried trunks, as well as on apex decapitation. For

IS(EJ; Vv'\/;);s;anche the analyses and interpretation of disturbances in tree-ring records, in contrast, clear guidelines have not
Landslide been established, with largely differing or no thresholds used to distinguish signal from noise. At the same
Debris flows time, processes with a large spatial footprint (e.g., snow avalanches, landslides, or floods) will likely leave

growth anomalies in a large number of trees, whereas a falling rock would only cause scars in one or a few
trees along its trajectory.

Based on the above considerations, we examine issues relating to the interpretation and dendrogeomorphic
dating of mass movements. Particular attention is drawn to sampling in terms of sample distribution across a
study site, the actual selection of trees as well as to sample size (i.e., number of trees sampled). Based on case
studies from snow avalanche, debris flow, and landslide sites, we demonstrate that thresholds can indeed
improve dating quality and, at the same time, minimize noise in time series. We also conclude that different
thresholds need to be used for different processes and different periods of the reconstruction, especially for
the early stages of the reconstruction when the number of potentially responding trees will be much smaller.
This paper seeks to set standards for dendrogeomorphic fieldwork, analysis, and interpretation for different
processes of mass movements.
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1. Introduction

Trees affected by mass movements record the evidence of geo-
morphic disturbance in the growth-ring series (Alestalo, 1971;
Stoffel et al., 2010a). As a result, they potentially provide a precise
geochronological tool for the reconstruction of the activity of past
mass movements and, thus, have been used widely to reconstruct
time series of various types of geomorphic (e.g., McAuliffe et al.,
2006; Stoffel et al., 2008a,b, 2012; Bollschweiler et al., 2009; Lopez
Saez et al., 2012a; Osterkamp et al., 2012), hydrological (St. George
and Nielsen, 2002; Ballesteros et al., 2011a,b; Stoffel and Wilford,
2012), and geological (Jacoby et al., 1988; Stoffel et al., 2005a;
Salzer and Hughes, 2007; Baillie, 2008; Bekker, 2010; Corona et al.,
in press—a) processes. The identification of past processes typically
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was based on the presence of growth anomalies in affected trees
and, thereby, focused on the presence of scars, tilted or buried trunks,
as well as on apex decapitation.

Trees record mechanical disturbance (i.e., impact, loading, burial
or erosion; see Stoffel and Bollschweiler (2008) and references there-
in for details) to the year and even to the season under ideal circum-
stances (Bollschweiler et al., 2008a; Schneuwly and Stoffel, 2008a,b;
Stoffel et al., 2008a; Schneuwly et al., 2009a,b), but typically fail to
provide information on the nature of the process that caused the dis-
turbance. Exceptionally, the nature of the mass movement can be
reconstructed from the growth-ring record of affected trees based
on the timing of the reaction. This is the case for snow avalanches
occurring before the tree starts to form a new increment ring (with a
reaction at the boundary of two rings) and high elevation debris flows
in summer (i.e., somewhere between the earlywood and the latewood
of the growth ring; Stoffel et al., 2006a). In addition, a distinction of pro-
cesses can also be based on a wood-anatomical analysis of reactions
induced by processes occurring at the same time of the year (e.g., rock-
fall and snow avalanches; Stoffel and Hitz, 2008). In any case, however,
trees should only be sampled after careful evaluation of the study site
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and a detailed comprehension of processes occurring at the site under
investigation.

Another critical issue in dendrogeomorphic investigations has been
the interpretation of signals in the tree-ring record, for which clear guid-
ance and guidelines have yet to be established. As a result, largely differ-
ing thresholds have been used in the past to distinguish signal from noise.
Some studies have dated mass movement based on a single growth dis-
turbance (GD) in just one tree, whereas other authors only added events
to their reconstructed time series as soon as 40% of all trees sampled
showed reactions in a specific year (Butler et al, 1987; Butler and
Sawyer, 2008). As a consequence, these differences in thresholds have
given rise to repeated and contentious discussions on the value, accuracy
and completeness of dendrogeomorphic dating and, therefore, call for
the definition of more objective standards and guidelines.

At the same time, evidence left in trunks, as well as the nature and
extent of damage in trees, will ultimately be dictated by the nature of
the mass movement itself (Stoffel and Perret, 2006; Stoffel et al.,
2010a), implying that different thresholds should be defined for dif-
ferent types of mass movements. For processes with a large spatial
footprint (such as landslides, floods, or snow avalanches), GD will
likely be visible in a large number of trees; whereas an individual
rockfall would only leave scars in one or a few trees along the fall
line of the rock (Stoffel and Perret, 2006).

Based on the above considerations, this paper aims at (i) providing
guidelines for the selection and dendrogeomorphic sampling of trees
in the field and at (ii) examining issues relating to the interpretation
and dating of mass movements based on information contained in
growth-ring records. Particular attention is drawn to sampling in
terms of the distribution of sampled trees across the study site,
the actual selection of trees in the field as well as to sample size
(i.e.,, number of trees sampled). Based on selected examples from
snow avalanche, debris flow, and landslide sites in the European
Alps, we demonstrate that the definition of thresholds is indeed need-
ed to improve the quality of dating and to reduce faulty dating (noise)
of events. In addition, we illustrate that different thresholds have to
be defined for different types of mass movements and for different
periods covered by the reconstruction, especially for the early (i.e.,
the oldest) stages of the time series for which the number of
potentially responding trees will be much smaller than for the recent
past. This paper, thus, seeks to establish a coherent set of standards
for dendrogeomorphic fieldwork, analysis, and interpretation for dif-
ferent types of mass movement processes.

2. How and where to sample trees in the field

A careful dendrogeomorphic study typically starts with a detailed
assessment and delineation of mass movement processes and anthro-
pogenic activities in the field. This work should also involve analysis
of diachronic time series of aerial photographs or satellite imagery.
The initial assessment should then be complemented with a detailed
geomorphic reconnaissance in the field and the mapping of geomor-
phic features and deposits at a scale appropriate for the purpose of
the study. In the case of landslides, debris flows, lahars, and other tor-
rential processes, mapping should be done at the finest scale possible
(e.g., 1:1000), whereas a coarser scale and the identification of depo-
sition or flooding areas might be sufficient for the analysis of snow
avalanches, rockfall activity, or floods.

Best results are usually obtained when complex sectors of the
study site, with geomorphic forms shaped by different mass move-
ment processes, are excluded from analysis, as the nature of the dam-
age normally will not allow identification of the causative process
(Stoffel et al., 2006a; Stoffel and Hitz, 2008). The same holds true
for doubtful damage (e.g., trees located close to roads or walking
paths, possible influence of felling activity, scars induced by ungulate
browsing) that should be excluded from analysis, as they tend to add
noise to the reconstruction.

For those areas of the study site for which anomalies in tree mor-
phology can be unambiguously attributed to the mass movement
process under investigation, we would like to address some possible
limitations and drawbacks of trees as recorders of past process activ-
ity to develop a series of criteria and guidelines for the best possible
sampling in the field.

Trees with visible growth defects, be it in the morphology or in the
form of visible scars, will tend to provide data on the more recent
past, but not necessarily inform the researcher about the activity
of mass movement in former times and, thereby, lead to an
overestimation of the more recent activity. This is especially true for
scars in conifers with ample and peeling bark, such as is the case of
Larix, Picea, or Pinus, where damage has been demonstrated to be
blurred fully after just a few decades (Stoffel and Perret, 2006).

Older trees, on the other hand, will produce decreasing ring widths
with increasing tree age (as they have to allocate their resources to a
steadily growing stem and branch surface) and thereby become less
suitable and less sensitive recorders of mass movements, especially of
events that occurred in the recent past. These trees will likely underes-
timate recent activity but will still represent excellent candidates for the
reconstructions of events farther back in time (Stoffel and Beniston,
2006; Corona et al., in press—b).

Broadleaved trees do not normally live as long as conifers and,
therefore, tend to be of limited help in the reconstruction of long
time series. At the same time, however, they will be excellent
recorders of recent activity (Arbellay et al., 2010b, 2012a,b; Moya et
al., 2010; Ballesteros et al., 2011a,b), as many broadleaved species
are characterized by relatively thin and smooth bark structures that
will tend to record impacts of larger and smaller (or less energetic)
events (Trappmann and Stoffel, 2013).

Based on the above considerations, we call for a balanced sampling of
older and younger trees as well as for a mixture of conifer and broad-
leaved species. Trees selected for analysis should be distributed evenly
across the study site and sampled in a systematic way. No preference
should be given to trees with visible growth defects, but rather samples
should be obtained (i) along vertical and/or horizontal transects on snow
avalanche, landslide or rockfall sites or (ii) within a distance from the
channel (defined by process at the site); and (iii) at specific radial
distances from fan and cone apices (Schneuwly-Bollschweiler et al., in
review) in the case of torrential and fluvial processes (e.g., floods, debris
floods, debris flows, or lahars). The distance between each sampled tree,
along the transect or between transects, will again be dictated by the
nature of the process; detailed examples are provided in Section 4.

3. Features typically used to date past mass movements

Dendrogeomorphic investigations of mass movement processes
typically focus on the occurrence of a limited number of specific GD in
tree-ring records to date the occurrence of past events (see Stoffel and
Corona (in review) for a detailed overview on tree reactions).

Among the GD used for the reconstruction of mass movement
processes, scars (injuries; see Fig. 1A) are certainly one of the most
frequently used indicators to infer mass movement. In addition to
being the clearest evidence of past impacts, scars have also been
demonstrated to allow annual dating and up to monthly resolution
(e.g., Stoffel et al., 2005b, 2008a,b, 2011; Arbellay et al., 2010a;
Schneuwly-Bollschweiler and Stoffel, 2012).

Certain conifer species — among others, the genus fir (Abies), larch
(Larix), spruce (Picea), and Douglas-fir (Pseudotsuga; Bannan, 1936;
Stoffel, 2008), but not pine (Pinus; Ballesteros et al., 2010a) — will pro-
duce resin and associated tangential rows of traumatic resin ducts
(TRD; Fig. 1B) around scars (Stoffel, 2008; Schneuwly et al., 20093, b)
so as to protect the unaffected wood from attacks by wood-decaying
pathogens. The presence of TRD has, thus, been considered a valuable
indicator for the dating of mechanical damage — even in the absence
of visible wounds.
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Fig. 1. Characteristic growth reactions in trees after mass movement disturbance: (A) callus pad overgrowing injuries in larch (Larix decidua); (B) callus tissue and tangential rows
of traumatic resin ducts (TRD) around damage in L. decidua; (C) sudden decrease in vessel lumina in birch (Betula pendula) after scar infliction; (D) reaction wood formed from tree
tilting in spruce (Picea abies); and (E) immediate and intense decrease in increment of L. decidua after apex decapitation, important loss of branch mass, burial, or root exposure.

In broadleaved trees, scars have typically been dated on
cross-sections or wedges, but much less frequently on increment
cores extracted at the contact of the callus pad with the intact wood.
The sampling of partial or complete cross-sections is destructive and,
thus, not necessarily justified. Identification of anatomical evidence
(i.e., sharply decreased vessel lumina; Fig. 1C) has considerable poten-
tial and might be preferable in many cases (Arbellay et al.,, 2010a,
2012a,b, in press; Ballesteros et al, 2010b), but also rather time
consuming.

The presence of reaction wood (Fig. 1D) is another valuable indicator
of past mass movement and is related to the ability of a tree to regain a
vertical position after tilting (Timell, 1986; Mattheck, 1993). The pres-
ence of reaction wood (i.e., compression wood, in the case of conifers,
and tension wood, in the case of broadleaved trees) has been used
repeatedly in the past to date past landslides (Braam et al, 1987;
Fantucci and Sorriso-Valvo, 1999; Lopez Saez et al.,, 2012a; Savi et al.,
in press), but was also used in dating snow avalanches (Butler, 19793,
b; Butler and Malanson, 1985; Butler and Sawyer, 2008; Butler et al.,
2010, and references therein; Corona et al,, 2010, 2012). Special atten-
tion needs to be paid to the influence of snow pressure on steep slopes,
which can mimic strong disturbance events and cause the same reac-
tions in trees as would landslides, snow avalanches, or debris flows.

Abrupt reductions in yearly increment are characteristic for trees that
have suffered from apex decapitation, branch removal, and/or root ero-
sion of trunk burial as a result of the location of mass movement activity
(Fig. 1E; Stoffel and Bollschweiler, 2008). Growth releases, in contrast,
can sometimes be found in survivor trees that benefit from the elimina-
tion of neighbors during rare avalanches or unusual rockfalls (Stoffel et
al,, 2005a). The formation of a series of larger increment rings will, how-
ever, typically occur with some delay and only as soon as surviving

vegetation can take full benefit of the excess availability of water, nutri-
ents, and light (Stoffel and Bollschweiler, 2008). Growth increases have
also been reported to occur on sites where deposited material consists
of nutrient-rich dolomitic and/or calcareous material (Mayer et al.,
2010; Procter et al., 2012), thereby possibly blurring the negative effect
of the impacts of mass movement. An inclusion of growth releases is crit-
ical in managed stands where forestry actions (such as clearcuts) will
leave similar reactions and, therefore, lead to misleading results.

4. Sampling and dating mass movement activity: sample size and
dating criteria

In the following, the influence of field sampling (in terms of sam-
ple size and reactions) on event reconstruction is presented with
three cases illustrating three of the more (if not most) common
mass movements in mountainous environments. The example on
snow avalanches is from an unusually well-documented path where
archival records can be used to check accuracy and completeness of
dendrogeomorphic approaches. At the debris flow site, archival re-
cords are fragmentary; but ample event data exists for neighboring
catchments so that results obtained with an expert's approach can
be validated with existing time series as well. In the case of the land-
slide study, in contrast, analyses had to be based on extensive field in-
vestigations and a large number of tree samples as data on past
landslides did not exist at all. The overall goal of the study, however,
remains the same for all cases: namely the definition of optimal field
approaches in terms of sample size as well as specifying minimum
quantitative thresholds in terms of reactions (or growth disturbances,
GD) and relative amount of responding trees (index value It; i.e., the
ratio between responding and sampled trees).
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Table 1
Overview of past dendrogeomorphic studies of snow avalanche processes and approaches (thresholds) used.
Author and  Country Localization Number Species Sample size  Period Nb of Minimal =~ Number
year of paths growth Index of
disturbances value avalanche
events
Potter USA Wyoming 5 Abies lasiocarpa, Pinus albicaulis 50 1963 50 Not 1
(1969) computed
Schaerer Canada British Not Not provided Not Not Not Not Unknown
(1972) Columbia provided provided provided provided computed
Smith USA Washington 13 Not provided Not Not Not Not Unknown
(1973) provided provided provided computed
Ives et al. USA Colorado Not Populus tremuloides, Picea engelmannii Not 1860-1974 56 Not 6
(1976) provided provided computed
Carrara USA Colorado 1 Populus tremuloides, Picea engelmannii, Abies 50 1880-1976 Not Not 4
(1979) lasiocarpa provided computed
Butler USA Montana Not Not provided Not Not Not Not Not
(1979a) provided provided provided provided provided provided
Butler and  USA Montana 2 Picea engelmannii, Abies lasiocarpa, Pseudotsuga 30+48 1924-1979 Not 40% 10+15
Malanson mencziesii, Larix occidentalis, Pinus contorta 1934-1981 provided
(1985)
Bryant et al. USA Colorado 3 Populus tremuloides, Picea engelmannii 60+60+60 Not Not Not Unknown
(1989) provided provided provided
Rayback USA Colorado 2 Abies lasiocarpa, Picea engelmannii 63 1838-1996 Not Not 30
(1998) provided computed
Larocque et Canada Québec 1 Picea glauca, Picea mariana, Abies balsamea, Larix 111 1885-2000 Not 10% 3
al. (2001) laricina provided
Hebertson ~ USA Utah 16 Picea engelmannii, Abies lasiocarpa 297 (8-26) 1928-1996 Not Not 14
and provided provided
Jenkins
(2003)
Boucher et  Canada Québec 1 Abies balsamea, Picea mariana 62 1895-1996 Not 10% 35
al. (2003) provided
Jenkins and USA Utah 1 Picea engelmannii, Abies concolor, Populus 78 1891-1995 Not Not 13
Hebertson tremuloides provided provided
(2004)
Dubé et al.  Canada Québec 3 Thuya occidentalis, Abies balsamea, Betula 62+20+28 1871-1996 Not 10% 7
(2004) papyrifera. provided
Muntdn et Spain Pyrenees 1 Pinus uncinata 230 1750-2000 Not Not 3
al. (2004) provided provided
Kajimoto et  Japan 1 Abies mariesii 34 Not Not Not Not
al. (2004) provided provided computed computed
Germain et Canada Québec 2 Not provided 78+52 1941-2004 420 Not 11
al. (2005) provided
Pederson et USA Montana 1 Pseudotsuga menziesii 109 1910-2003 Not 10% 27
al. (2006) provided
Stoffel et al. Switzerland Alps 1 Larix decidua 251 1750-2002 561 Not 9
(2006a) computed
Casteller et~ Switzerland Alps 2 Larix decidua, Picea abies 66+ 79 Not Not Not Not
al. (2007) provided provided computed computed
Mundo etal. Argentina  Andes 1 Nothofagus pumilio 20 Not Not Not Not
(2007) provided provided computed computed
Butlerand  USA Colorado 2 Abies lasiocarpa, Pseudotsuga menziesii, Pinus 10+12 1945-2008 Not 20%,40% 15+9
Sawyer contorta 1963-2008 provided
(2008)
Reardon et USA Montana 1 Pseudotsuga menziesii 109 1910-2003 Not 10% 27
al. (2008) provided
Germain et Canada Québec 12 Not provided 10-243 1895-1999 51-799 10% 19
al. (2009)
Laxton and  India Himalaya 1 Cedrus deodara 36 1972-2006 Not Not 4
Smith provided computed
(2008)
Casteller et Argentina  Andes 1 Nothofagus pumilio 50 Not Not Not 6
al. (2008) provided provided computed
Muntan et ~ Spain Pyrenees 6 Pinus uncinata 26-131 1870-2000 Not 16-40% 3
al. (2009) provided
Corona et al. France Alps 1 Larix decidua 232 1919-1994 901 10 20
(2010)
Kose etal.  Turkey Kayaarka 2 Abies bornmuelleriana 61 Not Not Not Not
(2010) provided provided computed computed
Casteller et  Argentina  Andes 9 Nothofagus pumilio 6-15 1820-2005 Not Not 6
al. (2011) provided computed
Corona et al. France Alps 1 Larix decidua, Picea abies 209 1771-2010 645 Variable 34
(2012)
Coronaetal. France Alps 1 Larix decidua 163 1338-2010 514 5% 38

(in
press—b)
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4.1. Reconstruction of snow avalanches

4.1.1. Introductory remarks

Pioneering dendrogeomorphic work on snow avalanches dates
back to the late 1960s when Potter (1969) and Schaerer (1972)
developed the first reconstructed time series of snow avalanches for
sites in North America (see Table 1, and Butler and Sawyer (2008)
for a recent review). Tree-ring based analyses of snow avalanches
were unusual in Europe before the early 2000s but have become fairly
popular ever since in the Alps (Stoffel et al., 2006a; Casteller et al.,
2007; Corona et al., 2010, 2012, in press—b) and the Pyrenees
(Muntan et al., 2009).

The pioneering studies of snow avalanches, however, suffered
from lack of agreement concerning (i) minimum sample size (i.e.,
sample size), as well as (ii) intensity and (iii) minimum number of
GD needed for a past avalanche event to be dated as such (e.g.,
Butler et al., 1987; Butler and Sawyer, 2008; Germain et al., 2009).
In previous work, sample size varied from 10 (Butler and Sawyer,
2008) to several hundreds of trees (Stoffel et al., 2006a,b; Corona et
al.,, 2010). In addition, different empirical rating systems have been
proposed and improved over the past decade (Dubé et al., 2004;
Reardon et al., 2008; Corona et al., 2010), but the question on how to ac-
curately and unambiguously define an event from tree rings remained
under debate. Several authors have used quantitative approaches
based on the proportion of disturbed vs. existing trees (index number)
to date events to a given year (Butler and Sawyer, 2008), with thresh-
olds used ranging from 10% (e.g., Dubé et al., 2004) to 40% (e.g., Butler
and Malanson, 1985). Similar approaches were used by Germain et al.
(2005), Pederson et al. (2006), or Reardon et al. (2008), which in addi-
tion added a minimal number of trees showing GD in a specific year
(generally 10) to render dating more accurate. Corona et al. (2012)
stressed the importance of such thresholds but also added that GD
would typically vary in their expression (i.e., in terms of duration, radial
encompassment, and degree of development), and, thus, suggested the
use of graduated classes of reactions to facilitate discrimination of fea-
tures clearly associated with snow avalanches against disturbances in-
duced by other factors such as snow pressure or wind. Conversely,
Stoffel et al. (2006a) used a qualitative approach where the nature
and spatial distribution of trees with GD was analyzed visually to deter-
mine past snow avalanche events.

4.1.2. Case study site

The avalanche site selected for analysis is the N-facing slope of the
Arve valley (French Alps; Haute-Savoie, 45°54’ N., 6°51’ E., Fig. 2),
where the Pélerins path extends from 1100 to 3650 m asl. The ava-
lanche path dominates the hamlet of Les Pélerins, located 2 km SW
of downtown Chamonix. Snow avalanches tend to be triggered
naturally from a starting zone (50 ha) located between 2750 and
3650 m asl (mean slope angle: 36°). The runout zone (15 ha) is
found at 1350 m asl. A characteristic transverse vegetation pattern
(Butler and Malanson, 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 domi-
nant. A vast majority of trees around the track and within the runout
zone exhibit clear signs of disturbance from multiple avalanches. 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 was constructed for the first Winter Olympics in 1924. In addi-
tion, 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 connection 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 multipurpose use of the area,

abundant and continuous historical records are available for the
Pelerins avalanche path.

Several documentary sources were used in this study to compile a
precise and as complete as possible historical chronology of avalanches
in the Pélerins path. Most of the recent data were extracted from the
“Enquéte Permanente des Avalanches” (EPA), a chronicle describing the
history of avalanches for ~5000 recognized paths in the French Alps
and the Pyrenees (Eckert et al., 2009). These EPA records are usually
complemented with a map localizing 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 Pélerins path
has received considerable attention in the past; and activity has been
documented continuously and with unusual accuracy since the begin-
ning of the twentieth century. In addition, technical reports (Lagotala,
1927; ETNA, 2000; Leone, 2006), aerial photographs, and terrestrial
photographs were used to assess the extent of high magnitude events.
Data on pre-twentieth century events were derived from diaries, paint-
ings and municipal archives (Lambert, 2009). Particularly, events of the
period 1779-1802, 1830-1850, and 1860-1881 were derived from dia-
ries (Cachat, 2000; Chaubet, 2011). The historical archives used in this
approach yield data on 48 events since A.D. 1776, with a large majority

@ M. Blanc tunnel

: Les Pelerins
Chamonix @

Fig. 2. The Pélerins avalanche of the Arve valley (French Alps; Haute-Savoie, 45°54' N.,
6°51" E.) extends from 1100 to 3650 m asl. The path (indicated with a star) dominates
the hamlet of Les Pélerins and crosses the access road to the Mont Blanc tunnel several
times below 1275 m asl. Snow avalanches are triggered naturally from a starting zone
(50 ha) located between 2750 and 3650 m asl (mean slope angle: 36°). (Image:Google
Earth)
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of events (37) recorded during the twentieth century (Corona et al.,
2012).

4.1.3. Recommended sample size and dating criteria

Based on the analysis of 452 increment cores, a total of 645 GD
relating to past snow avalanches could be identified in the 209 P. abies
trees selected for analysis. The oldest GD in the tree-ring series was
dated to 1745, but reactions become clearly more frequent after 1770,
and GD occur in most years ever since.

Computation of tree-ring-based avalanche chronologies was
performed for subsets of the tree sample using sample sizes varying
from 10 to 200 trees and GD (It) thresholds ranging from 2 (1%) to
10 (50%). The matrix, presented in Fig. 3, shows the resulting mean
percentage of known events (i.e., archival records) identified in the
records of 100 trees. It also illustrates the average number of events
reconstructed from the tree-ring series but absent in the historical
record. Each figure presented is based on 1000 sampling iterations.
By way of example, the median percentage of events reconstructed
in the tree-ring record is 41% for the Pélerins site, and the cutoffs
for the minimum number of responding trees are GD>7 and It>7%
to avoid noise in the reconstruction. If analysis is based on 200 trees
(data not shown here), the percentage of reconstructed events does
not improve (41%), not even with an optimal number of GD>9 and
1t>4.5%.

Data from the Pélerins site, thus, demonstrate quite clearly that the
reconstruction of known events (i.e., avalanches noted in the EPA) can
be improved when sample is increased to up to 100 trees, but that the
relative amount of events reconstructed from tree-ring records would
remain fairly stable above this threshold. We, therefore, agree with
Butler et al. (1987) that discrete processes such as snow avalanches
are more accurately reconstructed with larger sample sizes, and that

a plateau apparently exists above ~100 trees. The probable existence
of such an upper limit may be helpful for the design of sampling cam-
paigns at new sites and can assist in a more accurate planning of field-
work, in terms of time and budget. Furthermore, and based on findings
from Corona et al. (2012), we strongly recommend the use of the
variable It and GD thresholds, which would need to be adjusted to
changes in sample size so as to capture a maximum of past snow ava-
lanches without introducing noise.

4.2. Reconstruction of debris flows

4.2.1. Introductory remarks

The earliest works using tree rings to reconstruct debris flows
were conducted on Mount Shasta (California, USA; Hupp, 1984;
Hupp et al, 1987) and in the Italian Alps (Strunk, 1991, 1997). A
large number of studies have since been performed, primarily in the
European Alps and Carpathians (see Table 2 for an overview of debris
flow studies). Because debris flows generally affect more limited areas
than snow avalanches, landslides, or floods, they cannot, therefore, be
reconstructed with the same thresholds and sample sizes. As debris
flows also tend to leave channels in only one or a few sectors of the de-
positional area, they will not necessarily leave a large spatial footprint in
the tree-ring record (Lugon and Stoffel, 2010; Stoffel, 2010). As a conse-
quence, past reconstructions of debris flows were, therefore, repeatedly
based on comparably large numbers of samples, i.e., several hundred to
several thousand increment cores per fan or cone (Table 2). Quantita-
tive thresholds have not been applied systematically, nor have spatial
patterns of affected trees been used as a criterion for the definition
and reconstruction of past debris flows. To date, only two published
studies (Bollschweiler and Stoffel, 2010a; Mayer et al., 2010) have
been based on quantitative thresholds (using It values of 2.3 and 4.8%,
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Fig. 3. (A) Avalanche chronology based on an unusually dense archival coverage and 452 growth-ring records from 209 P. abies trees, containing 48 events since A.D. 1776. (B) Bootstrap
random extraction of subsets of the tree-ring samples (1000 iterations each) and mean percentage of known (archival) avalanches correctly identified in the tree-ring record of 100 trees
(left). The second matrix (right) gives the number of events observed in the tree-ring records but absent in the archives. By way of example, the median percentage of events
reconstructed in the tree-ring record is 41% for the Pélerins site if cutoffs for the minimum number of responding trees are GD>7 and It>7% (left) and noise (right).
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Table 2
Overview of past dendrogeomorphic studies of debris-flow processes and approaches (thresholds) used.
Author and year Localization Country Number of Species Sample Period Nb of growth Minimal Number of
torrents size disturbances Index value events
Beardsley and Cannon California USA 1 Not precised Unknown 1500-1924 Not provided Not computed 3
(1930)
Dickson and Crocker California USA 1 Not precised Unknown 1388-1924 Not provided Not computed 4
(1953)
Hupp (1984) Colorado USA 5 Various species Unknown 1670-1984 Not provided Not computed 24
Hupp et al. (1987) California USA 9 Various species 1100 1580-1985 Not provided Not computed 52
Strunk (1991) Alps France 1 Picea abies 460 1830-1991 Not provided Not computed 12
Strunk (1997) Alps France 5 Picea abies 400 Not Not provided Not computed Not precised
precised
Yoshida et al. (1997) Hokkaido Japan 1 Abies sachalinensis 34 1871-1991 Not provided Not computed 4
Baumann and Kaiser Grisons Switzerland 1 Pinus mugo Unknown 1573-1989 Not provided Not computed 8
(1999)
Santilli and Pelfini Lombardia  Italy 1 Pinus montana 53 1888-1992 Not provided Not computed 9
(2002)
Stefanini and Ribolini Alps Italy 5 Larix decidua 500 1800-2000 Not provided Not computed Unknown
(2003)
Wilkerson and Schmid Montana USA 12 Conifers 53 1857-1979 Not provided Not computed 7
(2003)
May and Gresswell Oregon USA 125 Pseudotsuga menziesii, Tsuga Unknown Not Not provided Not computed Not precised
(2004) heterophylla precised
Stoffel et al. (2005¢) Valais Switzerland 1 Larix decidua, Picea abies, Pinus 1102 1605-1994 Not provided Not computed 53
cembra
Stoffel et al. (2006a) Valais Switzerland 1 Larix decidua, Picea abies 251 1750-2002 561 Not computed 30
Stoffel and Beniston Valais Switzerland 1 Larix decidua, Picea abies, Pinus 1102 1565-2005 2263 Not computed 123
(2006) cembra
Bollschweiler et al. Valais Switzerland 1 Larix decidua, Picea abies 960 1867-2005 940 Not computed 40
(2007)
Bollschweiler and Stoffel Valais Switzerland 2 Larix decidua, Picea abies, Pinus 278 1743-2005 333 Not computed 69
(2007) sylvestris
Bollschweiler et al. Valais Switzerland 1 Larix decidua, Picea abies 71 1782-2005 242 Not computed 49
(2008b)
Malik and Owczarek Sudetes Poland 1 Piceas abies, Fagus sylvatica 19 1968-1997 Not provided Not computed 5
(2009)
Stoffel et al. (2008a) Valais Switzerland 1 Larix decidua, Picea abies, Pinus 1102 1565-2005 2263 Not computed 123
cembra
Stoffel et al. (2008b) Valais Switzerland 1 Larix decidua, Picea abies, Pinus 451 1793-2007 2363 Not computed 30
sylvestris
Stoffel and Bollschweiler Valais Switzerland 1 Larix decidua 35 1862-2004 97 Not computed 22
(2009)
Arbellay et al. (2010a) Valais Switzerland 1 Alnus incana, Betula pendula 315 1965-2007 352 Not computed 14
Bollschweiler and Stoffel Valais Switzerland 8 Larix decidua, Picea abies, Pinus 2467 1600-2009 Not provided Not computed 417
(2010a) cembra
Bollschweiler and Stoffel ~Valais Switzerland 1 Larix decidua, Picea abies 210 1752-2006 346 23 50
(2010c)
Mayer et al. (2010) Tyrol Austria 1 Larix decidua, Picea abies 227 1800-2008 1155 4.8 37
Owczarek (2010) Spitzbergen Norway Not Salix reticulata, Salix polaris Not Not Not provided Not computed
precised provided provided
Szymczak et al. (2010) Valais Switzerland 1 Various species 148 1930-2008 340 Not computed 20
Stoffel et al. (2010b) Valais Switzerland 1 Larix decidua, Picea abies, Betula 252 1736-2010 1344 Not computed 53
pendula
Sorg et al. (2010) Valais Switzerland 1 Larix decidua, Picea abies 28 1913-200§ 200 Not computed 13
Bollschweiler et al. Valais Switzerland 1 Various species 99 1900-2007 618 Not computed 17
(2011)
Kogelnig-Mayer et al. Tyrol Austria 1 Picea abies 372 1830-2009 735 Weighted 20
(2011) index
Lopez Saez et al. (2011)  Alps France 1 Pinus sylvestris 156 1931-2008 375 Not computed 13
Procter et al. (2011) Vorarlberg  Austria 8 Pinus mugo, Abies alba, Picea abies 442 1839-2010 579 Not computed 63
Stoffel et al. (2011) Valais Switzerland 1 Larix decidua, Picea abies, Pinus 1204 1864-2008 Not provided Not computed 61
cembra
Procter et al. (2012) Vorarlberg  Austria 1 Pinus mugo 193 1839-2011 161 Not computed 16
Schneuwly-Bollschweiler Valais Switzerland 8 Larix decidua, Picea abies, Pinus 2467 1864-2010 Not provided Not computed 257
and Stoffel (2012) cembra
Silhan et al. (2012) Caucasus Ukraine 1 Pinus nigra 54 1741-2009 176 Not computed 47

respectively). More recently, Kogelnig-Mayer et al. (2011) combined
the number and intensity of GD in a weighted It (W;,) to reconstruct
past events.

4.2.2. Case study site
The Wildibach torrent (46°07’ N./7°47’ E.; Fig. 4) is located in
the Zermatt valley (Valais, Swiss Alps), an inneralpine north-south

oriented valley, ca. 8 km north of Zermatt. The catchment extends
from 4545 m asl (Dom peak) to the confluence of the Wildibach tor-
rent with the Vispa River at 1420 m asl. About 30% of the catchment
is glaciated, and periglacial processes and features (i.e., moraines,
rock glaciers) dominate much of the remaining catchment area. Geol-
ogy is composed of Permian gneisses (Pfiffner, 2009). Mean annual
air temperature in Zermatt (1638 m asl) is 3.9 °C, and mean annual
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Fig. 4. The Wildibach debris-flow system (46°07’ N., 7°47' E.) is located ca. 8 km north
of Zermatt (Valais, Swiss Alps) and extends from 4545 to 1420 m asl. A large (31 ha),
but relatively flat (mean slope angle: 13°) cone (indicated with a star) has formed at
the outlet of the steep main channel (mean: 23°); it is covered with a forest composed
of L. decidua and some P. abies. (Image: Google Earth)

precipitation is 690 mm (1900-2008). High annual and daytime
thermal ranges favor weathering processes that provide abundant
material for matrix-poor debris flows with block sizes of up to 2 m
(Stoffel et al., 2011; Schneuwly-Bollschweiler and Stoffel, 2012). A
large (31 ha), but relatively flat (mean slope angle: 13°) cone has
formed at the outlet of the steep main channel (mean: 23°); it is
covered with a forest composed of L. decidua and some P. abies, but
deposits of past debris flows remain clearly visible. The outermost
segments of the cone are used for grazing and housing. The main
road and the railway line intersect the cone in its lowermost part
(see Fig. 4 for details).

The Wildibach torrent is known to produce debris flows at fre-
quent intervals; however, archival records are scarce and contain in-
formation on events in 1927, 1932, 1978, and 2000 (Zimmermann et
al., 1997; Valais, 2009). The debris flow of 1978 caused extensive
damage on the cone and led to the construction of deflection dams
and a retention basin. Reconstruction of the past activity of debris
flows, using dendrogeomorphic techniques, was performed in an

area of the cone (12 ha) where debris flows have obviously affected
trees and where signs of anthropogenic influence are clearly absent.
All features related to past debris flow activity (i.e., lobes, levees,
abandoned flow paths) were mapped in the field using tape measure,
compass, and inclinometer. A total of 385 trees (381 L. decidua and 4
P. abies) affected by the activity of past debris flows (i.e., injured,
tilted, decapitated, or buried trees) were sampled with 803 increment
cores.

4.2.3. Recommended sample size and dating criteria

Identification of years with debris-flow activity was performed
using a classical expert's approach, where past events are accepted
as such if a representative number of trees located next to each
other or along the same flow path show simultaneous GD (Stoffel
and Beniston, 2006; Bollschweiler et al., 2008b; Stoffel et al., 2008a,
2010b; Bollschweiler and Stoffel, 2010a,b). The approach is based on
the experience of the investigator and does not take account of fixed
thresholds (neither for the number of GD nor their intensity). Based on
the expert's approach, a total of 50 debris flows could be reconstructed
for the period A.D. 1623-1978 (Schneuwly-Bollschweiler et al., in
review).

Based on the expert chronology, which is considered here as a ref-
erence, we modeled different sampling strategies with sample sizes
(n) varying from 30 to 350 trees. For each sample size, 1000 subsets
of n trees were computed so as to reduce the dependence of results
on the sampling location. Thresholds from 2 to 10 GD and an It from
2 to 20% were tested and events accepted in the reconstruction as
soon as both thresholds were exceeded. For each of the modeled
sampling strategies and thresholds, output was compared with
results from the expert chronology to quantify the amount of correctly
identified (signal) and misdated (noise) events. With respective sub-
sets of 50 and 100 trees, 21% (GD>2, It>4%) and 58% (GD>2,
It>2%) of the events listed in the expert chronology are reconstructed
without any noise in the reconstruction. Fig. 5 illustrates that a subset
of 150 trees, with a GD>2 and It >2%, would enable a correct recon-
struction of 78% of all events. The ratio increases slightly with a sample
size of 200 trees (84%); and all events identified by the expert's ap-
proach can be dated correctly with a minimal number of 300 trees
(GD>5, It>1.7). In terms of costs and benefits, a sample size of 150
trees can, therefore, be considered a good compromise between field
efforts, laboratory analyses and the results obtained.

4.3. Landslide reconstruction

4.3.1. Introductory remarks

Several approaches have been applied in the past to date past
landsliding with dendrogeomorphic techniques. Tree age may supply
important hints as to the age of the oldest undisturbed tree on a land-
slide body and may, thus, provide minimum ages of movement
(Carrara and O'Neill, 2003). Pioneering tree-ring work on landslides
dates back to McGee (1893) and Fuller (1912); these pioneers used
tree age to establish age and (earthquake) origin of landslides. The
original field notes of McGee (1893, p. 413) are quite remarkable
and state that

Along the scarp opposite Reelfoot lake, ancient landslips with their
characteristic deformation on the surface are found in numbers...
Along the sides of the trenches...trees are frequently thrown out
of the perpendicular. These features suggest a sudden and violent
movement by which the highly unstable topographic forms of the
upland scarp were in part broken down and thrown into more sta-
ble positions... The great boles two or more centuries old are
inclined from root to top, though the younger trees of seventy or
seventy-five years usually stand upright, and that the trunks of a
century to a century and a half in age are commonly inclined near
the ground, but are vertical above. (Trees thus) give a trustworthy
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Fig. 5. (A) Identification of years with debris-flow activity using a classical expert's approach, where past events are accepted as such if a representative number of trees located next
to each other or along the same flow path show simultaneous GD. Fifty debris flows have been reconstructed for the period A.D. 1623-1978. (B) Bootstrap random extraction from a
subset of 150 trees, with a GD>2 and It >2%, allows correct reconstruction of 78% of events (left), without adding noise to the reconstruction (right).

and fairly accurate date for the production of the minor topographic
features a date determined by much counting of annual rings to lie
between seventy-five and eighty-five or ninety years ago...

More recently, landslide reconstructions started to include GD
in annual growth-ring series of trees. The first dendrogeomorphic
study of a landslide body dates back to Alestalo (1971), and similar
field and laboratory approaches have been used ever since in North
America (Shroder, 1978; Butler, 1979b; Reeder, 1979; Hupp, 1983;
Jensen, 1983; Osterkamp et al, 1986; Bégin and Filion, 1988;
Williams et al, 1992; Carrara and O'Neill, 2003). In Europe,
dendrogeomorphic tools were introduced much later to assess the
frequency and reactivation of landslides in the French Alps (Braam
etal, 1987; Astrade et al., 1998; Lopez Saez et al., 2012a,b), the Italian
Apennines (Fantucci and McCord, 1995; Fantucci and Sorriso-Valvo,
1999; Stefanini, 2004), the Spanish Pyrenees (Corominas and Moya,
1999), or the Ardennes (Belgium; Van Den Eeckhaut et al., 2009).
Table 3 provides an overview of past studies. The sample sizes used
for the reconstruction of past landslide reactivations varied from 13
(Carrara and O'Neill, 2003) to 402 trees (Lopez Saez et al., 2012a). Yet,
the number of sampled trees remained generally lower than in snow
avalanche and debris-flow studies. Index value (It) thresholds have
not been used systematically, and thresholds used exhibited important
variations between 2 (Lopez Saez et al., 2012a,b, in press—a,b) and
30% (Corominas and Moya, 1999; Stefanini, 2004). Based on the data
presented in Table 3, it also becomes obvious that applied It thresholds
generally increased with decreasing sample sizes. In that sense,
It thresholds > 10% are generally associated with small sample sizes
(< 60 trees); whereas lower It values (with a minimum of 2%)
would be used for sample sizes > 250 trees.

4.3.2. Case study site

The Pra Bellon landslide (44°25’ N., 6°37’ E.; Fig. 6) is located in the
Riou-Bourdoux catchment, a tributary of the Ubaye River located on the
N-facing slopes of the Barcelonnette basin (Alpes de Haute-Provence,
France). The Riou-Bourdoux catchment has been considered the most
unstable area in France (Delsigne et al., 2001) and is well known for
its extensive mass movement activity. The history of hydrogeomorphic
processes in the wider case study area has been documented extensive-
ly (Braam et al.,, 1987), and activity seems to date back to at least the
fifteenth century when the area was almost completely deforested
(Weber, 1994). Restoration activities in the Riou-Bourdoux catchment
started in 1868 and are still ongoing (Flez and Lahousse, 2003). Exten-
sive records of debris flows exist for the Pra Bellon catchment; but
conversely, only one landslide has been inventoried at the study site:
in spring 1971 (Delsigne et al., 2011).

The Pra Bellon landslide is 175 m long, 450 m wide (32 ha) and has
a depth that varies between 4 and 9 m. Its elevation ranges from 1470
to 1750 m asl, and the volume of the landslide body has been estimated
at 1.5-2x10% m® (Weber, 1994; Stien, 2001). The rotational landslide
is a slump characterized by a 1.5-m-thick top moraine layer underlain
by a weathered and unsaturated black marl layer (thickness 5-6 m),
which overlies bedrock of unweathered marl (Mulder, 1991). In
dry conditions, black marls are quite solid and able to absorb large
quantities of water but soften considerably when wet. The area is char-
acterized by dry and mountainous Mediterranean climate with strong
interannual rainfall variability. According to the HISTALP data set
(Efthymiadis et al., 2006), precipitation at the gridded point closest to
the landslide body is 895+154 mm y~' for the period 1800-2003.
Rainfall can be violent, with intensities surpassing 50 mm h~!, espe-
cially during frequent summer storms. Melting of the thick snow
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Table 3
Overview of past dendrogeomorphic studies of landslide activity and approaches (thresholds) used.
Author and Year Localization Country Number of Species Sample  Period Nb of growth ~ Minimal Number of
landslides size disturbances Index value landslide
reactivations
McGee (1893) Tennessee  USA Unknown Not provided Not 1812 Not computed Not Not computed
provided computed
Fuller (1912) Mississippi ~ USA Unknown  Not provided Not 1811-1812 Not computed Not Not computed
provided computed
Shroder (1978) Utah USA 1 Picea engelmannii, Pinus flexilis, 260 1781-1958 Not computed 4% 14
Pseudotsuga menziesii
Terasme (1975) Ontario Canada 1 Not provided Not Unknown  Not computed Not Not computed
provided computed
Reeder (1979) Alaska USA 1 Not provided Not Unknown  Not computed Not Not computed
provided computed
Palmquist et al. Wyoming USA 1 Not provided Not Unknown  Not computed Not Not computed
(1981) provided computed
Jensen (1983) Wyoming USA 1 Not provided Not Unknown  Not computed Not Not computed
provided computed
Bégin and Filion Quebec Canada 1 Picea abies 52 1785-1933 Not computed Not 8
(1985) computed
Bégin and Filion Quebec Canada 7 Picea abies Not 1818 Not computed Not 1
(1988) provided computed
Braam et al. (1987) Alps France Pinus uncinata 56 1890-1980 Not computed 7-17% 24
Van Asch and Van Alps France 1 Not provided 65 1900-1982 Not computed 10% 15
Steijn (1991)
Williams et al. Washington USA 4 Not provided Not Not computed Not Not computed
(1992) provided computed
Fleming and Ohio USA 1 Not provided Not 1958 Not computed Not Not computed
Johnson (1994) provided computed
Astrade et al. Alps France 1 Pinus sylvestris 41 1923-1994 Not computed 10% 9
(1998)
Corominas and Pyrenees Spain 7 Not provided 250 1926-1995 Not computed 30 35
Moya (1999)
Fantucci and Calabria Italy 1 Quercus pubescens, Pinus nigra 38 1845-1995 Not computed Not 1
Sorriso-Valvo computed
(1999)
Carrara et al. Wyoming USA 1 Pseudotsuga menziesii 13 1865 Not computed Not 1
(2003) computed
Carrara and O'Neill Montana USA 3 Pseudotsuga menziesii, Pinus contorta, 32 1880-1992 Not computed 25% 20
(2003) Pinus flexilis, Abies lasiocarpa
Stefanini (2004) Appenines  Italy 1 Quercus cerris 24 1928-1998 Not computed 30% 9
Wieczorek et al. Virginia USA 1 Various species 258 2003 Not computed Not 1
(2006) computed
Van Den Eeckhaut Ardennes Belgium 1 Fagus sylvatica 147 1917-1998 Not computed Not 25
et al. (2009) computed
Lopez Saez et al. Alps France 1 Pinus uncinata 79 1850-2008 159 10% 1
(2011)
Lopez Saez et al. Alps France 1 Pinus uncinata 403 1900-2010 704 2% 1
(2012a)
Lopez Saez et al. Alps France 1 Pinus uncinata 223 1900-2010 355 2% 1
(2012b)
Silhan et al. (2012) Caucasus Ukraine 1 Pinus nigra 48 1702-2009 150 5% 45
Lopez Saez etal. (in Alps France 7 Pinus uncinata 759 1897-2010 1298 2% 61

press—a)

cover, which forms during the cold months between December and
March, only adds to the effect of heavy spring rain (Flageollet, 1999).
Mean annual temperature is 7.5 °C with 130 dy~' of freezing
(Maquaire et al., 2003). The study site is characterized by irregular
topography with a mean slope angle of ~20°. Mountain pine (Pinus
mugo ssp. uncinata) has a competitive advantage on these dry, poor
soils (Dehn and Buma, 1999) and forms nearly homogeneous forest
stands outside the surfaces affected by the scarps and recent earth
slides.

4.3.3. Recommended sample size and dating criteria

To reconstruct past landslide reactivations at Pra Bellon, a total of
403 P. uncinata trees were sampled with 1563 increment cores, yield-
ing a large data set of 704 GD observed in the tree-ring record. Based
on an empirical threshold fixed at GD>5 and It> 1.7, 32 reactivation
phases have been reconstructed at this site between 1910 and 2011
(Lopez Saez et al., 2012a). Because of the lack of independent archival
records and the existence of the largest tree-ring sample ever

retrieved from a landslide body, the event chronology reconstructed
by Lopez Saez et al. (2012a) has, thus, been considered as a reference
for the subsequent threshold testing.

As for the avalanche and debris-flow sites, we aimed at defining the
optimal sampling strategy for which the largest number of events can
be identified and where the inclusion of noise can be avoided or at
least minimized. Sample sizes were varied from 30 to 350 trees, and re-
sults again obtained with 1000 iterations so as to reduce dependency of
results on sampling location. We then tested thresholds from 2 to 10 GD
and It from 2 to 30 and compared output with the results obtained by
Lopez Saez et al. (2012a). Fig. 7 shows that a subset of 50 trees, with
GD>5 and It>1.7, will be sufficient to identify correctly 94% of the
events without including noise in the reconstruction.

5. Recommendations and conclusions

In this contribution, we stress the importance of careful site selec-
tion and sampling design and call for the inclusion of varying
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Fig. 6. The Pra Ballon landslide (44°25’ N., 6°37’ E.; star indicates location) is located in the Riou-Bourdoux catchment, a tributary of the Ubaye River (Barcelonnette basin, Alpes de
Haute-Provence, France). It is 175 m long, 450 m wide (32 ha; estimated volume: 1.5-2x10° m?), and its elevation ranges from 1470 to 1750 m asl. (Image: Google Earth)

numbers of trees and associated varying thresholds in terms of abso-
lute (GD) and relative (It) numbers of trees with simultaneous
growth reactions for different mass movement processes. Processes
that tend to spread considerably will likely leave larger spatial foot-
prints and will, therefore, be visible in a larger number of trees. In
particular, this is the case for landslides, for which almost all major
reactivations (94%) can be identified with a limited number of trees
(50 specimens). Although of often similar extent in space, a slightly
larger sample size (100 trees) seems appropriate to obtain reasonable
results on snow avalanche sites. The difference can presumably be
explained by variations in the extent of avalanches (in terms of lateral
spread and reach) as a result of differing snow conditions, complex
flow patterns of snow avalanches in less energetic runout zones
where trees typically withstand events or by the fact that avalanche
chronologies (such as the one of the Pélerins path) will also contain
data on very small events for the recent past and for the years
following disasters (Corona et al., 2012). On debris-flow sites, 150
trees seem to represent an appropriate lower number of samples
for a reasonable reconstruction, as the spatial footprint of debris
flows will typically be much smaller than that of the aforementioned
processes.

The optimal sample size for avalanches and debris flows can prob-
ably be lowered even more in the future, provided that the position of
trees (e.g., fan apex, sectors along channels) and the weighting of GD
(to emphasize features that are clearly associated with geomorphic
activity, such as injuries or TRD) are included as further criteria in
the sampling strategy. Such an addition to current approaches will
also lead ultimately to the identification of sampling hotspots and
presumably facilitate the selection of optimal trees (in terms of num-
ber of GD or return periods). As a further conclusion, we realize that
the bootstrap random extraction calls for the definition of flexible

GD and It thresholds and an adaptation of these values depending
on the number of trees available for analysis at different periods of
the past.

In any case, however, the sample size values presented above have
to be seen as a guide rather than a strict rule; and sampling strategies
will need to be adjusted to the field situation. In addition, and even
more importantly, definitions of these values were based on the idea
of cost-benefit ratios where a minimization of field efforts and a maxi-
mization of reconstructed events without noise was challenged. At the
same time, however, we are fully aware that fundamental research
will need to rely on larger sample sizes in the future, especially if it
focuses on the validation and/or calibration of physically based mass
movement models (Stoffel et al, 2006b; Ballesteros et al., 2011a,b;
Corona et al., in press—a), the assessment of mass movement triggers
(Schneuwly and Stoffel, 2008a; Silhan et al., 2012), or the analysis
of climate-mass movement interactions (Stoffel et al., 2011;
Schneuwly-Bollschweiler and Stoffel, 2012).

Recent advances in dendrogeomorphic research have also demon-
strated quite clearly that the selection of trees and an adequate mix-
ture of species and age classes are fundamental for the reconstruction
of well-balanced and minimally biased time series of past mass move-
ments (Arbellay et al., 2010a; Trappmann and Stoffel, 2013; Corona et
al., in press—b). In this sense, fieldwork and an appropriate sampling
strategy will be key to avoid the inclusion of biases and trends, which
is particularly crucial for an increased reliability of results in hazard
assessment and disaster risk reduction plans, and even more funda-
mental for time series focusing on the impacts of climate change.

The optimization of minimum sample sizes provided above will
ultimately facilitate fieldwork, render analyses and interpretation
more reliable and will allow reconstruction of very reasonable time
series of past mass movements with reasonable field efforts and
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Fig. 7. (A) Landslide reactivations at Pra Bellon were initially reconstructed with 1563 increment cores sampled from 403 P. uncinata trees and using an empirical threshold of
GD>5 and It> 2%, yielding 32 reactivation phases since A.D. 1910. (B) Bootstrap random extraction from a subset of 50 trees, with GD>5 and It >1.7, will be sufficient to identify
correctly 94% of all reconstructed events without including noise in the reconstruction.
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