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ARTICLE INFO ABSTRACT

Keywords To overcome the lack of historical archives at active rockfall environments, dendrogeomorphic techniques have
Rockfalls been used extensively on forested slopes since the early 2000s and several approaches developed to extract rock-
Dendrogeomorphology fall signals from tree-ring records. Given the unpredictable nature of rockfall, these reconstructions are, in prin-

Sampling strategy

Meteorological drivers of rockfall activity
Non-glaciated calcareous cliff

French Alps

ciple, of great help when it comes to relate fluctuations in rockfall activity to meteorological variables. Yet, so
far, dendrogeomorphic time series were only rarely compared with meteorological records. Here, we ascribe this
shortfall to the absence of clear guidelines on how to optimize the sampling strategy. In order to test this hypoth-
esis, we capitalize on the extensive dataset of rockfall impacts recorded in trees growing in a mixed forest plot
within the French Alps. We designed six different scenarios retrospectively and compared rockfall reconstructions
with meteorological records. Our results demonstrate that reconstructions that include trees located in the most
active segments of the plot (i.e. close to the cliff and over periods lacking multidecadal trends in the reconstruc-
tion) capture summer precipitation as the main driver of rockfall activity more clearly. This result is in line with
monitoring studies from calcareous cliffs in the Alps located outside periglacial environments thus confirming the
robustness of our approach.

Yet, long-term records of rockfalls remain scarce and usually very
fragmentary, especially in areas where risk associated with rockfall

1. Introduction

Rockfall is one of the most frequent geomorphic phenomena in
mountain environments. Individual rockfall events typically involve the
independent movement of individual rock fragments detaching from
bedrock and propagating downslope bybouncing, falling or rolling down
a slope (Selby, 1993). Rockfall can lead to significant economic losses
and even casualties (Gardner, 1970; Erismann and Abele, 2001;
Dussauge-Peisser, 2002; Hantz et al., 2003; Eckert et al., 2020).
The unpredictable nature of rockfalls therefore often is of concern to
authorities and decision makers (Corona et al., 2017). Hence, hazard
quantification is critically needed, and should ideally be based on quan-
titative data providing information on the temporal probability of fail-
ure of rock masses expressed in terms of frequency or return period. The
latter, often estimated using site-specific rockfall inventories, provides
the mean number of events that occur within a given time period (Fer-
rari et al., 2016).

events rises proportionally with increasing urbanization (Favillier et
al., 2015). To overcome this lack of historical archives, rockfall fre-
quency and failure have been estimated in the past using sediment traps
(Sass, 2005), terrestrial laser scans (Rabatel et al., 2008; D’Am-
ato et al., 2016), or time-lapse cameras (Kellerer-Pirklbauer and
Rieckh, 2016). Even though these methods allowed investigation of
specific events (Matsuoka, 2019; Imaizumi et al., 2020), detailed
rockfall monitoring efforts rarely exceed a few years at a specific site
(Weber et al., 2019) and thus fail to encompass the typically wide
range of rockfall processes on a slope (Sass, 2005). On forested slopes,
tree damage and its dating with dendrogeomorphic approaches have
been used widely to reconstruct past process activity (Stoffel and
Corona, 2014). A review of these studies was conducted by Mainieri
et al. (2019a) to include 25 rockfall reconstructions employing dendro-
geomorphic approaches.
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Paradoxically, whereas tree-ring series have been used extensively
to quantify rockfall frequency variations over time, dendrogeomorphic
studies have only rarely attempted — with the exception of Perret et
al. (2006), Silhan et al. (2011), Zielonka and Wronska-Walach
(2019) and Mainieri et al. (2020) - to identify drivers or to correlate
changes in rockfall frequency with changing weather conditions. This
scarcity of analyses on rockfall drivers is explained partly by the absence
of clear guidelines regarding the sampling strategy required to obtain
reliable chronologies that can be used for comparison with meteorolog-
ical time series. Perret et al. (2006) demonstrated that the use of a
systematic sampling- i.e. the coring of trees along linear transects with
equal distances between each sampled tree irrespective of the presence
of visible scars on its trunk— provides adequate data to derive a recon-
struction of past rockfall events. Similarly, Morel et al. (2015) and
Trappmann and Stoffel (2015) recommended a minimum sample size
of 40-80 trees/ha to obtain rockfall chronologies of reasonable quality.
By contrast, Gsteiger (1993) called for a homogeneous distribution of
trees within the upper portions of the slope. None of the above studies
has, however, investigated the influence of different sampling strategies
on the detection of meteorological drivers so far.

In a majority of studies, the almost systematic, increasing trend of
rockfall activity over time has hampered comparison of reconstructions
with meteorological time series and therefore also prevented precise de-
tection of drivers of rockfall (Trappmann et al., 2013). These non-cli-
matic trends, related to the increasing number of growth disturbances
(GDs) detected in tree-ring series over time, have been ascribed mainly
to (1) the increase in sample depth and the increasing diameter that a
tree exposes to rockfall with increasing age (Stoffel et al., 2005), (2)
the difficulty of retrieving old, completely overhealed injuries (Stoffel
and Perret, 2006; Trappmann and Stoffel, 2015) or (3) changing
sensitivity of trees to record impacts with increasing age (Silhan et al.,
2013) or species (Trappmann et al., 2013; Favillier et al., 2015).
Efforts have therefore been undertaken over the last decades to detrend
rockfall reconstructions, that is to remove artificial increases in activity
as one approaches the most recent past. Stoffel et al. (2005) therefore
introduced a “rockfall rate” (RR) which takes the reduction of sample
size and the decreasing exposed tree diameter (i.e. the decrease of ‘tar-
get sizes’ with smaller tree age) into account as one goes back in time.
The approach, however, remains sensitive to artefacts related to (1) very
small sample sizes at the beginning of the reconstructions and to (2)
the increase of exposed diameters (Trappmann and Stoffel, 2015).
More recently, Trappmann et al. (2014) and Trappmann and Stof-
fel (2015) revisited the RR to propose the use of a "Conditional Impact
Probability” (CIP) where the authors quantified uncertainties related to
potentially missed events in dendrogeomorphic rockfall reconstructions.
Yet, CIP time series have not been used so far to detect potential meteo-
rological drivers of and/or past fluctuations in past rockfall activity.

On this basis, this paper aims at determining the impacts of sampling
strategies on the possibility to identify meteorological drivers of past
rockfall events. Based on an unusually large dataset of rockfalls retrieved
from growth disturbances (GD) in trees growing in a mixed forest plot
in the French Alps (Mainieri et al., 2019a), we (1) built chronologies
with different subsets of trees and different sampling procedures, (2) ex-
plore effects of sampling strategies on the reliability of reconstructed
rockfall chronologies and finally (3) attempt to define and detect mete-
orological drivers of past rockfall events.

2. Study site

The study area is located on the territory of Saint-Guillaume (256
inhabitants), on the northern slope of the Pale mountain, close to the
“Rocher du Bouchet”, France (44°56’'18"N, 5°35'11"E, 1350-1490 m asl,
Fig. 1a). At the site, rockfall fragments are released from a 90-m-high,
north-east-facing cliff (1450-1540 m asl, Fig. 1b) consisting of sub-
horizontally bedded Jurassic limestone (Tithonian) with narrow or-
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thogonal joints. This structure favors the release of rock fragments with
volumes not exceeding a few m3. In the transit area (1380-1490 m
asl), Quaternary scree is characterized by a convex-concave slope profile
(26-46°, average: 38°) and a marked longitudinal sorting of debris with
volumes of a few dm? at the apex to a few m? in the lower portion of
the slope. The slope is covered by a mixed forest stand; at its bottom of
the slope (1100 m asl), the slope is limited by a topographic berm (10°).
In this study, we analyzed a tree plot of about 1 ha (110 X 90 m) lo-
cated at the foot of the cliff (Fig. 1c) covered by a 800 trees ha~?! forest
stand dominated by Abies alba (Silver fir), Picea abies (Norway spruce),
Acer pseudoplatanus (Sycamore maple), Fagus sylvatica (Common beech),
Fraxinus excelsior (European ash), Sorbus aria (White beam), Sorbus aucu-
paria (Mountain ash) and Ulmus glabra (Elm). Even though evidence of
past logging (stumps) could not be found at the site, we cannot rule out
the possibility that some limited silvicutural interventions did occur over
the course of the last century. According to meteorological re-analyses
data provided by SAFRAN (Durand et al., 2009), mean annual rain-
fall (1958-2017) is 951 mm and annual temperature averages 5.7 °C at
the site. Rockfall is the predominant cause of damage observed on tree
stems (Fig. 1e). However, in the uppermost portions of the talus slope,
snow avalanches of limited extent are likely to occur as well. To limit
uncertainties in the reconstruction, we only included scars that could
undoubtedly be ascribed to rockfall and therefore also excluded growth
suppression as it can potentially be caused by stem breakage following
snow avalanche events.

No data on past geomorphic events exists in the municipal records.
Yet, according to high-resolution maps computed for the study plot re-
garding (1) tree species, (2) tree age and (3) rockfall activity derived
from a scar counting approach (Mainieri et al., 2019a; Mainieri
et al., 2019b), a downslope decrease in the number of scars can
be observed on individual stems. This finding is consistent with the
well-known frequency reduction of fallen blocks as one moves down the
slope (Gsteiger, 1989; Dorren et al., 2005; Dorren et al., 2006;
Dorren et al., 2007). In addition, a clear difference is observed be-
tween the northwestern (where conifer trees dominate and where rock-
fall is more active) and the eastern (dominated by broadleaved species
and with less rockfall active) compartments of the plot. The maps in Fig.
1 have been used to (1) design different sampling strategies, (2) select
sampled trees (by avoiding trees that are located along the same trajec-
tory) from the extensive dataset published by Mainieri et al. (2019a)
(hereafter referred to as dat2019) and to (3) precisely assess the evolu-
tion of the CIP (see below).

3. Methods
3.1. Defining sampling strategies

dat2019 contains information retrieved from 1097 increment cores
that have been sampled to date 603 scars in trees (372 on conifer and
231 on broadleaved trees) on 278 impacted stems. Using this dataset,
we designed five different scenarios retrospectively representing differ-
ent sampling strategies (S1-S5) (Fig. 2). For each tree extracted in sce-
narios S1-S5, we took an increment core (max. 40X0.5 cm) as close as
possible to each visible scar, at the contact between the wound and the
overgrowing callus tissue (Sachs, 2005; Larson, 1994; Schneuwly
et al., 2009). In addition, based on the distribution of observed scars
(which usually does not exceed 2 m in height), increments cores were
systematically extracted from trees, in the fall line of rocks, at heights of
0.5, 1.0, and 1.5 meter, so as to maximize the probability to retrieve old
masked injuries (Trappmann et al., 2014).

In the first scenario (S1), 161 trees including 101 conifers (Abies
alba, Picea abies) and 60 broadleaved trees (Fagus sylvatica, Sorbus aria,
Acer pseudoplatanus) with ages ranging from 97 to 96 years were ran-
domly sampled from dat2019 over the 1.04 ha of the study plot, just
by making sure that the selection of trees was random, yet representa-
tive of the relative abundance of tree species and diameter distributions
observed at the plot (Fig. 2). In S2, trees were selected from dat2019
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Fig. 1. The Rocher du Bouchet (a, b) slope is located in the Vercors massif (French Alps), Saint-Guillaume municipality. At the study plot, we identified (c) tree species, (d) tree age and
(e) the number of scars visible on each individual stem. All information has been mapped at a 1-m resolution (Mainieri et al., 2019a).

with the idea to maximize the CIP, i.e. to intercept a maximum of poten-
tial rockfall trajectories while avoiding sampling several trees along the
same trajectory. Scenarios S3-S5 are subsets of S2 for different compart-
ments of the plot, namely the northern (S3), upper northern (S4), and
southern compartments (S5). The spatial extent covered by each com-
partment was defined on the basis of visible wounds. The comparison
between S3 - S5 is intended to show potential differences in meteoro-
logical drivers between the more active northern compartment of the
plot — where the forest stand is dominated by conifers — and the south-
ern compartment, where broadleaved trees show significantly smaller
numbers of visible injuries. Scenarios S3-S4 have been designed to high-
light potential effects of the increasing distance of trees from the cliff on
both the rockfall chronology and the detection of meteorological drivers
of process fluctuations. In scenario S6, additional sampling was carried
out: a total of 127 cross-sections was cut from 24 stems in the upper
northern part of the plot. Cross-sections were sawn at the level of each
visible scar as well as systematically each 50 cm. All trees selected for
destructive sampling had diameters at breast height (or DBH) <15 cm.
More particularly, S6 aimed at investigating whether a restricted num-
ber of cross-sections, for which overhealed scars can still be found and
the blurring of injuries is not a limiting factor, should be preferred over
increment cores typically based on much more exhaustive sampling.

3.2. Dendrogeomorphic analyses

We prepared and analyzed samples following standard den-
drochronological procedures proposed by Bréker (2002). In the labo-
ratory, we measured tree rings (accuracy of 0.01 mm) using a digital
LINTAB positioning table connected to a Leica stereomicroscope. For
this investigation, we used the position of the first layer of callus tissue

within the tree ring for intra-annual dating of rockfall damage. For Abies
alba (Silver fir) and Picea abies (Norway spruce), traumatic resin ducts
(TRDs) (Bannan, 1936; Stoffel, 2008; Stoffel and Bollschweiler,
2008) formed next to injuries (Schneuwly and Stoffel, 2008a;
Schneuwly and Stoffel, 2008b) were used as an additional distur-
bance to date past rockfall events. The latter were only considered the
result of rockfall activity if they formed compact and continuous tan-
gential rows (Stoffel et al., 2005). Following Stoffel et al. (2005);
Stoffel et al., 2005, the (i) presence of callus tissue and TRD next
to (blurred) injuries, (i) eccentric growth and the formation of reac-
tion wood following stem tilting as well as (iii) abrupt growth releases
were used as complementary lines of evidence for the dating of past
rockfall damages. By contrast, growth suppression (GS) was excluded
as it is more frequently caused by climate extremes (e.g. cold summers
or drought), affecting radial growth for several years, than by rockfall
events (Mainieri et al., 2020). Therefore, as GS could potentially in-
crease noise in our reconstructions, they have been disregarded from
analyses.

We applied the non-parametric Mann-Kendall (MK) test (Helsel and
Hirsch, 1992) to detect potential trends in the reconstructed rockfall
time series. This rank-based procedure was chosen as (1) it is suitable for
non-normally distributed data, robust against (2) outliers and (3) data
gaps. The MK test yields a trend test statistic allowing rejection of the
null hypothesis at a certain significance level (Birsan et al., 2005). The
slope of trends significant at the 95% level of the MK-test was estimated
using the Theil-Sen method, which is suitable for nearly linear trends
and has been shown to be mostly unaffected by non-normal data and
outliers (Helsel and Hirsch, 1992). For each scenario, the MK test was
computed over the 1959-2017 period covered by meteorological series,
for moving time windows with lengths varying from 30 to 59 years.
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Fig. 2. Overview of the sampling strategy scenarios S1-S6. White circles represent all trees mapped in the forest plot, black circles represent the trees sampled in each of the scenarios.
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3.3. Computation of the conditional impact probability

The conditional impact probability (CIP) approach, initially intro-
duced by Moya et al. (2010), has been refined by Trappmann et al.
(2013) and Favillier et al. (2017). It aims at quantifying the range
covered by trees during a given year and has been used here to estimate
the probability that blocks fall downslope without impacting any tree.
The calculation of the CIP requires tree diameters and locations as well
as an estimation of the mean diameter of falling blocks. The CIP concept
is based on the idea that each tree is surrounded by a “circle of impact”
which covers a range of the slope exposed to rockfall thereby defining
a probability of a tree being impacted by a rock. This “circle of impact”
represents a circular area centered on the tree stem and obviously de-
pend on the tree’s diameter at breast height (DBH) and the diameter of
the rock (#). The range covered by trees in a given stand can therefore
be computed as the sum of the impact circles (Lyc, Fig. 3 A B). Accord-
ingly, with a given mean rock diameter, a known tree position and the
DBH measured for of all trees, the CIP can be calculated for a plot as
follows:

CIP = Lic/Ly )

where Ljc is the cumulative length of the projections of “circles of im-
pact” at the bottom of a plot, and Ly is the length of the plot (i.e.
110 m in our case). Usually, the CIP is used to estimate the number
of annually missed events and to quantify the quality and reliability of
the reconstruction (Trappmann et al., 2013; Favillier et al., 2017).
Here, in order to quantify precisely the evolution of the CIP back in
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time, polynomial diameter-age regressions have been used for each tree
species (Mainieri et al., 2019a) to estimate the diameters of each tree
within the plot and annually-resolved series of CIP. These series were
then used to estimate real annual numbers of rockfalls (RR) as follows:

RR, = NGD,/CIP, @

where NGD, represents the number of growth disturbances dated to year
t and where CIP; is the conditional impact probability computed in year
t. The RR values may theoretically vary between 0 (if no GD is recorded
in the tree-ring series) and infinite (if multiple GDs are recorded on a
limited number of trees that intercept a limited number of potential tra-
jectories; i.e. for low CIP values). We also employ the CIP to improve our
tree selection. Accordingly, for scenarios S2-S5, trees located in the up-
per part of the slope and thus being the first to be impacted by rockfall,
were extracted preferentially from dat2019 for scenarios S2-S5, whereas
those located in the direct fall line of other trees (thereby protecting
each other) were ignored.

3.4. Comparison of sampling strategies and analysis of meteorological data

The annual resolution of tree-ring series has so far limited the detec-
tion of meteorological drivers of rockfalls and has precluded any corre-
lation with hourly-to-daily meteorological records. In order to fill this
gap, we used re-analyses data from the SAFRAN meteorological down-
scaling and surface analysis system (Durand et al., 2009). This sys-
tem performs an objective analysis of weather data available from var-
ious observation networks (including radar and satellite data) to pro-
vide freely available, continuous time series of meteorological variables
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Fig. 3. a. Computation of the Conditional Impact Probability (CIP) taking into account the distribution of trees within the plot b. Computation of impact circles. 1. Tree stem; 2. Circle of
impact; 3. Projection of the circles of impacts to the bottom boundary of the cell analyzed; 4. Rock of a given diameter; 5. Trajectory of the falling rock; 6. Rockfall impact. L1, L2, L3 and
L4 are the widths of the projection of the circles of impact at the bottom of the cell. Ly is the width of the analyzed cell. Adapted from Favillier et al. (2017).
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at hourly resolution, for elevation steps of 300 m, different slope aspects
and angles within massifs, and therefore for horizontally and climato-
logically homogeneous regions (Lafaysse et al., 2013; Vernay et al.,
2019).

In the context of this study, we extracted hourly-resolved time series
of temperature, precipitation totals and freeze-thaw cycles (1959-2017)
from SAFRAN. Correlations between reconstructed rockfall activity ob-
tained for scenarios S1-S6 and SAFRAN time series were tested for all
variables averaged over one and up to 36 (~1 year) ten-day windows
starting on October 1-10 (in year n-1 preceding the growing season) and
ending in September 21-30 (in year n).

Delonca et al. (2014) and D’Amato et al. (2016) synthesized
meteorological parameters susceptible to trigger rockfall events. In cal-
careous regions, rainfall duration and intensities were found to in-
crease pressure in rock joints, whereas freeze-thaw cycles favor through
wedging while sunshine enhances thermal stress which in turn facili-
tates propagation of cracks. Considering typical timeframes operating on
these triggers, 10-day to annual series (i.e. 360 days, or 36 ten-day se-
ries) of (1) precipitation sums, (2) number of rainfall events >10 and
20 mm dayfl, (3) minimum, (4) mean, and (5) maximum air temper-
atures, (6) variations thereof, (7) the absolute number of freeze thaw
cycles (defined as the number of days in which Tmax > 0 °C and Tmin
< 0°C) as well as (8) minimum temperatures (-3 and -5 °C) and (9)
daily variations of temperatures (+6 and +10 °C) have been extracted
from the SAFRAN database for the period 1958-2017. Relationships be-
tween rockfall activity and meteorological parameters were analyzed in
a four-step procedure. In a first step, Pearson correlation coefficients
were calculated between reconstructed rockfall activity and variables
(1-9) for periods ranging from 1 to 36 consecutive ten-day periods. All
datasets were transformed to z-scores summarizing anomalies below or
above the average, over the period 1958-2017, before correlation analy-
ses were performed. The statistical significance of results was then tested
with a one-tailed t-test at a significance level @ =0.05.

4. Results
4.1. Reconstruction of rockfall activity based on different sampling strategies

The results of the rockfall reconstructions derived from scenarios
S1-S6 scenarios are synthesized in Table 1.

In scenario S1 (Fig. 4 growth disturbances (GD) were identified for
the periods 1840-2017 and 1959-2017, respectively. According to the
Mann-Kendall analysis computed for the period 1959-2017 covered by
the SAFRAN meteorological dataset, a linear monotonic increasing trend
(significant at p < 0.01) exists for most of the time periods considered
in Fig. 5a, with the exception of the time after 1987. Maximum rock-
fall activity (n > 10 GDs) is observed in 2013, 2012, 2007, 2002, 2000,
2005, 1997, 2016, 1976, 2008, and 2010.

In scenario S2, 477 and 446 GDs were retrieved from the 179 trees
sampled in the entire plot over the period 1906-2017 and 1959-2017,
respectively. Here, the CIP sharply increased from 18% in 1907 to 89%
in 2017 and from 41 to 89% for the period 1959-2017. After correction
of the data with the CIP, maximum rockfall activity is reconstructed in
2012, 1999, 2013, 2008, 2002 and 2010 (Fig. 4b). Rockfall frequency
increased from 55 to 145 GD decade™ between 1959-1988 and 1989—

Table 1
Overview of sampling strategy scenarios.
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2017, respectively. The linear trends detected with the Mann-Kendall
test are comparable to scenario S1 and are not significant if analyses are
restricted to a period starting in 1985 and extending to the present day
(Fig. 5b).

Scenarios S3 and S4 include 108 (0.45 ha) and 83 trees (0.17 ha) for
which injuries are more frequently visible on the tree stems (Table 1,
Fig. 4d). In these compartments, 374 (S3) and 309 (S4) rockfall events
have been retrieved from the tree-ring series between 1845 and 2017,
among which 345 (92%, S3) and 293 (95%, S4) occurred since 1959.
The potentially missed events decreased from 72% in 1959 to less than
7% in 2017 in S3 (Fig. 4c) and from 82 to 5% over the same period
in S4 (Fig. 4d). Extreme rockfall activity was observed in 2002, 2008,
2010, and 2013 in both compartments. The reconstructions show the
largest increasing trends (+ 0.4 events year™1) for starting years ranging
between 1959 and 1967 and ending years from 2008 to 2017. By con-
trast, if reconstructions only start after 1978 (S3) and 1972 (S4), respec-
tively, rockfall activity becomes stationary (Fig. 5c,d).

According to the initial maps (Fig. 1d), rockfall activity is less fre-
quent in the southern compartment of the plot considered in S5. In this
scenario, 74 trees were included in the rockfall reconstruction. In total,
111 GDs were identified in the cores, mostly after 1959 (97 GDs, 88%).
Decadal frequencies (22 GD decades™! over the period 1959-2017) con-
firm the rather limited rockfall activity that was estimated on the ba-
sis of a visual inspection of tree stems in the field. Trends over the
1959-2017 period are weak (ranging between —0.1 and + 0.1 event
year‘l), irrespective of the period considered (Fig. 5e).

Finally, in S6, 137 GDs were retrieved from the analyzed cross-sec-
tions since 1959, with most scars occurring after 1989 (n = 123). Since
1989, the decadal rockfall frequency in S6 was 2.03 events decade™
tree—1 prior to CIP correction, which corresponds to more than twice
the values computed for scenarios S1-S5 (with 0.42, 0.7, 0.9, 1.01, 0.37
events decade™ tree™!, respectively). Noteworthy, in the case of sce-
nario S6, the CIP remained low (<2%) until 1993 and only reached
a value of 37.4% at the end of the reconstruction in 2017. Given the
restricted length of the reconstruction, the Mann—Kendall test was not
computed for scenario S6.

Fig. 6 synthesizes correlations between the reconstructions S1-S5
over the period 1959-2017 (a) and S1-S6 over the period 1989-2017
(b). For obvious reasons, highly significant positive correlations (0.88 <
r < 0.99, p < 0.01) are computed between scenarios S2, S3 and S4, as
they are partly based on the same trees for both periods. Correlations
between scenario S1 and scenarios S2-S5 sharply increased after 1989
(0.41-0.64). Finally, and more interestingly, (1) correlations between
the northern and southern compartments (S4-S5) of the slope, albeit sig-
nificant (p < 0.05) since 1989, remain weak (r < 0.42). (2) Scenario S6
is negatively correlated (p < 0.05) with S3 and especially S4, although
the cross-sections were cut in the upper part of the northern compart-
ment as well.

4.2. Correlation between rockfall activity and meteorological covariates
Prior to correlation analyses, rockfall reconstructions and meteoro-

logical series were transformed into z-scores for the period covered by
meteorological time series (1959-2017). According to the Mann—

Scenario Area Nb of trees Conifers (%) Broadleaved (%) Nb of GD CIP 2017 Reliability Surface (ha)
S1 Entire slope 161 62 38 326 No CIP Unknown 1.04
S2 Entire slope 179 59 41 477 0.89 1969-2017 0.81
S3 N. compartment 108 73 27 374 0.93 1980-2017 0.45
S4 Upper N. compartment 83 75 25 309 0.86 1989-2017 0.17
S5 S. Compartment 71 31 69 111 0.79 1960-2017 0.36
S6 Cross Sections 24 67 33 137 0.37 / 0.28
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Fig. 4. Variations of rockfall activity reconstructed from sampling scenarios S1-S6 (a-f). Yellow bars represent the total number of GDs while blue bars represent the missed events con-
sidering the CIP. A 10-yr lowpass filter has been used to emphasize decadal fluctuations of rockfall activity (blue solid line). The black dashed line represents the variation of the sample
depth over time. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Kendall test, the reconstructions derived from each scenario are sta-
tionary after 1989. Therefore, correlations between rockfall activity and
meteorological data were computed separately for the full period cov-
ered by the SAFRAN re-analysis data (1959-2017) (Fig. 7a) and for the
sub-period 1989-2017 (Fig. 7b) for which no significant trend in rock-

fall activity was observed in the tree-ring records. Interestingly, no sig-
nificant correlation (p < 0.01) was found between the chronologies com-
puted for the six scenarios, temperature (minimum, mean, maximum),
or freeze-thaw cycles, irrespective of the period considered.
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Fig. 5. Linear monotonic trends (Theil-Sen slope) detected in tree-ring reconstructions of rockfall activity. The significance of the trend (p < 0.01) was tested with the Mann-Kendall test
for sampling scenarios S1-S5 (a-e). For each scenario, the MK test was computed over the 1959-2017 period for which meteorological records exist, using moving time windows with
lengths varying from 30 to 59 years. Start years (x-axis) range from 1959 to 1988, whereas end years (y-axis) are comprised between 1988 and 2017.

By contrast, and in the case of precipitation totals, results differ ac-
cording to the period analyzed and the six sampling scenarios (Fig. 7a,
b). As a rule, correlations between rockfall reconstructions and precipi-
tation totals computed over the period 1959-2017 (Fig. 7a) are weaker
than those computed for 1989-2017. In addition, and irrespective of
the scenario considered, meteorological drivers of rockfall activity dif-
fer over both periods. Between 1989 and 2017, we do not find any
significant correlation between precipitation and rockfall in the south-
ern compartment (S5) or in the northern sector for which cross-sec-
tions have been taken (S6). By contrast, in the case of scenario S1,

derived from random sampling strategy, we obtain negative correlations
(r = -0.5, p < 0.01) with winter precipitation.

In the case of the CIP-based rockfall reconstructions computed for
the entire plot (S2) and the (upper) northern (S3-S4) compartments,
fall and winter precipitation totals summed over 10-13 consecutive
ten-day periods centered around December 1-10 (n-1) show the largest
influence on inter-annual variations of rockfall (0.35 > r > 0.25, p <
0.01) over the period 1959-2017, whereas more robust correlations (r
> 0.5, p < 0.01) are obtained with summer (from June 1-10 (n) to Sep-
tember 1-10 (n)) precipitation between 1989 and 2017. For this pe-
riod, maximum correlations (r = 0.58, 0,65, 0.68 for S2, S3 and S4, re-
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spectively) are computed with precipitation totals computed over 5 con-
secutive ten-day windows centered on August 11-20 (n) (Fig. 7b). Fig.
9 represents the regression of these precipitation totals over the rockfall
reconstruction for S2 (Fig. 9a), S3 (Fig. 9b) and S4 (Fig. 9c), for the
1989-2017 period, and does not contain significant outliers that could
have biased r values. Correlations between meteorological variables and
rockfall reconstructions S2-S4, computed over the period 1959-2017
and moving time windows with lengths varying from 30 to 59 years
are presented in Fig. 8. For all three scenarios, correlations increase if
the time windows starts after 1973, and higher r-values (0.74, 0.73 and
0.77, p < 0.01 for S2, S3, S4, respectively) are computed for the pe-
riod 1980-2009. Interestingly, correlations are significant over a longer
period (1964-2017) between summer rainfall totals and rockfall recon-
structions S3-S4 when compared to reconstruction S2 (1971-2017).

5. Discussion
5.1. How to improve sampling strategies aimed at reconstructing rockfall?

On forested slopes, growth disturbances in trees are reliable eco-
logical indicators of past rockfall activity and fluctuations thereof over
decadal to centennial timescales (Alestalo, 1971; Stoffel et al., 2010;
Bollati et al., 2018). Yet, apart from Perret et al. (2006), Silhéan et
al. (2011), Zielonka and Wronska-Walach (2019) and Mainieri et
al. (2020), reconstructed time series of rockfall were only rarely com-
pared to instrumental data with the aim to detect meteorological drivers
of process activity and fluctuations in activity. This lack of dendrogeo-
morphic studies looking at actual drivers of rockfall activity is attributed
(1) to the presence of non-climatic trends in reconstructions that can be
intrinsic to the dendrogeomorphic approach and (2) to the absence of
clear guidelines regarding sampling design that would allow obtaining
robust relations between rockfall activity reconstructed from tree rings
and the assessment of meteorological drivers of activity. In this context,
the present study aimed at showing potential impacts of different sam-
pling designs on the detection and identification of meteorological dri-
vers of past rockfalls as reconstructed from tree-ring series. The study
capitalizes on the CIP approach (Moya et al., 2010; Trappmann et
al., 2014; Trappmann and Stoffel, 2015) to optimally quantify un-
certainties inherent to tree-ring reconstructions.

Comparing the six chronologies developed at the Saint-Guillaume
study plot, we clearly demonstrate the influence of sampling patterns

on resulting reconstructions. Significant differences are thus observed,
at the slope scale, between reconstructions obtained through random
sampling and those selecting trees based on the CIP approach. Despite
the wide spectrum of meteorological variables tested in this study, we
failed to identify robust meteorological drivers of rockfall activity in
reconstruction S1 where a random sampling across the slope was im-
plemented. By contrast, in reconstructions S2-S4, where injured trees
were selected on the basis of the CIP approach, summer precipitation
totals explain almost half of the inter-annual rockfall variability over
the last three decades. This study therefore highlights the added value
of high-resolution maps of the study plot as they can facilitate the im-
plementation of reliable sampling strategies and a targeted selection of
trees. Similarly, clear differences exist between the northern and south-
ern compartments of the slope in terms of (1) rockfall frequency as illus-
trated by the preliminary maps, (2) inter-annual variations as revealed
by weak, poorly significant correlations between reconstructions S3-S4
and S5 as well as (3) relations to meteorological variables. Such differ-
ences can be attributed to differences in rockfall activity but also re-
flect the uneven distribution of conifer and broadleaved trees with dif-
ferent growth rates, heights and diameters (Mainieri et al., 2019a)
between the compartments. More specifically, we show that interspe-
cific differences could result in a greater difficulty to retrieve healed
injuries in broadleaved trees (Arbellay et al., 2012) than in conifer
species for which TRDs, with a tangential spread of resin ducts on more
than one-third of stem circumference, allow overcoming the problem
of masked scars (Schneuwly et al., 2009). We thus hypothesize that
the rather moderate rockfall activity with weak inter-annual variations,
combined with the complexity to retrieve scars from broadleaved trees
(Martin-Benito et al., 2013; Favillier et al., 2017; Mainieri et al.,
2019a), has prevented us to derive a more solid definition of meteoro-
logical drivers in reconstruction S5. In other words, our results suggest
that a precise identification of homogeneous areas in terms of rockfall
activity and forest stand structure is crucial for a clear detection of me-
teorological drivers. Finally, comparable results are obtained from re-
construction S3 (108 trees) located within the entire northern compart-
ment of the plot (0.81 ha) and reconstruction S4 which was based on
only 71 trees from the upper portion of the same compartment (0.45).
Moreover, we failed to demonstrate the added-value of reconstruction
S6 which was based on a systematic, destructive sampling of cross-sec-
tions (rather than relying on increment cores). Even if reconstruction
S6 yields a higher overall frequency of events and is theoretically free
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Fig. 7. Correlations between reconstructions derived from scenarios $1-S6 and precipitation totals computed over 1 to 36 consecutive 10-day periods extending from October 1-10 in the
year preceding tree-ring formation (n-1) to September 21-30 of the current year (n). All mapped correlations are significant at p < 0.05.

from biases related to masked scars, its reliability seems to remain ham-
pered by its limited spatial fingerprint. As a consequence, and in or-
der to increase the cost-benefit ratio of future dendrogeomorphic studies
aimed at detecting meteorological drivers, we recommend (1) to limit
the downslope extent of plots while increasing their width, as previously
suggested by Gsteiger (1993) and (2) to core the first rows of trees be-
low cliffs more systematically, provided that its trees are old enough to
enable multidecadal reconstruction, as they are located next to the cliffs
and will therefore act as a first line of defense recording rockfall (Perret
et al., 2006).

10

5.2. Stationarity of the reconstructions and detection of meteorological
drivers

Despite the precise quantification of the CIP back in time and its
application to estimate missed events in the six rockfall chronologies
developed within the Saint-Guillaume plot, we still find marked and
increasing trends over the period 1959-2017. More precisely, signifi-
cant increasing trends in rockfall activity have been detected until 1987,
1984, 1978 and 1974 for S1-S4, respectively (Fig. 5). Despite the strin-
gency of our approach, we explain these trends by the persistence of bi-
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around August 11-20 (n) for the period 1989-2017.

ases intrinsic to dendrogeomorphic approaches, such as the difficulty
of identifying older, overhealed scars on stems (Schneuwly et al.,
2009), the changing sensitivity of trees to record impacts with increas-
ing age (Silhan et al., 2013), or the fact that different tree species
will not record scars the same way (i.e. different energies needed to in-
flict scars depending on bark thickness, for instance (Favillier et al.,
2017; Trappmann et al., 2013)). Interestingly, higher correlations
were computed between the different reconstructions and precipitation
totals computed over five consecutive ten-day periods centered around
August 11-20 for the periods 1987-2019 (S1), 1984-2019 (S2), 1978-

11

2019 (S3), and 1974-2019 (S4). In the past, various thresholds have
been defined either empirically or arbitrary to limit rockfall reconstruc-
tions in time or to evaluate the temporal reliability of reconsructions.
These thresholds consisted of (1) a minimum number of trees sampled
(Perret et al., 2006; Schneuwly and Stoffel, 2008a; Schneuwly
and Stoffel, 2008b; Silhan et al., 2013), (2) trees that were homo-
geneously distributed on the slope (Stoffel et al., 2005), (3) a min-
imum exposed diameter (Silhan et al., 2011), (4) an abrupt change
in the annual frequency of rockfalls (Moya et al., 2010) or (5) a 0.5
CIP value (Trappmann et al., 2013; Morel et al., 2015). Our results
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suggest that the Mann-Kendall test could be used to quantify the robust-
ness of rockfall reconstructions more objectively and to overcome the
rather arbitrary thresholds used in the past.

5.3. Meteorological drivers of rockfall activity from a non-glaciated
calcareous cliff of the French Alps

Despite the limited length for which the reconstructions presented
in this study are reliable, we would like to stress that our records still
exceeds the length of virtually all other inventories available for the
(French) Alps. In addition, the efforts deployed to quantify uncertainties
ultimately increases confidence and the robustness of our findings re-
garding meteorological drivers of rockfall at Saint-Guillaume. Compari-
son between our CIP-based rockfall reconstructions and meteorological
parameters derived from the SAFRAN re-analyses datasets demonstrates
that spring and — even more so — rainfall totals during summer were
the main drivers of inter-annual fluctuations in rockfall activity at the
study site over the last decades. Correlations between rockfall activity
and precipitation totals computed over 5 consecutive ten-day windows
centered on August 11-20 (n) exceed 0.5 since 1975 in scenarios S2-S4
and even reach 0.6 if the period is restricted to 1989-2017 (Fig. 8). Al-
though correlations do not allow determination of thresholds for the ac-
tual triggering of rockfall, our results still agree with findings of D’ Am-
ato et al. (2016) who report, based on a 2.5 year LiDAR survey of the
calcareous Saint-Eynard cliff (Chartreuse Massif, 30 km northeast from
Saint-Guillaume), that rockfall frequency could be multiplied by a factor
of 26 if mean rainfall intensity exceeds 5 mm h~!. They attribute the in-
creasing rockfall frequency after rainfall episodes to the chemical weath-
ering (including limestone dissolution) of the thin marly layers present
at their site. Our study also converges with findings from the Bavarian
Alps (Krautblatter and Moser, 2009) where a 5-yr record of rock frag-
ments found in traps shows that 90% of all small-magnitude rockfalls
were triggered by rainstorms. At larger scale, a similar dependency of
rockfall from precipitation has been reported for non-glaciated cliffs in
Burgundy (France; Delonca et al., 2014), the Tatras (Poland; Zielonka
and Wronska-Walach, 2019), the Canadian Cordillera (Macciotta et
al., 2015), Hong-Kong (Chau et al., 2003), the Tramuntana Range
(Spain; Mateos et al., 2012) or the Japanese Alps (Matsuoka, 2019;
Imaizumi et al., 2020). In the latter case, based on a coupled geo-
morphic and microclimatic monitoring, Matsuoka (2019) explains the
increasing rockfall frequency by raised water pressure in rock joints or
the lubrification of joints after rainfall. By contrast, correlation were nei-
ther significant with minimum, mean, maximum temperatures nor with
freeze-thaw cycles, despite the wide spectrum of combinations tested
(i.e. 1 to 36 consecutive 10-day periods for each meteorological vari-
able). In that sense, our results differ from the other climate-rockfall as-
sessments based on dendrogeomorphic reconstructions (Perret et al.,
2006; Silhan et al., 2011) and, in more general terms, from a large
body of monitoring literature demonstrating that thermal conditions and
especially freeze-thaw cycles would control rockfall frequency in moun-
tainous regions (Matsuoka and Sakai, 1999; Frayssines and Hantz,
2006; D’Amato et al., 2016; Matsuoka, 2019). Several hypotheses
may explain the absence of relationships between rockfall activity and
thermal variables at Saint Guillaume, such as (1) the resolution of the
dendrogeomorphic records which only partly represent rockfall activity
and probably do not include high-frequency-low-magnitude events; (2)
the complex influence of freeze-thaw cycles on rockfall activity, with
events occurring more frequently during warming and thawing than
during cooling periods (D’ Amato et al., 2016) and under moisture-sat-
urated freeze-thaw conditions (Krautblatter and Moser, 2009); or (3)
the use of the SAFRAN re-analysis dataset which does not reflect micro-
climatic variations and effects related to microtopography of cliffs (Mat-
suoka and Sakai, 1999; Schneuwly and Stoffel, 2008b; Perret et
al., 2006; Matsuoka, 2019; Zielonka and Wronska-Walach, 2019).
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6. Conclusions

In this paper, we used the extensive dataset computed by Mainieri
et al. (2019a) to quantify potential biases in tree-ring based rockfall
reconstructions back in time, as well as to evaluate impacts of different
sampling strategies on the detection of meteorological drivers of rockfall
activity. In methodological terms, we demonstrate that (i) carefully se-
lecting trees with the conditional impact probability, (ii) together with
a preference for the selection of trees in more active compartments of
the study plot as well as (iii) at the contact of the slope with the cliff
will significantly increase the quality of the reconstruction and ease its
comparison with meteorological variables. In addition, given enhanced
correlations between tree-ring records and meteorological parameters
in the absence of multi-decadal linear trends, we also recommend us-
ing the Mann-Kendall test to quantify the robustness of reconstructions
more objectively in the future. Once the above-mentioned criteria are
considered, relationships between reconstruction S4 and meteorologi-
cal variables computed over 10 to 36 consecutive 10-day periods en-
abled identification of summer precipitation totals as the major driver
of inter-annual rockfall fluctuations reconstructed at Saint-Guillaume.
Yet, and despite the stringency of the procedure developed here, we did
not find any statistically significant correlation between rockfall activ-
ity and thermal variables (especially with freeze-thaw cycles), even if
these have been demonstrated as a key triggering factor of rockfalls in
calcareous cliffs located at comparable altitudes. We explain this limited
correlation mostly by complex relationships between moisture, freezing
and rockfall events. Yet, we plead for more systematic coupling between
dendrogeomorphic studies and rockfall as well as microclimatic moni-
toring of sites in the future to validate these hypotheses.
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