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Estimating rockfall release frequency 
from blocks deposited in protection barriers, 
growth disturbances in trees, and trajectory 
simulations

Abstract  The spatial and temporal quantification of rockfall fre-
quency remains a major challenge in mountain environments, 
especially also in terms of rockfall management. Approaches that 
have been used traditionally to quantify rockfall frequency include 
historical records, remote sensing, or in situ monitoring, but have 
been shown repeatedly to suffer from a lack of completeness or to 
rely on rather short time series (of a few years) that are, in addi-
tion, limited to small areas. As such, they normally cannot meet 
the stringent requirements of hazard and risk analyses. Here, we 
propose a new procedure coupling field analysis of rockfall deposits 
in mitigation structures and growth disturbances in tree-ring series 
with three-dimensional (3D), process-based rockfall modeling to 
estimate rockfall frequencies for individual cliff compartments. 
This procedure has been tested on a slope in the Swiss Alps (La 
Fory, Sembrancher VS), where rockfall triggered from a 38 hm2 cliff 
to threaten a 1-km-long section of the road to the Grand St. Ber-
nard tunnel and the local railway line. Based on 84 rockfall deposits 
retrieved from 420-m-long protection barrier and growth distur-
bances in trees over the 1994–2017 period, we estimate rockfall 
hazard to between 0.043 and 0.348 events yr−1 at various locations 
on the slope. In total, we used 68,680,000 rockfall simulations to 
translate hazard values into rockfall frequencies at the cliff level. 
Converging release frequencies between tree-ring analyses (0.99–
1.35 events yr−1 hm−2 ) and values obtained from deposits in the 
protection barrier (0.82 events yr−1 hm−2 ) confirm the reliability of 
our procedure. Despite remaining limitations, our approach enables 
precise quantification of rockfall release frequency in a holistic and 
reproducible manner both in space (a few hm2 ) and time (several 
decades), and thus yields the data needed for hazard and risk map-
ping. We therefore recommend, where applicable, to include this 
procedure in future rockfall management strategies.

Keywords  Release frequency · Block deposits · Protection 
barriers · Dendrogeomorphology · Trajectory simulations · Swiss 
Alps

Introduction
Rockfall events are a common type of fast moving landslide (Hungr 
et al. 2014), described as the detachment of individual rocks of any 
size from (sub)vertical outcrops followed by rapid to extremely 
rapid downslope motions characterized by free falling, bounc-
ing and/or rolling (Lambert 2011; Ferrari et al. 2016). Rockfall is a 
major and chronic hazard in mountain areas, endangering human 

lives, transportation infrastructure, industries and residences—
and more generally the areas beneath cliffs (Benjamin et al. 2020). 
Even if rockfall does not pose the same level of economic risk as 
large-scale landslides, the process is indeed responsible for a similar 
number of accidents and fatalities (Ferrari et al. 2016). As a con-
sequence, rockfall risk assessment is of major interest to public 
authorities, stakeholders and civil protection officers (Crosta and 
Agliardi 2003; Volkwein et al. 2011; Wang et al. 2014). To satisfy the 
needs of risk managers (Dussauge-Peisser et al. 2002), prioritiza-
tion of mitigation actions, countermeasure selection, and land-use 
planning must be supported by quantitative and spatially distrib-
uted rockfall hazard modeling procedures (Volkwein et al. 2011) 
in which the frequency and magnitude of rockfall events are of 
paramount importance as they control the dynamics (trajectory, 
velocity, energy, runout distances) of falling masses, and thus, their 
interactions with and impacts on elements at risk (Giani et al. 2004; 
Bourrier and Hungr 2013; Asteriou et al. 2013).

Over the last decades, rockfall propagation has been studied 
extensively and several models have been developed to reliably 
simulate the trajectories, runout distances and kinetic energy of 
blocks (Stevens 1998; Agliardi and Crosta 2003; Bourrier et al. 2009; 
Volkwein et al. 2011; Dorren 2012; Budetta et al. 2016). In terms of 
rockfall frequency, remotely sensed data derived from photogram-
metry (Budetta et al. 2016; Matasci et al. 2018), remote-sensing tools 
(Ferrero et al. 2016; Umili et al. 2020) or LiDAR (Strunden et al. 2015; 
Macciotta et al. 2015; D’Amato et al. 2016; Matasci et al. 2018), as 
well as seismic and infrasound sensors (Zimmer and Sitar 2015; 
Feng et al. 2020) have vastly improved rockfall detection, thus ena-
bling a more accurate estimation of rockfall release frequency at 
the cliff level. However, as these approaches have been applied to 
rockfall cliffs only fairly recently, they cover only relatively short 
time periods (a few years at best) and thus may not capture the 
full breadth of the sometimes sporadic nature of rockfall activity 
(Guerin et al. 2020). In addition, given their cost and limited flex-
ibility, these monitoring approaches remain restricted to small cliff 
faces most of the time.

Long-term and large-scale records of rockfall activity are provided 
by alternative approaches, such as historical inventories (Dussauge 
et al. 2003; Eckert et al. 2020), optically stimulated luminescence (OSL; 
Kanari et al. 2019), or terrestrial cosmogenic nuclide (TCN; Gallach 
et al. 2018) approaches, for either a specific cliff or larger regions 
(Guerin et al. 2020). Yet, rockfall inventories remain scarce (Ferrero 
et al. 2016) and continue to suffer from biases related to non-observed 
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events (Volkwein et al. 2011; Guerin et al. 2020), whereas OSL and 
TCN approaches are time-consuming and provide estimations of past 
rockfall occurrence covering several millennia—and may not neces-
sarily be representative of present-day activity. In addition, the latter 
approaches are mainly focused on extreme events and only partially 
reflect the full breadth of rockfall activity at the cliff level.

As a consequence, in view of the above-mentioned limitations, 
the quantification of onset probability at the cliff scale and for peri-
ods spanning decades to centuries remains a major limitation in 
most rockfall hazard assessments (Dussauge-Peisser et al. 2002). 
Here, in order to fill this knowledge gap, we propose a new method 
to estimate rockfall release frequency for large cliff compartments 
by coupling field-based data from rockfall protection barriers and 
tree-ring records of past rockfall activity with three-dimensional 
(3D), process based rockfall modeling approaches. Our approach 
has been developed at La Fory (Sembrancher, Swiss Alps) where 
numerous rockfalls have been reported by local authorities. At the 
site, we estimated rockfall hazard over the last decades, at differ-
ent elevations along the slope from rockfall deposits in protection 
barriers and growth disturbances found in tree-ring records. In 
a second step, we combined these records with a rockfall model 
to reconstruct the number of rockfall releases in space and time 
(release frequency) over a 38 hm2 cliff threatening >1 km of trans-
port infrastructure networks (road, railway) on the valley floor. The 
approach presented here is reproducible on a wide range forested 
slopes where historical archives are largely missing, and therefore 
offers risk practitioners a valuable alternative to high quality, yet 
expensive and sophisticated approaches that are constrained both 
temporally (surveys rarely exceed a few years) or spatially (moni-
toring is most of the time restricted to small-scale sites).

Proposed methodology
In rockfall terminology, hazard refers to the probability of an event 
(rockfall) to occur over a predefined period of time and within a 
given area (Varnes 1984; Ferrari et al. 2016). In this study, we express 
rockfall hazard Hz at a given location z as:

where f (expressed as the number of events per year) is the fre-
quency of a rockfall release from a given, unstable source over a 
given time interval, and pz is the probability (ranging between 0-1) 
that a falling rock will propagate down to a location z.

Assuming that the failure process is homogeneously distributed 
across the unstable source, the rockfall frequency f can be expressed 
as:

where S is the surface of the rockfall source, and � the number of 
rocks falling from that surface per unit of surface and time.

Based on Eqs. (1) and (2), the release frequency � can thus be 
considered as:

Following Eq. (3), we quantify here rockfall release frequency � 
with a two-step procedure: in a first step, we evaluate H at different 

(1)Hz = f × pz

(2)f = S × �

(3)� =

Hz

S × pz

locations z, i.e., at the level of protection barriers and on the basis 
of injured trees, using the number of rocks deposited in miti-
gation structures and growth disturbances in tree-ring series, 
respectively. In a second step, we use rockfall numerical modeling 
to quantify the probability that blocks falling from cliff S propa-
gate down to location z. Figure 1 shows the general scheme of the 
framework used in this paper to assess rockfall release frequency. 
We implement our methodology at La Fory slope where (1) rockfall 
is the dominant process and (2) damaged trees as well as mitiga-
tion structures allow quantification of rockfall hazard over the 
last decades.

Application

Study site
The study site, known as La Fory (46◦05’02”N, 07◦06’48”E), is situ-
ated in the Canton of Valais (Swiss Alps), on the territory of Sem-
brancher (Fig. 2A, B). The area under investigation covers 0.3 km2 
from the summit of Le Troubayet (1325 m asl) to the Dranse River 
(641 m asl; Fig. 2C). Slope angles range from 67◦ in the upper sec-
tion of the study site to 6 ◦ next to the river, with a mean of ∼37◦ 
across the slope. The site is characterized by abrupt cliffs (Fig. 2C, 
D) consisting of highly fractured granites, gneisses and schists from 
which rockfall with sizes up to several cubic meters are frequently 
triggered. The area is covered by an open forest stand ( ≤750 trees 
ha−1 ) predominantly composed of Scots pine (Pinus sylvestris). 
The presence of fresh blocks scattered throughout the slope, fre-
quent scars on the stem surface of trees (Fig. 3A) or decapitated 
trees clearly attest to the ongoing and strenuous rockfall activity 
at the study site. At the bottom of the talus slope, rockfall threat-
ens a 1-km-long section of the international road E27 connecting 
Martigny to the Aosta Valley as well as the local Martigny-Orsières 
railway line (Fig. 2D).

Rockfall hazard assessment

Several rockfall events have reached the main road or the railway 
line and were reported in cantonal archives. Yet, no historical cata-
logue of past rockfall activity is specifically available at our study 
site. As a consequence, we used (1) rockfall protection barriers and 
(2) tree-ring series as recorders of rockfall hazard.

Rockfall hazard assessment based on rocks deposited in rockfall 
protection barriers
The heavy traffic on the main road, both for the transport of 
persons and goods across Grand St. Bernard Pass, but also due 
to the large influx of tourists into Val de Bagnes (with the widely 
known resort of Verbier ) results in dense car, bus, truck and train 
traffic which in turn exacerbates rockfall risk. As a consequence, 
since 1994, several protective countermeasures have been real-
ized, including rockfall protection barriers (with a capacity of 
2,000 kJ) and embankments (4 m in height) at the bottom of 
the slope (between 665 and 720 m asl; Fig. 2) to reduce rock-
fall risk on transportation networks. To estimate rockfall haz-
ard at the level of these mitigation structures, we inventoried all 
rocks and boulders trapped in each of the structures. Given the 
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parallelepiped shapes of rocks, we estimated volume based on the 
length of their x-, y- and z-axes. The rockfall hazard was thereaf-
ter computed as the ratio between the number of rocks deposited 
in mitigation structures and the number of years elapsed since 
their construction (as a mean hazard value given in events yr−1 ). 
We considered all rocks deposited behind the protection barri-
ers as they had not been removed since the initial installation 
of the defence structures. By contrast, we disregarded material 
left above the embankments because rockfall deposits have been 
removed periodically from these structures.

Estimation of rockfall hazard using tree injuries
On forested slopes, the interaction of rocks with trees leaves datea-
ble evidence of rockfall activity on the stem and in the growth-ring 
records of injured trees. Forests on rockfall slopes can therefore be 
seen as a natural archive of past events that can be explored with 
dendrogeomorphic techniques (Stoffel and Corona 2014).

In the field, we collected 250 increment cores from 66 Scots pine 
( P. sylvestris L. ) trees distributed along two main rockfall corridors 
(C1 and C3; Fig. 4A) with a Pressler increment borer in summer 2018. 
One increment core (max. 40 × 0.5 cm) was taken at the lateral edges 

Fig. 1   Schematic representation of the two-step procedure used to 
quantify rockfall release frequency ( � ) at the cliff level: (A) we evalu-
ated rockfall hazard values Hz at various locations (z) on the slope, 
namely at the level of protection barriers and of each injured trees 
using the number of rocks deposited in protection structures and 

growth disturbances in tree-ring series, respectively. These values 
were then (B) translated into rockfall release frequencies ( � ) based 
on the numerical modeling of rockfall aimed at estimating reach 
probabilities ( pz ) of individual rocks in the model.

Landslides 19 & (2022) 9



Original Paper

19 & (2022)Landslides Landslides 10



of each visible scar (i.e. at the contact of the unaffected wood with 
the overgrowing callus tissue; Sachs 1991; Larson 1994; Schneuwly 
and Stoffel 2008). Increment cores (116 and 134 in rockfall paths C1 
and C3, respectively) were then prepared and analyzed and data 
processed following standard dendrochronological procedures 
(Bräker 2002; Stoffel and Bollschweiler 2008). In the context of this 
study, the first layer of callus tissue within a tree ring was used to 
determine the (intra-) annual timing of past rockfall activity. To 
homogenize rockfall hazards computed from tree-ring series with 
data from protection barriers, we retained only those growth distur-
bances that occurred over the last 23 years, i.e. the period since the 
construction of rockfall defence infrastructure on the slope.

Rockfall trajectory simulations

To estimate rockfall frequency out of the cliff compartment on the 
basis of the hazard values derived from deposits in barriers and 
scars on trees, a precise evaluation of the reach probability needs to 
be undertaken. Here, the latter has been obtained from an extensive 
dataset of 3D rockfall simulations.

Numerical modeling of rockfall events
Rockfall was simulated on a digital elevation model (DEM; 2 × 2m) 
with the probabilistic, process-based rockfall trajectory model 
Rockyfor3D (v5.0) (Dorren 2012). This model combines physically 
based, deterministic algorithms with stochastic approaches to sim-
ulate rockfall in three dimensions. Rockyfor3D calculates sequences 
of classical, uniformly accelerated parabolic free fall through the air 
and rebounds on the slope surface and trees (for details see Dorren 
et al. 2005). During each rebound, the model allows the block to 
deviate from its direction before rebounding. If an impact against 
a tree takes place, part of the rock energy is dissipated as a func-
tion of the stem diameter of the corresponding tree and the relative 
position between the rock and the tree’s center.

In the transit area of rockfall (i.e. the zone located between the 
rockfall source and the depositional area), Rockyfor3D uses a tan-
gential (r

t
 ) and a normal (rn ) coefficient of restitution to calculate 

rock rebound on the slope surface (Volkwein et al. 2011). The tan-
gential and the normal coefficient of restitution define the reduc-
tion in tangential velocity and the change in normal velocity during 
impact, respectively. Both coefficients depend on (i) rock shape and 
radius as well as on (ii) the depth of the impact crater during a 
rebound (Dorren et al. 2005). Given that the composition and size 
of the material covering the slope surface and r n values are closely 
related to land use, they were translated into several land-use and 
land-cover (LULC) classes.

In this study, the LULC map was derived from field observations 
and the analysis of aerial photographs before integration into Rock-
yfor3D. Soil types (e.g., fine soil material or bedrock) and roughness 
parameters were associated with each LULC class. For roughness, 
three variables were added to represent obstacle height encountered 

Fig. 2   (A-B) The La Fory rockfall site is located west of Sembrancher 
in the Swiss Alps. (C) Geomorphic sketch of the study site highlight-
ing potential rockfall source areas (>51◦ ). (D) Overview of the study 
site showing the extent of the forested area, rockfall protection 
structures as well as the main road E27 connecting Switzerland with 
Italy through the Grand St. Bernard tunnel and the Martigny-Orsières 
railway line, both threatened by rockfall. 1. Contour line; 2. Hydro-
graphic network; 3. Rock cliff; 4. Road E27; 5. Martigny-Orsières rail-
way; 6. Rockfall embankments; 7. Rockfall protection barriers

◂

Fig. 3   View of (A) a multi-impacted pine stem (yellow dotted line) sampled at the vicinity of the cliff and (B) rockfall protection barriers 
installed in the lowest portion of the talus slope
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on 10% (Rg10), 20% (Rg20) and 70% (Rg70) of the surface, respec-
tively. In the upper part of the slope, at the vicinity of the cliff, the 
talus is mainly composed of small rock fragments and roughness 
values were set to 0.1 (Rg10), 0.35 (Rg20), and 0.20 m (Rg70). In the 
lower part of the slope, the scree is dominated by pluri-decimetric 
blocks and the model was therefore parametrized with values of 
0.15, 0.15 and 0.25 m for Rg10, Rg20 and Rg70, respectively. The  
density of the forest stand, mean diameter of trees, and standard 
deviations thereof have been estimated from field observations. 

Based on these values, the Rockyfor3D model randomly placed a 
given number of trees within each forested pixel (2 × 2m) of the 
slope. All settings are summarized in Table 1.

Mapping of potential release areas and rockfall reach probability
At the cliff, all cells (2 × 2m) with slope values >51◦ (42,925 cells) 
were considered potential rockfall release sources and mapped in 
a Geographical Information System (GIS). On the basis of the 2-m 
DEM resolution, the planar potential surface of the release area was 
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Fig. 4   (A) Location of the trees sampled in rockfall plots C1 and C3. 
(B) Number of growth disturbances (GDs) dated in tree-ring series 
since 1994. (C) Annual number of GDs dated in tree-ring series over 

the period 1994-2017 in plots C1 and C3, respectively. Rockfall haz-
ard values averaged 1.52 events yr−1 in C1 and 1.78 events yr−1 in C3
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estimated to 17.2 hm2 . To estimate the real surface of the release 
area from the planar surface measured on the DEM, the following 
trigonometric correction was applied:

where x is the raster resolution and � is the slope angle of release sources.
Based on Eq. (4), surface S was estimated to 38 hm2 . Rock density 

in each source cell was set to 2,750 kg m −3 . In the transition area, the 
position of each sampled tree was recorded with a 1-m precision 
GPS device and placed in Rockyfor3D, while the row of rockfall 
protection barriers was considered as a continuous line.

A total of 1600 rockfall events with volumes randomly extracted 
between 0.5 and 2.5 m 3 were simulated with Rockyfor3D from each 
of the 42,925 potential source cells, resulting in a total of 68,680,000 
simulated rockfall trajectories. Based on observations, v=0.5 m 3 
was defined as the minimum block volume that can significantly 
damage pine trees at the study site, while the upper limit (v=2.5 
m 3 ) corresponds to the largest block observed on the slope. Given 
the diameters of (i) the sampled trees (60 cm on average), (ii) the 
falling blocks (1-1.7m) and (iii) the resolution of the DEM (2 × 2m), 
we consider that each block reaching a raster cell containing a sam-
pled tree will likely cause damage to its stem. For each simulation 
resulting in an impact with a sampled tree or the protection barrier, 
we systematically recorded simulation and object IDs and, most 
importantly, on the starting cell of rockfall. This database was then 
used to evaluate the rockfall reach probability p at the level of the 
rockfall protection barrier and of each sampled tree, as:

where Sim
z
 is the total number of simulations reaching z, i.e., the 

protection barriers and sampled trees, and Sim
Tot

 is the total num-
ber of simulations.

Results

Rockfall hazard
Along the 420-m-long rockfall protection barriers, we inventoried 
a total of 24 blocks with volumes ranging from 0.06 m 3 to 2.45 m 3 

(4)S =

n
∑

i=1

x2

cos(�i)

(5)pz =
Simz

Sim
Tot

in 2017. Among these events, only eight were larger than 0.5 m 3 . 
Given the age of the mitigation structures—they were installed in 
1994—rockfall hazard at the level of the barriers is estimated at 
0.348 events yr−1.

Similarly, 92 and 110 growth disturbances (GD) could be dated 
the in tree-ring series of P. sylvestris trees rockfall paths C1 and 
C3 between 1860-2017 and 1850-2017, respectively. For the period 
1994-2017, for which we also have data from the rockfall barriers, 
35 GD (in 19 out of 30 trees) and 41 GD (in 27 out of 36 trees) were 
retrieved from the tree-ring records (Fig. 4). Half of the trees sam-
pled (50% ) showed one GD during this period, 39% of the sampled 
trees had two GD. The maximum number of impacts between 1994 
and 2017 observed in individual trees was 4 and 3 in paths C1 and 
C3, respectively. Based on the 19 and 27 trees that recorded, at least, 
one GD over the period 1994–2017, average rockfall hazard is equal 
to 1.52 events yr−1 (C1) and 1.78 events yr−1 (C3; Fig. 4C). At the 
level of individual trees, hazard values range from 0.043 to 0.174 
events yr−1.

Reach probability

Regardless of the volume, 761,523 out of the 68,680,000 rocks 
simulated from the release surfaces reached the rockfall protec-
tion barriers, resulting in a reach probability p

z
 , of 0.011. Similarly, 

2,162,530 and 2,486,751 impacts were recorded on trees sampled in 
plots C1 and C3, respectively, resulting in a rockfall reach probabil-
ity equal to 0.031 and 0.036. Individual rockfall reach probabilities, 
computed as the ratio between the number of rocks impacting a 
sampled tree and the total number of simulations, therefore range 
between 0.0001 and 0.0049. At C1, reach probabilities are in the 
range 0.0008–0.004; they exceed 0.001 in the case of 15 out of the 
27 trees sampled in C3.

Rockfall release frequency

Coupling three-dimensional process models and hazard values 
retrieved from rockfall protection barriers and individual trees allowed 
quantification of rockfall release frequencies (as events yr−1 hm−2 ) at the 
level of the cliff. Based on the number of rocks deposited in protection 

Table 1   Values used for the parameterization of the Rockyfor3D 
model. Roughness is estimated with the Rg70, Rg20, and Rg10 val-
ues representing the height (in cm) of obstacles encountered by the 
falling block on 70% , 20% and 10% of the plot surface. The normal 

coefficient of restitution, r n, defines the change in normal velocity 

after an impact and strongly depends on soil type. The density of 
the forest stand is expressed as a number of  trees per hectare (Nb 
trees−1 ha−1 ). The mean diameter of trees and associated standard 
deviation are described as DBH mean and DBH std, respectively

LULC type Rg70 Rg20 Rg10 rn Nb trees-1 ha-1 DBH Mean DBH 
std

Cliff 0 0 0.05 0.53 0 0 0

Scree 0.15 0.35 0.15 0.38 0 0 0

Rockfall corridors 0.10 0.35 0.20 0.38 750 30 10

Densely forested area 0.15 0.15 0.25 0.38 750 30 10

Partially forested area 0.15 0.15 0.25 0.33 500 30 10
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barriers, we derived a release frequency of 0.82 events yr−1 hm−2 . In the 
case of the 46 impacted trees, we computed release frequency values for 
each tree in plots C1 and C3 individually (Fig. 5). Here, release frequency 
values ranged from 0.28 to 18 events yr−1 hm−2 . The average release 
frequency as obtained from impacted trees is 1.45 events yr−1 hm−2 
(standard deviation: 0.96) for C1 and 2.94 events yr−1 hm−2 (standard 
deviation: 3.8) for C3. Despite the important differences between the two 
mean values derived for plots C1 and C3, the related probability density 

functions presented in Fig. 5A, B show comparable modal (1.35 and 0.99 
events yr−1 hm−2 for C1 and C3, respectively) and median values (1.3 and 
1.5 events yr−1 hm−2 for C1 and C3, respectively).

Release surfaces

Information on the starting cell IDs was stored in the Rockyfor3D 
database for each individual simulation landing in the rockfall 

Fig. 5   Probability density 
functions of rockfall release 
frequencies as obtained from 
the tree-ring series at plots 
C1 (A) and C3 (B). On average, 
release frequencies were 1.45 
events yr−1 hm−2 (C1) and 2.94 
events yr−1 hm−2 (C3). Modal 
and median values reached 
1.35 and 1.3 events yr−1 hm−2 
for C1, they were 0.99 and 1.5 
events yr−1 hm−2 at C3
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protection barriers or impacting sampled trees. Based on these 
records, we then delineated precisely those cliff areas that are sus-
ceptible to reach the mitigation structures and the impacted trees 
sampled in plots C1 and C3. The results presented in Figure 6 show 
three distinct release areas located in the northwestern, central, 
and northeastern portions of the La Fory cliff. The northwestern 
release area is at the origin of the rockfall deposits behind the 
protection barriers and is composed of 9,537 raster cells, with a 
total surface of 8.8 hm2 (Fig. 6A). Therefore, a release frequency 
of 0.82 events yr−1 hm−2 can be attributed to this compartment. 
Similarly, 5,093 and 3,114 starting cells located in the central and 
northeastern portions of the cliff are susceptible to trigger rock-
falls that cause damage to trees in plots C1 and C3, respectively. 
Given the resolution of the DEM (2 × 2m) and after trigonomet-
ric correction (Eq. (4)), the surfaces of the two rockfall release 
compartments are 4.1 (Fig. 6B) and 2.6 hm2 (Fig. 6C). They are 
assigned a rockfall release frequency of 1.35 and 0.99 events yr−1 
hm−2 , respectively.

Discussion
The design and optimization of structural and non-structural rock-
fall protection measures should be supported by a comprehensive 
risk analysis and evaluation (Volkwein et al. 2011) which in turn 
should rely on a detailed assessment of existing rockfall hazard. 
The latter necessarily includes an evaluation of (i) the temporal 
probability (in terms of frequency normalized to surface unit) and 
spatial susceptibility of rockfall, (ii) 3D trajectories, and (iii) rock-
fall intensity (in terms of energy) at each position along the path 
of a falling rock or boulder (Corominas and Moya 2008; Volkwein 
et al. 2011).

Advantages of using tree‑ring data, rockfall deposits and 
modeling approaches in combination

One major limitation of hazard analyses typically is the lack of 
information regarding the temporal probability and thus the rep-
resentation of model output in terms of real frequencies (Ferrero 
et al. 2016). In practice, the estimation of rockfall frequency is the 
single most challenging aspect which existing approaches have 
not yet addressed specifically when it comes to the management 
of rockfall hazards. Indeed, the spatial and temporal heterogene-
ity of scarcely available rockfall inventories (Dussauge et al. 2003; 
Sass and Oberlechner 2012; Eckert et al. 2020) has so far precluded 
precise quantification of rockfall frequencies at decadal to centen-
nial timescales. On the other hand, rather expensive but highly 
resolved data that are acquired from remote sensing (e.g., LiDAR 
and photogrammetry) and direct monitoring (e.g., crackmeters, 
extensometers, and survey prisms) can yield valuable insights 
into process dynamics in the short term, yet they are in most 
instances too much constrained—both in time and space (Westoby 
et al. 2018; Lato et al. 2015; Sättele et al. 2016; Kromer et al. 2017; 
Carlá et al. 2019)—to meet the requirements of long-term records 
in hazard approaches. Therefore, new methods are still critically 
needed to reconcile the dilemma between cost, accuracy and tem-
poral coverage for an implementation at scales relevant for rockfall 
hazard assessment.

Fig. 6   Cliff compartments (in yellow) threatening the rockfall protection bar-
riers (A) as well as plots C1 (B) and C3 (C). The northwestern portion of the La 
Fory cliff sends rockfall to the protection barriers and has a total surface of 8.8 
hm2 (A). The central (B) and northeastern (C) compartments are susceptible to 
cause damage to plots C1 and C3 have surfaces of 4.1 (C1) and 2.6 hm2 (C3), 
respectively
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In this study, we developed an approach that couples records on 
past rockfall activity retrieved from protection barriers and tree-
ring analysis with rockfall modeling, with the final aim to quantify 
release frequencies at the level of a cliff. At the study site of La Fory, 
we used a total of 76 GDs recorded in tree-ring series and 8 rocks 
>0.5 m 3 deposited in mitigation structures between 1994 and 2017 
to quantify rockfall hazard values at the site. These values, ranging 
from 0.348 to 1.78 events yr−1 , were then translated into rockfall 
release frequencies with the help of simulation results. In that sense, 
reach probabilities were estimated from 68,680,000 rockfall trajec-
tories to derive rockfall release frequencies of 0.82 events yr−1 hm−2 
for the protection barriers as well as 1.35 and 0.99 events yr−1 hm−2 
for two tree plots (C1 and C3) located at the vicinity of the cliff.

Based on the results, we can state that our approach coupling 
process modeling with field-based evidence indeed represents 
a promising alternative to quantify the temporal probability of 
rockfall failure at sites for which rockfall inventories are not avail-
able or poorly reliable. As such, this new approach should be of 
major relevance for hazard management as it allows to (i) translate 
rockfall activity estimated at virtually any location on the slope 
into rockfall frequencies for compartments of the cliff, (ii) provide 
estimates of rockfall in space and time (in the present case for 8.8, 
4.1 and 2.6 hm2 and over several decades) that are usually compat-
ible with stakeholder constraints and (iii) that can be included in 
modeling efforts which in turn are ultimately leading to precise 
hazard maps and robust quantitative risk analyses (QRA). The 
latter, through their holistic character, will differ from previous 
studies in rockfall-prone environments as assessments have been 
restricted strictly to critical release areas (Corominas et al. 2005; 
Agliardi et al. 2009).

Reliability and caveats of the new procedure

In the literature available for alpine regions (see Table 2 for a complete 
review), rockfall release frequencies have been quantified with differ-
ent approaches (i.e., historical archives or LiDAR data in the majority 
of cases), periods (from a few years up to a century) and lithologies 
(most often in limestone). Due to the heterogeneity of existing stud-
ies, comparison between different approaches seems difficult. Yet, 

the convergence between the rockfall frequencies obtained from the 
tree-ring records and data on the deposits left behind the protection 
barriers—that is from two completely independent datasets—pleads 
for the reliability and robustness of our results.

Despite these promising results, we should address several 
remaining limitations inherent to the newly developed approach 
here. From a perspective of hazard management, one remaining 
caveat is related to the fact that our procedure does not allow—
unlike remote sensing approaches—to retrieve data on the distri-
bution of volumes of released rocks from the cliff. This shortfall 
could, however, be overcome by a systematic mapping of fresh 
rockfall deposits on the slope under investigation (Farvacque 
et al. 2019). Furthermore, one could speculate that an overesti-
mation of rockfall release frequencies could occur as a result of 
the (i) fragmentation of released blocks during ground contacts 
Giacomini et al. (2009); Wang and Tonon (2011); Corominas et al. 
(2019), which in turn could cause a dispersion of trajectories 
and subsequent impacts on trees along the falling path (Corona 
et al. 2017) as well as a higher number but smaller volume of rocks 
deposited in the nets (Trappmann and Stoffel 2013; Trappmann 
et al. 2014; ii) secondary remobilization of previously failed mate-
rial (that was stored temporarily on the slope) by earth-surface 
processes (Krautblatter and Dikau 2007) such as other falling rock 
masses, debris flows or snow avalanches (Borella et al. 2019); or the 
(iii) occurrence of multiple scars during the same year on several 
stems that were, in reality, inflicted by a single rock (Trappmann 
et al. 2014). By contrast, a bias could be inherent to the spatio-tem-
poral probability of rockfall failure should the threshold of critical 
slope angle for the detection of potential release sources have been 
underestimation. Similarly, the dendrogeomorphic reconstruction 
proposed here will probably only partly reflect rockfall activity 
as a result of (i) the spatial distribution and the limited number 
of sampled trees, which will prevent interception of all rockfall 
trajectories that have occurred in the past; and (ii) old and com-
pletely healed injuries that are sometimes difficult to be detected 
in tree-ring series (Trappmann and Stoffel 2013), even more so in 
pine trees (Stoffel et al. 2006). In future studies, these limitations 
could be overcome by using optimized sample strategies aimed at 
estimating missed rockfall events from dendrogeomorphic time 
series (Mainieri 2020; Mainieri et al. 2020a; b).

Table 2   Rockfall release frequencies ( � , in events yr−1 hm−2 ) available from existing literature in the Alps. T represents the period covered by 
observations (in years) and S 

C
 the surface of the cliff (in hm2 ) used to compute �

References Site Geological setting Technique T SC Volumes λ

Dussauge-Peisser et al. (2002) Grenoble Calcareous Historical archives 60 2 10−2 >50 m C 0.002

Dussauge-Peisser et al. (2002) Arly Gorges Metamorphic rocks Historical archives 22 55 >20 m 2 0.15

Guerin et al. (2014) Mont St-Eynard Limestone LiDAR 3.2 15 >1 m � 0.85

D’Amato et al. (2015) Gorgette Limestone LiDAR 3.2 5 >1 m � 0.96

D’Amato et al. (2015) Venosc Gneiss LiDAR 3.2 37 >1 m � 0.085

Hantz et al. (2016) Haute-Savoie Limestone Unknown 22 8 103 >1 m 3 0.002

Hantz et al. (2016) Isére Limestone Unknown 62 6 103 >1 m 3 0.001

Farvacque et al. (2019) Crolles Limestone Field inventories 100 128 >1 m 3 0.015
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Conclusions
The combination of rockfall inventories using deposits found in 
protection barriers, growth disturbances detected in tree-ring 
series as well as the 3D, physically based modeling of rockfall 
has been used, for the first time, to quantify the spatio-temporal 
probability of rockfall failure for a cliff in the Swiss Alps. Field-
based approaches allowed determination of hazard values for dif-
ferent segments across the slope, whereas the modeling enabled 
a translation of the hazard values into rockfall frequencies at 
the scale of individual cliff compartments. Results derived from 
the dendrogeomorphic approach and rockfall inventories, rang-
ing between 0.8 and 1.4 events yr−1 hm−2 , are in good agreement 
and support each other. Although the approach may potentially 
suffer from possible caveats—in particular the lack of a rockfall 
volume distribution—we conclude that the release frequencies 
derived from this reproducible and cost effective approach can 
be used in the future to establish hazard and risk maps that will 
enable prioritization and the dimensioning of protection meas-
ures. Considering its significant contribution, namely to quantify 
rockfall release frequencies, we recommend that this new proce-
dure should be included whenever possible in risk management 
strategies in rockfall-prone areas, as it can substantially enhance 
hazard assessments at limited additional cost.
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