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Abstract

Natural hazards are frequent in mountain areas where they regularly cause casualties and damages to human infras-
tructures. Mountain forests contribute in mitigating these hazards, in particular rockfalls. Assessing the protective
effect of a forest against rockfall is a difficult task for both forest managers and rockfall experts. Accurate and simple
tools are therefore required to efficiently evaluate the level of protection that results from the presence of forest.

This study defines three novel indicators to quantify the protective effect of forests against rockfalls, regarding 1)
the reduction of the frequency of rockfalls, 2) the reduction of their maximum intensity, and 3) the combination of
the reduction of the frequency and the energy of the rocks. The first two indicators are relevant for rockfall experts
whereas the third is mostly interesting for foresters as it summarizes the protective effect of forest. The Rockyfor3D
model was adapted and used to simulate rockfalls propagation on 3886 different forest stands located in all the French
Alps. The results of the simulations were used to calculate the three indicators for each forest stand. Finally, the
relations between the forest structures and compositions and the indicators values were investigated.

Our principal result shows that only three forest characteristics are required to accurately predict the indicators
and evaluate the protective level of a forest against rockfall. The two first variables correspond to the basal area and
the mean diameter at breast height (DBH) of the forest stand which are two parameters commonly used by forest
managers. The third characteristic is the length of forest in the maximum slope direction which can be computed with
a geographic information system (GIS). The method proposed in this study is easily reproducible and is suitable to
evaluate the protective effect of European mountain forests at different scales. At local scale, the proposed indicators
can enrich rockfall studies in which forests are usually set aside to simplify the evaluation. Moreover, the indicators
may find direct applications with foresters by allowing them to identify the protective level of their forest and con-
sequently to adapt their management. Finally, the indicators are convenient to perform spatial analysis and produce
maps of the protective effect of mountain forests that could find many applications in land settlement or evaluation of
ecosystem services.
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1. Introduction

Forests have a prominent place in the mountain areas of the world. Mountain forests represent 23% of the global
forest cover with over 9 million km? (Price et al., 2011). They provide many goods and services essential to human
life and activities. In addition to the wood resources they represent, mountain forests also constitute a reserve of
biodiversity and contribute to the landscape attractiveness and the environmental quality. A significant proportion
of mountain forests also protect human beings and infrastructures against natural hazards such as rockfall, snow
avalanches, flash floods and soil erosion (Brang et al., 2001). For instance, in France, about 25% of the Alpine forests
are located between rock release areas and human infrastructures and may contribute to reduce rockfall damages and
casualties (Toe and Berger, 2015).

An increasing number of studies have demonstrated that forests can be an efficient and cost-effective rockfall
protection structure (Notaro and Paletto, 2012; Wehrli et al., 2006, 2005), especially for small mass events (< 5 m3)
(Berger et al., 2002). On forested slopes, a falling rock can impact or break a tree with two responses after the contact:
the rock is either stopped or deviated (Dorren et al., 2006). Each time an impact occurs, the total energy of the rock
is partially reduced (Bertrand et al., 2013; Dorren and Berger, 2006). Therefore, forests contribute to reduce both the
energy and the number of rocks that threaten human lives and infrastructures (Stoffel et al., 2006).

In mountain areas, optimizing forest management to mitigate natural hazards while maintaining other ecosystem
services is a long-term fundamental objective. For this purpose, several empirical target values for stand parameters
(mainly tree density, basal area, tree diameter and spatial distribution) have been proposed to optimize the protective
effect of forests (Perret et al., 2004; Wasser and Frehner, 1996; Gsteiger, 1993). These approaches have the advantages
of being simple and directly practicable by forest managers. However they are mainly based on expert observations
and are therefore insufficient to characterize and understand in details the functional processes involved in the inter-
action between forest and rockfalls. Recent studies proposed to use process-based rockfall modelling approaches that
precisely describe rockfall trajectories including impacts against trees (Fuhr et al., 2015; Radtke et al., 2014; Stoffel
et al., 2006). For instance, the RockyFor3D model has accurately predicted different rockfall patterns for several
forested and non-forested sites in mountainous terrain (Dorren et al., 2006).

Until now, numerical methods have only been used on a restricted number of sites and forest stand structures.
Moreover, few studies propose to use quantitative indicators to characterize the protection provided by forest (Radtke
et al., 2014). However, both forest managers and civil protection agents need quantitative indicators in order to
accurately assess the protective effect of a particular forest and decide whether additional civil engineering measures
are needed.

The aims of this study are (1) to define novel indicators allowing practitioners to characterize the protective effect
(PE) of a forest and (2) to apply them to quantify and compare the PE of the main forest structures and compositions
existing in the French Alps. For this purpose, we first evaluated the importance of non-forest inputs on the propagation
of the rocks simulated with Rockyfor3D. Second, we applied the model on 3886 forest plots of the French National
Forest Inventory (NFI). Third, we proposed and calculated new indicators to quantify both the rockfall frequency and
the rock energy reduction for each forest plot. Finally, we introduced a new practical method, based on the results of
the simulations, to rank and predict the PE of the different forest structures and compositions in the French Alps.

2. Material and methods

Figure 1 shows the different steps of the methodology followed in this study. The different processes are detailed
hereafter.

2.1. Rockfall simulation settings

The RockyFor3D software is one of the few rockfall simulation models (Dorren, 2015; Woltjer et al., 2008) which
explicitly takes into account the protective effect (PE) of forests. Moreover, Rockyfor3D source code was made
available for this study which made it possible to add new functionalities and to run the model in batch mode on a
computing centre. RockyFor3D calculates trajectories of single, individually falling rocks, in three dimensions (Dor-
ren et al., 2006). The model simulates the propagation of rocks down a slope on a rasterized digital terrain model by
successive sequences of free flights through the air, rebounds on the slope surface, and impacts against trees. When a
rock impacts a tree, it loses part of its kinetic energy depending on the tree type (broadleaves versus conifers), on the
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Figure 1: Steps of the study. White rectangles correspond to processes. Grey-coloured parallelograms are results.

vertical and horizontal locations of the impact on the tree, and on the rock trajectory before impact (Dorren, 2015).
Rockyfor3D uses raster maps as input files that define slope surface, topography and characteristics of forest and rock.
The calculation screens option allows the collection of detailed data on rockfall kinematics (mainly energy, passing
height and velocity) of each rock arriving on a certain line (i.e. calculation screen) positioned along the slope surface.

In order to identify the best settings of Rockyfor3D model, a first set of simulations was run to understand the
relative importance of the surface roughness and soiltype. These parameters were tested on virtual digital terrain
models (DTM) with 2-m resolution, a regular slope @ and a length L of 2100 m (Fig. 2.a). Surface roughness was
tested in the range [0 - 80] cm with a 1-cm increment. In Rockyfor3D, soiltype is directly linked to the normal
coefficient of restitution R, used in the rock rebound calculation. soiltypes 1 to 6 were tested which corresponds to R,
values in the range [0.21 - 0.58]. Each (soiltype, surface roughness) combination was also tested on the slope range
[20 - 50] ° and with three rock volumes {0.5, 1, 5} m>. For each simulation, 15000 spherical blocks with a density
of 2600 kg-m™ were released on a contour line situated at the top of the virtual terrain. To ensure identical initial
conditions for all simulations, we modified Rockyfor3D model to allow the parametrisation of an initial velocity and
direction of the rock. Initial velocity was set to 12 m-s”! and initial direction was chosen to have a normal incidence
angle of 25° for the first soil rebound. Those values are commonly observed in field experiments on forested slopes
(Bourrier et al., 2009). Calculation screens were located every 5 meters along the slope surface in order to record the
number of passing blocks depending on the distance to the release line. The ground distance from departure where
90% of the blocks were stopped (d;,,) was used as indicator in order to compare the results of the simulations.



Block release line

Figure 2: Virtual terrain with uniform slope @ and length L. Calculation screens are located every 5 m along the non-forested (a) and forested (b)
profiles.

2.2. Source and selection of forest data

Mountain forests present a wide diversity in terms of stand structures and composition (Price et al., 2011). Using
accurate and standardized forest description for quantifying and comparing their protective effect is therefore of major
importance. Since 2004, the French National Forest Inventory (NFI) is based on a systematic grid of 1 km X 1 km
permanent plots designed to cover the whole national forested area. Each year, 10% of the plots are measured. From
2005 to 2013, nine fractions are available with approximately 6700 forest plots each year. NFI data are collected on a
system of concentric circle plots (Robert et al., 2010). Stand properties and topographic data are assessed in a 25-m
radius. Tree characteristics are inventoried over a countable threshold at a diameter at breast height (DBH) of 7.5 cm.

NFI plots contain sufficient information for rockfall modelling regarding forest inputs. However, even though soil
surveys are carried out on each NFI plot, soil data are not sufficient for a faithful description of the ground surface
which has to be accurately qualified in term of roughness and hardness (Bourrier et al., 2009).

0 150 300 km
I —

Figure 3: Map of the 3886 selected NFI Alpine plots (black dots). French Alpine region is delimited by the red line.

Our study used NFI plots for the description of both terrain slope and forest stands and structures. Only the plots
located in the Alpine region (Fig. 3) with a terrain slope gradient greater than or equal to 20° were used. For slope
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values less than 20°, rocks have a rolling mode of motion and their velocity decreases quickly (Dorren, 2003). This
resulted in the selection of 3886 NFI plots measured from the period 2005-2013. Statistics about forest and slope
parameters are shown in Table 1.

Min 257"Pc  Median 75"Pc  Max

Terrain slope [°] 20 25 30 35 57
Basal area [m2-ha™'] 0.4 12.8 23.6 36.1 116.8
Mean DBH [cm] 7.6 13.7 17.3 23.1 76.7
Number of stems [ha~!] 15 400 750 1200 5400

Table 1: Statistics of terrain slope and forest stand parameters for the 3886 Alpine plots of the NFI. 25""Pc and 75" Pc are the 25" and the 75"
percentiles respectively.

2.3. Rockfall simulations on NFI plots

A similar method as in section 2.1 was used for rockfall simulations on the NFI plots. For each plot, a new virtual
terrain was generated and used for both forested and non-forested simulations. Each virtual terrain had a regular slope
a corresponding to the NFI plot slope and a total length L of 2100 m in the slope direction (Fig. 2). Calculation
screens were located every 5 meters along the slope surface to register both kinetic energy and number of passing
blocks according to the distance to the release line. The rock properties and initial conditions exposed above were
also used for NFI plot rockfall simulation.

In order to compare and emphasize differences in the protection provided by the different stand structures and
compositions, we used the same (surface roughness, soiltype) combination for all NFI plots. The sensitivity analysis
carried out at section 2.1 allowed us to identify a combination that ensures a complete propagation of all the released
blocks on the 2100 m long virtual terrain for all non-forested simulations. This combination presents two advantages.
It emphasizes the protective effect of the forest and it corresponds to the worst plausible scenario where rocks cover a
long distance down the slope.

Integration of forest characteristics in Rockyfor3D is done using the exact locations (x,y coordinates) and the
diameters of all trees on the slope surface. When a rock impacts a tree, its energy is reduced due to both energy
transfer and dissipation. Equation 1 is used to determine the maximum energy reduction of the rock during an impact
on a tree (Dorren and Berger, 2006).

max.Ered = Coef f(treetype) X 38.7 X DBH?! (1

In its original version, Rockyfor3D uses only two values for the Coeff{tree type): one for all broadleaves species and
one for all conifers species. Moreover, tree type (i.e. broadleaf or conifer) is assigned randomly during the simulation
according to the proportion of conifers present in each raster cell.

For the purpose of this study, Rockyfor3D was modified in order to use species values (published in Dorren and
Berger, 2006) instead of broadleaves / conifers values for Coeff{tree type). Those values were made explicit for each
tree to avoid random attribution. For each NFI plot, the forest was generated following two steps. First, the location
of the trees in the slope surface were sampled with uniform probability until the tree density is equal to the measured
one. Second, diameters and species of each tree were randomly attributed but respecting the diameter and species
distributions observed on the NFI plot.

Finally, a total of six simulations per NFI plot were tested: one without forest and one with forest for each rock
volume {0.5, 1, 5} m>. All the 23316 (3x2x3886) simulations were computed on the Grenoble University high
performance computing centre (CIMENT).

2.4. Definition of indicators for the protective effect of forests against rockfall

Three indicators were defined to characterize the PE of forests against rockfall. Each of them is a function of a
distance x corresponding to the length of the forested slope in the maximum slope direction.

First of all, forests act as a natural barrier against rockfall and trees contribute to stop some of the falling blocks in
a way similar to civil engineering devices (i.e. nets or embankments) (Lambert et al., 2013). We called this first effect
the “barrier effect” and quantified it as shown in equation 2.
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NrOCkforest(x)

BARI(x) = 100 x (1 - 2

NrOCknnforesl(x)
The BARrier effect Index BARI(x) of a forest of x m length along the maximum slope direction is related to the num-
ber of passing rocks at distance x for the simulation with forest Nrockfor.s:(x) divided by this same quantity for the
simulation without forest Nrock,,foresi(x). Therefore, BARI(x) is an indicator of frequency reduction of the rockfall
hazard as it directly gives the percentage of rocks stopped due to the presence of forest on x m along the maximum
slope direction.

A second indicator was used to define the reduction of the rockfall maximum intensity under a forested slope of x
m along the maximum slope direction (equation 3).

MIRI(x) = 100 x [ 1 E95forest(x) N
o E95"0f0rest(x)

The rockfall Maximum Intensity Reduction Index MIRI(x) is related to the 95" percentile of the energy of all the
passing rocks at distance x m along the maximum slope direction for the simulation with forest £95 s,,.(x) divided
by the same quantity for the simulation without forest £95,, foresi(X).

These two indicators give an objective information about the residual rockfall risk relative to a forested slope in
term of frequency BARI(x) and maximum intensity MIRI(x). These two elements are especially important for civil
protection agents when deciding whether a civil protection structure has to be built in complement of forest.

The third indicator integrates both the proportion of stopped rocks and the total energy reduction of rocks due to
the presence of forest. We called this effect the “overall rockfall protection” and quantified it with a third indicator as
shown in equation 4.

“

E ores
ORPI(x) = 100 X (1 - M)

Ecumnofnrest ()C)

The Overall Rockfall Protection Index ORPI(x) of a forest of x m length along the slope direction is related to the total
energy of all the blocks passing at distance x with forest Ecum .., (x) divided by this same quantity without forest
Ecumy, foresi(x).

Presently, foresters mostly use indicators similar to BARI(x) which, by definition, only regards the reduction of
the rockfall frequency due to forests. Therefore, they overlook a significant effect of forest which is the reduction of
the energy of the rocks each time they impact a tree. ORPI(x) presents the advantage of combining both effects in
one indicator. It can therefore be especially interesting for foresters that would like to take into account the protective
effect of their forests in its entirety.

The three indicators have a range of values from 0 (no protective effect) to 100 (high protective effect). The cal-
culation screens located every 5 m along the slope surface (Fig. 2) were used to collect the values with and without
forest of Nrock, Ecum and E95. The three PE indicators were then calculated using these values on each NFI plot
and for each rock volume. This resulted on 11658 (3%x3886) simulations where values of the three PE indicators are
known for x€[50 - 2100] m.

2.5. Classification and prediction of the PE indicators from forest characteristics

The previous work led us to the calculation of each PE indicator according to the forest length and the rock volume
for all the NFI plots (Fig. 1).

Starting from the previous results, we first investigated the effect of the forest length along the slope direction x
on each PE indicator. A principal component analysis was then conducted to identify the forest parameters that better
discriminate both NFI plots and PE indicators. These parameters were used to elaborate a simple classification of the
NFI plots into three levels of protection. Finally, we proposed a method to predict the level of protection for each PE
indicator and for any European mountain forest directly from forest characteristics.
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2.5.1. PCA on the NFI plots

A principal component analysis (PCA) was conducted in order to compare PE indicators with forest stand charac-
teristics. The basal area, stem density, mean DBH, mean Coeff{tree type) and terrain slope of the 3886 NFI plots were
used for the PCA. PE indicators for different rock volumes and forest length x were fitted afterwards.

The PCA was used to identify the two forest stand variables (VI and V2) that allow the best discrimination of both
the NFI point cloud and the PE indicators. A Cartesian coordinate system with VI as abscissa and V2 as ordinate was
defined to perform the prediction of the protective effect and the classification of the NFI plots.

2.5.2. Classification of NFI plots according to their protective effect

NFI plots were divided randomly into two equivalent samples A (calibration) and B (validation) of 1943 NFI plots
each. Plots of samples A and B were projected in the reference system defined by VI and V2.

PE values of each plot of the sample A were transformed in three levels of protection for each PE indicator. The
first level corresponds to plots with PE value < 50. We qualified the PE of those forests as “Low PE” as rockfall
hazard is hardly reduced. Second level corresponds to plots with PE value from 50 to 90. We qualified the PE of those
forests as “Medium PE”. In this case, rockfall hazard is a least reduced by a factor 2. Last level gathers plots with a
PE value > 90. Those forests have a “High PE” as the rockfall component is at least reduced by a factor 10.

For each PE indicator and each forest length x, we computed the equations of the straight lines Hg that best
separate the plots of sample A with PE levels equals to “Medium” and “High”. Equations of the straight lines Lw
that best separate the plots of sample A with PE levels equals to “Low” and “Medium” were also computed. These
equations are of type:

V2 = slope X V1 + intercept (®)]

To facilitate the use of the prediction method by the practitioners, the computation was chosen to keep the same value
for the intercepts of the two separating lines Lw and Hg for each couple (PE indicator, forest length). Once all the
equations of the separating lines were computed, it was possible to predict the PE level of any forest type and length
by locating it in the reference system defined by VI and V2. For example, a forest located between the separating lines
Lw and Hg will get a “Medium” PE.

To evaluate the quality of this classification, NFI plots from the sample B were projected in the reference system.
Their calculated PE values were transformed into PE levels and compared with the PE level obtained according to
their location relatively to the separating lines Lw and Hg. A contingency table was build for each PE indicator and
forest length x and used to calculated the accuracy of the classification. Four statistics were used to evaluate the
accuracy (Congalton, 1991):

e Total accuracy: obtained by dividing the total number of correctly classified plots by the total number of plots.

e User accuracy: obtained by dividing the total number of correctly classified plots in a category by the total
number of predicted plots in that category. It measures the commission error by category. In this study, we
present the average user accuracy.

e Producer accuracy: obtained by dividing the total number of correctly classified plots in a category by the total
number of observed plots in that category. It measures the omission error by category. In this study, we present
the average producer accuracy.

e Cohen Kappa coeflicient (Cohen, 1960): it reflects the difference between actual agreement and the agreement
expected by chance. Kappa is always less than or equal to 1. The agreement is generally qualified as good from
0.6 to 0.8 and very good when it is greater than 0.8. A value of 1 indicates a perfect agreement.

2.5.3. Prediction of the PE indicators from forest characteristics

Linear regressions between the forest length x and the slope and intercept values for both lines Hg and Lw of each
PE indicator were computed. The resulting coefficients were used to draw both Hg and Lw separating lines and predict
the PE levels of four different sites where empirical data on rockfall protection were available.

7



The process to predict the PE levels from the separating lines is done by (1) calculating the slope and intercept
values at a given forest length for both Hg and Lw lines from the coefficients of the linear regression and (2) locating
the forest in the reference system defined by forest characteristics VI and V2 (define at section 2.5.1) where Hg and
Lw are drawn with the values previously found.

This process was applied for a first validation of the predicted PE indicators with empirical data. Predicted PE
indicators were compared to PE values observed during three different rockfall experiments (Dorren et al., 2006;
Doche, 1997; Jahn, 1988) and one numerical study where Rockyfor3D was calibrated according to the impact on
trees observed on the field (Stoffel et al., 2006).

3. Results

3.1. Importance of soil and surface parameters in Rockyfor3D

a. Slope - Surface roughness b. Rock volume - Surface roughness c. Soiltype - Surface roughness
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Figure 4: Distance from departure where 90% of the released blocks are stopped (dp) in function of surface roughness (abscissa) and slope (a),
rock volume (b) or soiltype (c).

Fig. 4 shows the influence of the surface roughness on the d,, value. For each combination tested, a minimum
value of surface roughness exists below which none of the released block is stopped on the 2100 m long virtual
terrain. At the opposite, a maximum value of surface roughness exists above which all the released block are stopped
in the first 50 m of the virtual terrain. Between these minimum and maximum values, d,, decreases when surface
roughness increases. These first simulations show that Rockyfor3D model is sensitive to surface roughness with a
presence of two threshold values corresponding respectively to a complete propagation and a total stop of all the
blocks. Increasing the slope, rock volume or soiltype (i.e. R,) only enlarges the values taken by these two thresholds.

3.2. Effect of the length of forested slope on the PE indicators values

The effect of the forest length along the slope on the three PE indicators is displayed in Figure 5. The barrier effect
index BARI(x), the maximum intensity reduction index MIRI(x) and the overall rockfall protection index ORPI(x)
evolve following an increasing curve to a horizontal asymptote for the long forested slopes. The range of values taken
by BARI(x) is very wide. This range slightly decreases for MIRI(x) and significantly decreases for ORPI(x). BARI(x)
and ORPI(x) are higher for small rock volumes unlike MIRI(x) which is higher for big rock volumes.

3.3. Principal component analysis

The biplot of the PCA (Fig. 6) described in section 2.5 shows the relative importance of the terrain slope and
forest stand parameters of the NFI plots. PE indicators values after different forest lengths are also shown. According
to the PCA, the slope of the terrain has a very low contribution to the PCA (0.2% and 0.3% on component 1 and 2
respectively). The mean value of coeff{ TreeType) observed on each NFI plot has a medium contribution to the PCA
(4.3% and 3.9% on component 1 and 2 respectively). It is slightly higher for the stem density with 0.9% on component
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a. Barrier effect: BARI(x) b. Maximum Intensity Reduction: MIRI(x) c. Overall Rockfall Protection: ORPI(x)
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Figure 5: Effect of the forest length along the slope on the three indicators for the 3886 NFI plots. White lines show the average values for each
rock volume. Gray-colored areas are placed on top of each other and represent the possible indicators values taken from the 57 percentile to the
95" percentile for each rock volume. Red lines represent the separating lines Lw (50) and Hg (90) between the three levels of protection used in
this study.
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Figure 6: Biplot of the principal component analysis (PCA) based on the basal area, stem density, mean DBH, mean coefficient for tree types and
terrain slope (black arrows) of the 3886 NFI Alpine plots. PE indicators (coloured arrows) at x=50m and x=500m were fitted post hoc.

1 and 25.3% on component 2. Finally, the basal area and the mean DBH observed on NFI plots are the variables that
best contribute to component 1 (44.4% and 50.2% respectively) and component 2 (45.1% and 25.4% respectively). PE
indicators were fitted post hoc, the biplot shows that all of them are located between basal area and mean DBH. These
points led us to keep as variables VI and V2 (introduced at section 2.5) the basal area and mean DBH respectively.

3.4. Classification of NFI plots

NFI plots were projected in the Cartesian coordinate system defined by the basal area as abscissa and the mean
DBH as ordinate (Fig. 7). In this reference system, PE values evolve following a clockwise motion, this regardless of
the PE indicator and the forest length x. PE levels “Low”,“Medium” and “High” were separated with two lines called
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Lw and Hg as shown in Figure 7.
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Figure 7: Illustration of the separation in three PE levels by Lw and Hg separating lines. NFI plots are projected in the Cartesian coordinate system
defined with basal area as abscissa and mean DBH as ordinate. Points are coloured according to the PE levels for ORPI(x) indicator at x=250 m

and a rock volume of 1 m?.

The quality of the partition of NFI plots with these two lines is illustrated in Figure 8. The values taken by
the Cohen Kappa indicate a good agreement between observed and predicted PE level for ORPI(x) and a very good
agreement for MIRI(x) and BARI(x). Total accuracy oscillates between 0.75 and 0.95 which shows a good correlation
between observed and predicted PE levels. The total accuracy is however lower for BARI(x). User accuracy vary from
0.7 to 0.9 which indicates a fairly good prediction. BARI(x) and ORPI(x) have a better user accuracy than MIRI(x).
Finally, producer accuracy has the widest range of variation (0.62-0.95) for MIRI(x) and ORPI(x). Producer accuracy

for BARI(x) is high with a value of 0.96.
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Figure 8: Quality of the partition of NFI plots in three classes of protection level for the three PE indicators. Cohen Kappa and total, user and
producer accuracies were calculated from the NFI plots of sample B. This represents 615 observations for each PE indicators (205 values of x€[50

m - 2100 m] X 3 rock volumes).
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3.5. Influence of the forest length on the equations of the separating lines

a. Slope of Lw separating line b. Slope of Hg separating line c. Intercept of Lw & Hg separating lines
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Figure 9: Influence of the length on the slopes and intercept of separating lines Hg and Lw and for a rock volume of 5 m>. The vertical dashed red
line indicates the separation between short and long forest lengths.

Figure 9 shows the values of the slopes and intercept for Hg and Lw separating lines according to the forest length
x and for the three PE indicators. The slopes of Lw and Hg lines increase when the forest length increases, this re-
gardless of the PE effect. In contrast, the common intercept value of Lw and Hg decreases when the forest length
increases. A break can be observed around a forest length of 300 m which lead us to consider two classes of forest
lengths: short forest length (x < 300 m) and long forest lengths (x > 300 m).

Table 2 gives the equations for the slopes of Lw and Hg lines and their common intercept according to both the
forest length x and the rock volume. Coefficients are given for short forest lengths and long forest lengths. Regressions
for slope-Hg and slope-Lw present a better coefficient of determination R* (from 0.88 and 0.99) than for the intercept
(from 0.53 to 0.89).

Short forest length (< 300 m) Long forest length (>300 m)
Rock PE Slope-Lw Slope-Hg Intercept Slope-Lw Slope-Hg Intercept
volume a b R’| a b R? a b R’| a b R2| a b R? a b R?
BARI | 0.0132 0.00 0.99|0.0057 0.00 0.99|-0.0109 1.68 0.83|0.0151 -0.57 0.98|0.0037 0.61 0.91-0.0109 1.68 0.83
0.5m3 | MIRI | 0.0041 0.00 0.98 |0.0014 0.00 0.99 |-0.0035 7.57 0.53|0.0014 0.81 0.94|0.0008 0.17 0.98|-0.0007 6.73 0.56
ORPI | 0.0290 0.00 0.99 | 0.0079 0.00 0.99 | -0.0093 5.11 0.73|0.0187 3.11 0.92]0.0048 0.93 0.93|-0.0093 5.11 0.73
BARI | 0.0139 0.00 0.98|0.0062 0.00 0.98|-0.0356 4.70 0.74 {0.0179 -1.19 0.92|0.0056 0.18 0.95-0.0174 -0.77 0.72
Im3 | MIRI | 0.0051 0.00 0.99 |0.0015 0.00 0.99 [-0.0046 7.69 0.54|0.0020 0.93 0.90 |0.0008 0.19 0.97 |-0.0014 6.74 0.63
ORPI | 0.0277 0.00 0.98 | 0.0062 0.18 0.99 | -0.0127 5.15 0.86|0.0159 3.56 0.95|0.0084 -0.48 0.89|-0.0066 3.32 0.86
BARI | 0.0119 0.00 0.98 | 0.0063 0.00 0.99-0.0372 0.00 0.82]0.0112 0.21 0.92|0.0045 0.51 0.90|-0.0245 -3.81 0.81
5m’ | MIRI | 0.0086 0.00 0.99|0.0013 0.13 0.95-0.0058 7.60 0.60|0.0050 1.06 0.93|0.0010 0.21 0.96|-0.0049 7.31 0.89
ORPI | 0.0309 0.00 0.99 | 0.0074 0.00 0.99 | -0.0190 7.02 0.72|0.0086 6.68 0.93]0.0013 1.83 0.86|-0.0056 2.99 0.84

Table 2: Coefficients of the linear regression y = a-x + b for the slopes and intercept of separating lines Hg and Lw. Intercept is common to the two
lines. For a better estimation, regressions have been implemented for short (< 300 m) and long (>300 m) forest lengths.

3.6. Comparison with real-size experiments

Table 3 shows the results of the comparison between PE levels predicted with our method and PE levels observed
during real size experiments. For the four sites, the predicted PE levels are identical to the ones observed.
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Source Location Site characteristics Observed PE Predicted PE
Slope | Forest Stem Basal Mean Rock
gradient | length | density area DBH | volume | BARI MIRI |BARI|MIRI
[°] [m] | [ha™'] |[m*ha”']| [em] | [m’]
Dorren et al. (2006)| Vaujany (FR) | 38 190 294 316 36.9 0.5 1(\2;‘; ](‘30;; Med | Low
Doche (1997) Vailly (FR) 38 140 485 36.5 29.5 <0.5 Med Med Med | Med
(66) (75)
Jahn (1988) Liechtenstein 355 160 3400 45.1 13.0 <0.5 (1_1185013 / High | /
Stoffel et al. (2006) | Diemtigtal (CH)| 40 95 520 20.1 22.0 <0.5 1(\2;()1 / Med | /

Table 3: Comparison of empirical PE values and predicted PE levels on 4 different forests. The three first locations correspond to real size rockfall
experiments, the fourth correspond to a site where Rockyfor3D has been calibrated according to rock impacts on trees observed on the field. For
the observed protective effects both PE levels (e.g. Low, Medium and High) and PE values are given. For predicted protective effect only PE levels
obtained with the equations of Table 2 are given.

4. Discussion

4.1. Interests and limitations of numerical modelling in rockfall assessment

Implementing rockfall field experiments in forested slope from different parts of the French Alps is not possible
because of the implied financial and technical constraints. For these reasons, using accurate trajectory models for
the rockfall hazard assessment is of major interest. Rockyfor3D has been calibrated and validated with real field
experiments (Bourrier et al., 2012; Dorren et al., 2006) and used in different countries and forest stands (Radtke
et al., 2014; Bourrier et al., 2009; Stoffel et al., 2006). The sensitivity analysis carried out in this study allows a
better understanding of the relative importance of the different non-forest inputs of Rockyfor3D. The threshold values
observed have a consistent progression as the needed surface roughness to stop 90% of the released rocks increases
when the slope or the rock volume increase or when the soil dissipative capacity decreases (Fig. 4). According to our
study, the surface roughness is a very sensitive parameter, however it is very hard to measured it on the field. This
point is especially interesting for the user community of the model when calibrating ground surface parameters on a
new site.

Only one combination of ground roughness and soiltype (0 cm, 3) was used in this research. This choice was
made to emphasize potential differences between forest plots while keeping a ground description that is common
in mountain forests. In Rockyfor3D, harder soiltypes necessarily go along with higher ground roughness as they
correspond either to a compact soil with large rock fragments (soiltype 4) or to bedrock (soiltypes 5 and 6) (Dorren,
2015). On the contrary softer soiltypes imply a lower rock propagation as rocks loose more energy during each
rebound. The combination used in this study corresponds to a conservative analysis of the rockfall hazard with a
maximum propagation of the rocks on the non-forested slope.

In this study, the forest input file was modified to better take into account the species distribution and their relative
capacities to absorb a part of the falling rock energy (see section 2.3). This improvement fixes a major limitation of the
original version of the software that occurred when studying mixed forest. Until now, the coefficient Coeff{tree type)
used to determine the maximum energy a tree can absorb (Equation 1) was assigned randomly during the simulation
according to the proportion of conifers present in each raster cell. For heterogeneous mixed forests (for example
composed of broadleaves with small DBH and conifers with high DBH), the random attribution of the Coeff{tree
type) could produce a virtual forest quite different from the reality (i.e. small DBH for conifers and high DBH for
broadleaves). In this research, this point was resolved and the usage of Coeff(tree type) improved with the inclusion
of one value by tree species instead of one by tree type (i.e. broadleaf or conifer).

To our knowledge, this study is the first to propose a complete overview of the interactions between rockfalls and
forest on a wide diversity of forests taken across the Alps. Previous studies were only focused on a specific forest
structure or composition. Radtke et al. (2014) focused their work on coppice forests of Northern Italy, Cordonnier
et al. (2008) aimed at evaluating the long term protection efficiency in Norway spruce forest stands and Stoffel et al.
(2006) studied three different coniferous stands across Switzerland. The recent study carried out by Fuhr et al. (2015)
is the only reference where the effect of maturity (and by extension structure) of mountainous uneven aged stands is
related to the protective effect of forest against rockfalls.

12



Information about the spatial forest structure is not freely available in the French NFI database. Therefore, for
each NFI plot, a forest stand had to be randomly generated on square areas with an equivalent size compared to the
field plots. Although this issue has not been much investigated, previous studies showed that a random generation
of the spatial forest structure can lead to a marginal overestimation of the PE against rockfall. Radtke et al. (2014)
showed that a random spatial generation of coppice forests can lead to a small overestimation of the PE of about 10%.
However, this result concerns only a particular forest structure and the PE indicator used cannot be related to one of
those proposed in this study. Jancke et al. (2009) also studied PE of coppice forests with an indicator close to BARI(x).
Their results did not showed a significant difference between a random forest and a real forest. Recently, Monnet et al.
(2016) focused on the influence of forest inputs on the estimation of the protective effect of three different forests: one
coppice, one uneven-aged and one even-aged forest. They showed a marginal effect of using a randomly generated
spatial forest structure compared to field inventory data.

For each NFI plot, the same stands characteristics was used on a regular virtual terrain of 2100 m length (Fig.
2). This produces a completely homogeneous forest stand on the entire mountainside which is not necessarily rep-
resentative of the reality. Indeed, in mountain areas, forest structures and species compositions evolve following a
gradient of altitude. This choice was made to emphasize PE differences between the 3886 NFI plots studied while
controlling non-forest parameters. In further studies, it would be very interesting to apply the same methodology on
forest structures and species distribution that evolves following an elevation gradient. However, for the smallest rock
volumes (< 1 m®), our results showed that a high protective level ORPI(x) was reached for the majority of NFI plot for
forest length x along the maximum slope direction over 200 m (Fig. 5). Similarly, a high barrier effect level BARI(x)
was reached after 400 m. These values are in the same order of magnitude as those observed in dendrogeomorpholog-
ical studies carried out in France where the number of rock impacts on trees was measured along the slope direction
(Favillier et al., 2015). Therefore, consider a homogeneous forest stand on distances shorter than 400 m is realistic
and the results presented in this study can directly be used in such conditions.

The comparison with empirical data presented in section 3.6 shows the difficulty of implementing real-size exper-
iments with sufficient instrumentation to get accurate information about reduction of frequency and intensity. Only
three real experiments were found in the literature and two of them have information about the energy of the rocks.
For practical reasons, these experiments were conducted with small rocks on short distance forested slopes. With
these site configurations, the comparison with empirical data showed a good agreement. However, it was not possible
to compare our predicted PE levels with observed PE values for rocks bigger than 0.5 m? and slope longer than 190
m.

4.2. Interests and limitations of the protective effect indicators

The protective effect indicators provided in previous studies (Radtke et al., 2014; Jancke et al., 2009; Berger and
Dorren, 2007; Stoffel et al., 2006) are mainly focused on the reduction of the frequency of rockfall hazards and some
of them can be related to BARI(x). In this study, we completed the analysis of rockfall mitigation by forests with
two completely novel indicators. First, MIRI(x) gives the reduction of the maximum intensity which is especially
interesting for rockfall specialists. Second, ORPI(x) synthesizes the reduction of rockfall hazard (regarding both
frequency and intensity) that can be attributed to the presence of forest. Their simple definition makes their accurate
calculations possible for any new site with the use of Rockyfor3D as only pre-requisite. To get a first idea of the PE
of a forest, they can also be estimated under three levels of protection without running Rockyfor3D when the three
forest characteristics required are known.

The values the three PE indicators according to the forest length along the maximum slope direction reflects a
combination of two mechanical aspects (Fig. 5). First, the protective effect of a forest is linked with the probability
that an impact between the rock and a tree occurs. This probability increases with forest length, and this especially
if the number of stems is important (Dorren et al., 2005). Therefore, the overall growing trend of the three indicators
is a consequence of the impact probability. Second, the values taken by the PE indicators are linked to the capacity
of the trees to reduce the rock energy. The reduction of rockfall intensity MIRI(x) is higher for big rocks than for
smaller ones (Fig. 5). For small volumes, trees are usually resistant enough to stop or deflect the rocks because of
their low energy values. Consequently, for small rocks, the dominant PE effect is the barrier effect as a substantial part
of the rocks are stopped when an impact occurs. On the contrary, for big volumes, either rocks are deflected or trees
break under the impact. In both cases, the impact slows down the rock that loses a part of its kinetic energy. For big
rocks, a succession of impacts induces a loss of the kinetic energy, therefore, the dominant PE effect is the rockfall
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intensity reduction. The link between the protective effect of forest and the combination of impact probability and
tree resistance has already been mentioned (Brauner et al., 2005; Gsteiger, 1993), however it is interesting to see that
the PE indicators proposed in this study are closely related to it.

The terrain slope was expected to have a major importance on the protective effect of forest but it turned out to be
negligible. Indeed, the three PE indicators are calculated by comparing a forested scenario with a non-forest scenario,
both of them being totally similar in terms of slope and ground characteristics. Therefore, they correspond to the
proportion of hazard reduction due to the presence of forests. This way of calculating the PE indicators omits that
rocks cover a longer distance and have a higher energy on steepest slopes. Thus, these indicators allow focusing on
the proportion of the hazard that is reduced, even if the absolute rockfall hazard is higher on steep terrains.

Finally, the major finding of this study is the capacity to predict accurately each of the three PE indicators from
only three forest characteristics: the basal area, the mean DBH (both variables including all trees with a DBH >
7.5 cm) and the forest length along the maximum slope direction. Moreover, the proposed transformation of PE
indicators values to three PE levels allows a quick overview of the different components of the protective effect that
can be expected from a particular forest without running a rockfall model. This result could be an interesting support
to update and complement the online 2-D tool RockforNET. This empirical model, developed by Berger and Dorren
(2007), allows a quick assessment of the residual risk of rockfall under a forested slope. Starting from forest and
profile characteristics, the algorithm uses the energy lines principle (Toppe, 1987) to return an indicator of the rockfall
frequency reduction. Our results, based on 3-D simulations realised on many different forests around the Alps, could
enrich this online tool by simplifying the compulsory inputs and by returning the three PE indicators MIRI(x), BARI(x)
and ORPI(x). With this update, users could benefit of additional information about both frequency and intensity of
the rockfall hazard.

4.3. Implications for forest management and rockfall hazard assessment

Our research presents different applications for both forest managers and rockfall hazard mitigation. Rockfall
specialists are not necessarily foresters and can therefore have difficulties to characterize a forest on a particular site.
Our approach suggests to use only three forest variables to characterize the forest stand. The forest length can be
easily measured with a map and an aerial photography. Basal area and mean DBH can be estimated with a relascope
and a forestry tape on several plots distributed along a transect from the release area of the rocks to the deposit area.
After this step, it is possible to locate the forest in the reference system defined by the basal area and the mean DBH
(Fig. 7) and to plot Hg and Lw lines with equations of Table 2. If the forest has a high protective effect level, the civil
engineering fences can be designed taking into consideration the hazard reduction due to the forest. For example, if
both BARI(x) and MIRI(x) are higher than 90, the expected frequency and intensity of rockfall events is reduced by
10. Therefore, a small civil engineering fence can be considered which will have a cost significantly lower than if the
fence were designed without taking into account the forest. The same process can be used for forest with a medium
PE level. However, if the forest has a low PE level, it will be recommended to design civil engineering fences as if
there were no forest.

The protective effect of a forest against natural hazards is one of the major input keys used in silviculture guides to
adapt the management (Maroschek et al., 2014; Motta and Haudemand, 2000). However, foresters are not necessarily
specialists of rockfall and need simple and accurate tools to manage their forest with the objective of maintaining
the best level of protection as possible. Currently, foresters mostly use indicators similar to BARI(x) which concerns,
by definition, only a part of the protective effect of forests (the reduction of frequency). Therefore, they overlook a
significant effect of forest which is the reduction of the energy of the rocks each time they impact a tree. ORPI(x)
presents the advantage of combining both effects in one indicator. Starting from an initial stand structure, our research
allows a quick evaluation of this overall rockfall protection ORPI(x). If the forest has a high PE level, its management
must consider maintaining this high level of protection. The table 2 gives the equations of the Hg lines according to
the forest length for each PE indicator. It provides an important support for foresters to know the threshold values
they have to respect in order to keep a high PE level or to improve it in case of a medium or low initial PE level.
Moreover, the indicators are convenient to perform spatial analysis and produce different maps of the protective effect
of mountain forests against rockfall. Such maps could be very interesting for foresters and public stakeholders in
order to prioritize their interventions according to the level of protection of the forests of the area.
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5. Conclusion

This study focused on the definition of indicators to help professionals to assess the protective effect of moun-
tain forests against rockfalls. The proposed indicators were calculated on 3886 different Alpine forests from rock
trajectories simulated with the Rockyfor3D model. The relation between forest characteristics and PE indicators was
investigated in order to propose a fast and simple method to predict the protective effect against rockfall of any Alpine
forest without necessarily resort to rockfall simulations.

To validate our research at different scales, furthers studies could apply this method on different mountainsides
subject to rockfall hazard and compare the PE levels predicted only with forest characteristics to real-size experiments
or Rockyfor3D simulation results.

Finally, our study can find an application with the growing interest in the valuation of ecosystem services (Helfen-
stein and Kienast, 2014). Indeed, the PE indicators proposed in this paper can be used to compare the costs of civil
engineering fences when they are designed with or without taking into account the forest. The difference between
the cost without forest and the cost with forest represents the (substitution) value of the protective effect of the forest
against rockfall which is a good sample of ecosystem services.
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