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Abstract

The role of forests in the mitigation of natural hazards has been repeatedly demonstrated. The protective effect of
mountain forests against rockfalls has especially been pointed out because it can constitute a natural and cost-effective
protection measure in many situations. However, this particular ecosystem service may substantially differ according
to the structure and the composition of the forest. Until now, the rockfall protection capability has always been studied
at a local scale with only few forest types. Moreover, the comparison of the protective effect of the different forest
types studied remains difficult because different methods and indicators were used. For the same reasons, it is not
possible to draw conclusions about the influence of biological and structural diversities on the protection capabilities
of forests from former works.

The aims of this study were (1) to quantitatively assess the protective effect of forests at the French Alps scale and
build a classification based on the protection capability, (2) to compare the protective effect of the different forest types
present in the French Alps and (3) to analyse the relations between the protective effect and the forest diversity in terms
of stand structure and tree composition. For this purpose, the model Rockyfor3D was used to simulate the propagation
of rocks on 3886 different forest plots spread over the whole French Alps. Quantitative indicators characterizing the
protective effect of each forest plot were then calculated from the simulation results and used to perform the different
analyses.

Our results emphasized the importance of taking into account the length of forest in the maximum slope direction
for an accurate assessment of the protective effect. Thus, the minimum length of forest to get a reduction of 99% of the
rockfall hazard was chosen as indicator to compare protective effect between forests. Using this indicator, half of the
French Alpine forests presented a high level of protection after a short forested slope (190 m). A decreasing gradient
in the protection capabilities was observed from forest types dominated by broadleaved species to those dominated by
conifer species. Moreover, considering an equivalent proportion of conifers, stands dominated by shade-tolerant tree
species showed better ability to reduce rockfall hazard. Finally, our study highlighted that a high biodiversity and a
structural heterogeneity within the forest have a positive effect on the reduction of rockfalls hazard.

Keywords: Mountain forest, Protection capability, Rockfall, Ecosystem services, Biodiversity, Alps

1. Introduction

Mountain forests represent a renewable wood resource and provide a wide range of ecosystem services (Briner
et al., 2013). Among them, the protection of human beings and infrastructures against natural hazards is essential,
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especially in Alpine regions (Bebi et al., 2001). A significant part of the forested area in the Alps provides a natural
protection against rockfall (Toe and Berger, 2015; Brang et al., 2001). On forested slopes located below a departure
area, it is common to observe scars on trees resulting from one or several rockfall impacts (Favillier et al., 2015). Each
impact against a tree reduces the energy of the block which results in a lower velocity or a complete stop (Bertrand
et al., 2013; Dorren and Berger, 2006). After a forested slope, both the energy (intensity) and the number of rocks
(frequency) threatening human lives and infrastructures are reduced, especially in the case of small volume events (6
5 m3) (Berger et al., 2002).

Quantifying the protective effect of a forest is of major importance to provide reliable recommendations to forest
managers and enrich the argumentation concerning the consideration of forests in local or regional land use man-
agement strategies (Notaro and Paletto, 2012). Although early studies were restricted to a qualitative assessment of
the protective effect of forests (Wasser and Frehner, 1996; Gsteiger, 1993), the quantitative evaluations have taken a
prominent place since the development of reliable modelling tools such as Rockyfor3D (Dorren et al., 2006). Maringer
et al. (2016) evaluated the protective capability of beech forests after a fire, Rammer et al. (2015) analysed the effect
of forest management on rockfall protection and timber production in a mature spruce stand and Radtke et al. (2014)
focused their work on coppice forests of Northern Italy. Fuhr et al. (2015) is the only reference based on many dif-
ferent mountainous uneven aged stands taken across Northern French Alps. Thereby, most of these works limited
their analysis to a local scale or to only one forest type. Mountainous forest stands of Abies alba, Picea abies and
Fagus sylvatica and more recently coppices have been particularly studied. Although these types of forests are very
common, forests are much more diverse at the Alpine scale. Therefore, the current overview of the protective effect of
Alpine forests remains incomplete. Even if common trends are noticeable, it is not possible to quantitatively compare
the protective effect between the different forest stands as the methods and the indicators used in the previous studies
were not standardized.

The aims of this study were (1) to quantitatively assess the protective effect of forests at the French Alps scale and
build a classification based on the protection capability, (2) to compare the protective effect of the different forest types
present in the French Alps and (3) to analyse the relations between the protection potential and the forest diversity
in terms of stand structure and tree composition. For this purpose, we first used the model Rockyfor3D to simulate
the propagation of rocks on 3886 different forest plots spread over the whole French Alps from the Mediterranean sea
to the Swiss border. Second, quantitative indicators characterizing the protection potential of each forest plot were
calculated from the simulation results and used to build the classification based on protection capabilities. The forest
plots were then grouped according to their structure and composition in order to compare the protective effect between
the different forest types. Finally, the interactions between forest diversity and protection capabilities were analysed.

2. Material and methods

2.1. Source and selection of forest data

Forest plots were extracted from the permanent sample plots of the French National Forest Inventory (NFI) based
on a systematic grid of 1 km × 1 km covering the complete country. 10% of the plots are measured each year
(approximately 6700 forest plots) resulting in nine fractions from 2005 to 2013. NFI data collection is based on circle
plots (Robert et al., 2010) where stand properties and topographic data are assessed in a 25-m radius. On each plot,
tree characteristics are inventoried for all trees with a diameter at breast height (DBH) greater than or equal to 7.5 cm.

This study used only the plots with a terrain slope greater than or equal to 20◦ and located in the Alpine region
(Fig. 1). When the slope is lower than 20◦ rocks have a rolling mode of motion and their velocity decreases quickly
(Dorren, 2003). Thus, the choice of a 20◦ threshold allows considering the protection potential of forests in both
transit and deposition zones. This procedure resulted in the selection of 3886 NFI plots measured during the period
2005-2013.

2.2. Rockfall simulations on NFI plots

The RockyFor3D software (Dorren, 2015) is a rockfall simulation model taking explicitly into account the protec-
tive effect of forests. The trajectories of single, individually falling rocks are simulated in three dimensions (Dorren
et al., 2006). The propagation of rocks on a rasterized digital slope is modelled as a succession of sequences of free
flights through the air, rebounds on the slope surface, and impacts against trees.
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Figure 1: Map of the 3886 selected NFI Alpine plots (green dots). French Alpine region is delimited by the red line.

For each NFI plot, rockfall simulations were run on a virtual slope surface in order to focus on the protective effect
of forests. Each virtual digital terrain model had a 2-m resolution, a regular slope α corresponding to the NFI plot
slope and a total length L of 2100 m in the slope direction. Calculation screens were located every 5 meters along the
slope surface to register both kinetic energy and number of passing blocks depending on the distance to the release
line. The protection potential of the forest was evaluated by comparing the results of simulations with forest and
without forest on this virtual slope surface (Fig. 2).

In order to compare and emphasize differences in the protection provided by the different stand structures and
compositions, we fixed the surface roughness to 0 cm and used a medium compact soil (soiltype=3) for all NFI
plots (Dorren, 2015). This combination emphasizes the protective effect of the forest which corresponds to the worst
plausible scenario with rocks covering a long distance down the slope.

Block release line

a.

b.

L = 2100 m

Covering of all the

rockfalls trajectories

Block release line

Calculation screens

α

Calculation screens

α

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

3



Integration of forest characteristics in Rockyfor3D is done using the locations and the DBH of all trees on the
slope surface. When a rock impacts a tree, its energy is reduced due to both energy transfer and dissipation. Eq. 1 is
used to determine the maximum energy reduction of the rock during an impact on a tree depending on the tree species
and the DBH:

max.Ered = Coe f f (species) × 38.7 × DBH2.31 (1)

The original version of Rockyfor3D uses only two values for Coeff(species): one for conifers and one for broadleaved
species. For the purpose of this study, Rockyfor3D was modified in order to use species values of Coeff(species) (pub-
lished in Dorren and Berger, 2006) instead of broadleaved / conifer values. For each NFI plot, the forest was generated
following two steps. First, the location of the trees in the slope surface were generated following an uniform random
distribution of trees coordinates. Second, diameters and species of each tree were attributed following 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 three rock
volumes {0.5, 1, 5} m3. All the 23316 (3 rock volumes × 2 (with / without forest) × 3886 plots) simulations were
computed on the Grenoble University high performance computing centre (CIMENT).

2.3. Indicators for the protective effect of forests against rockfall

Dupire et al. (2016) proposed three indicators to describe and quantify the protective effect of forests against
rockfall. These indicators can be estimated with three forest characteristics: the basal area and the mean diameter of
all trees with a DBH greater than or equal to 7.5 cm and the forested length in the maximum slope direction from the
release area (L). Their main advantage is to be independent of the slope.

In this paper, we mainly focused on the overall rockfall protection index (ORPI) which integrates both the propor-
tion of stopped rocks (frequency) and the total energy reduction of the rocks due to the presence of forest (intensity).
This indicator is calculated as shown in Eq. 2:

ORPI(L) = 100 ×

1 − ∑n f or
i=1 Ei(L)∑nbare

k=1 Ek(L)

 (2)

On the same slope surface, ORPI(L) compares the sum of the energies of all the blocks that reached the distance
L from the release line according to two configurations: (1) a forested slope surface (

∑n f or
i=1 Ei(L)) and (2) a bare

slope surface (
∑nbare

k=1 Ek(L)). nfor and nbare correspond to the number of blocks that reached the distance L for the
configurations (1) and (2), respectively.

Two other indicators were proposed by Dupire et al. (2016). The first one traduces the ability of forests to stop
some of the falling blocks. It is called the barrier effect index (BARI) which quantifies the reduction in term of
frequency of the falling blocks. The second indicator quantifies the reduction of the maximum energy of the blocks
and is called the maximum intensity reduction index (MIRI). In this study, these two indicators were only used for
illustrative purpose.

The three indicators range from 0 (no protective effect) to 100 (high protective effect). They were calculated on
each NFI plot and for each rock volume. This resulted on 11658 (3×3886) simulations where values of the three
indicators are known for L∈[50 - 2100] m.

2.4. Definition of classes for the rockfall protection capabilities of Alpine forests

In the Cartesian coordinate system defined by the basal area as abscissa and the mean DBH as ordinate, the three
indicators evolve following a clockwise motion and straight lines can be computed to discriminate plots located above
(or under) any ORPI value as shown in Fig. 3 (Dupire et al., 2016).

The classification proposed in this study follows three steps. First, for each NFI plot the minimum forest length
L99 required to get an ORPI value greater than or equal to 99 (99% of the overall rockfall hazard reduced) were
picked out from the results of Rockyfor3D simulations. Second, a k-medoids clustering was applied to define the
optimal number of classes k that best separates the NFI plots according to their values of L99 (i.e. to their protection
capabilities). Finally, the equations of the straight lines separating the k classes were computed.
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Figure 3: Illustration of the clockwise motion of ORPI values for a rock volume of 1 m3 at forest lengths x=60 m (a.) and x=120 m (b.). Points
are coloured according to ORPI(x). The separating lines between plots were ORPI(x) < 90 (or 50) and plots were ORPI(x) ≥ 90 (or 50) are shown.
(Figure adapted from Dupire et al., 2016)

2.4.1. k-medoids clustering
The k-medoids clustering is an adaptation of the k-means clustering. Rather than calculating the mean of the

items in each cluster, a representative item, or medoid, is chosen for each cluster at each iteration. k-medoids is more
robust to noise and outliers than k-means (Reynolds et al., 2006). Indeed, for each cluster, medoids are calculated by
finding object within the cluster that minimizes a sum of pairwise dissimilarities instead of a sum of squared Euclidean
distances. The k-medoids clustering can be summarized as follow: (1) choose k objects at random to be the initial
cluster medoids, (2) assign each object to the cluster associated with the closest medoid, (3) recalculate the positions
of the k-medoids and (4) repeat steps 2 and 3 until the medoids become fixed.

In this study, the aim of the k-medoids clustering is to find the optimal number of clusters (k) that allows the best
partitioning of the NFI plots into k classes of rockfall protection capability. The PAM (Partitioning Around Medoids)
algorithm of the cluster R-package (Reynolds et al., 2006; Kaufman and Rousseeuw, 1990) was applied on the dataset
defined by three characteristics of the 3886 NFI plots: the basal area, the mean DBH and the minimum forest length
L99 required to get ORPI > 99 for a rock of 1 m3.

Three criteria were used to determine the optimal number of clusters with k∈[2 - 10]. First, the gap statistic
(Tibshirani et al., 2001) was calculated for each value of k. This method returns the optimal number of clusters
defined as the smallest k such as gap(k) is not more than one standard error away from the first local maximum.
Second, the average silhouette width si was calculated for each k. Only k satisfying si > 0.5 (partition qualified as
”reasonable structure”) were kept. Finally, the smallest number of NFI plots by cluster was checked and only k such
as each cluster was composed with at least 5% of the NFI plots (i.e. 200 plots) were selected.

2.4.2. Computation of the separating lines between the k classes of protection
The k-medoids clustering was used to obtain the optimal number of clusters k as well as objective threshold values

for the minimum forest length required to get ORPI > 99 (L99) for all NFI plots of each cluster. To evaluate the
protection potential of a forest, the equations of the straight lines corresponding to each threshold value of L99 were
computed as shown in Eq. 3:

DBH = slope × Basal.area + intercept (3)

Finally, Kruskal-Wallis tests were performed on the NFI plots classified using the separating lines method for
the three following stand characteristics: basal area, mean DBH and stem density. The tests were followed by a pair-
wise comparisons between protection classes using the Dwass-Steel-Critchlow-Fligner post-hoc procedure (Hollander
et al., 2013) only if the Kruskal-Wallis indicated significant differences in the means.
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2.4.3. Validation of the classification method
Each NFI plot was assigned to one of the k protection classes according to its own coordinates and the locations

of the different separating lines in the reference system defined by the basal area as abscissa and the mean DBH as
ordinate. To evaluate the quality of this classification, the predicted protection classes obtained with a rock volume of
1 m3 were compared to the effective L99 values for the three rock volumes {0.5, 1, 5} m3.

Four statistics were used to evaluate the accuracy (Congalton, 1991): (1) the total accuracy which gives the
proportion of correctly classified plots, (2) the user accuracy which return the commission error, (3) the producer
accuracy which measures the omission error and (4) the Intraclass Correlation Coefficient (ICC) (Bartko, 1966) which
reflects the difference between actual agreement and the agreement expected by chance. 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.

The last step to evaluate the accuracy of this classification was to check that the values taken by L99 and ORPI(L=L99)
were correctly distributed between the k classes defined earlier.

2.5. Analysis of the protective effect against rockfalls by forest types

All the 3886 Alpine NFI plots were divided into 4 groups based on the forest composition and the stand charac-
teristics as shown in Fig. 4.

Coppice 
stands

Plot identified as coppice in the NFI database

One tree species represents at least 
75% of the basal area of the stand

The dominant tree 
species is a conifer

NoYes

Yes

 385              1298                 842                1361
9.9%              33.4 %               21.7%               35.0%   

Yes No

No

Pure
coniferous 

stands

Pure
broadleaved

stands

Mixed
stands

Figure 4: Decision tree for the classification of the NFI plots into four groups. The number and proportion of plots are displayed below each group.

These four groups were used as basis for the forest typology of French Alps. Each group was split into different
forest types according to the dominant species present on the NFI plot. The distributions of the L99 values of each
forest types were then compared.

2.6. Forest biodiversity and rockfall protection

The influence of forest composition on the protective effect of Alpine forests against rockfalls was investigated at
two levels. First, a comparison of the rockfall protection capacities between pure and mixed stands was performed
using Wilcoxon rank sum tests (Hollander et al., 2013; Wilcoxon, 1945).

Second, three indexes were calculated on each NFI plot: two measuring biological diversity and one measuring
structural diversity. The two first indexes are the tree species richness and the tree species evenness, both measuring
the tree species biodiversity (Gray Stirling, 2001). The richness gives the number of tree species present on each
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plot while the evenness (Pielou, 1966) measures the relative abundance (number of stems) and the distribution of the
different tree species. The third index is the Gini coefficient that measures the inequality of a variable within a set of
observation (Jacob Weiner, 1984; Gini, 1921). Gini coefficient ranges from 0 (perfect equality) to 1 (high inequality).
In this study, it was calculated on each NFI plot according to the DBH distribution, therefore it returns an index of the
structural diversity of the stand. The distributions of these three indexes within the k rockfall protection classes were
analysed and Kruskal-Wallis tests were performed to test for significant difference in the means. Finally, the tests were
followed by a pair-wise comparisons between protection classes using the Dwass-Steel-Critchlow-Fligner post-hoc
procedure in order to verify if lower forest diversities are observed in forests with lower protection capabilities.

3. Results

3.1. k-medoids clustering

Table 1 shows the values of three different statistics to choose the optimal number of clusters k. All of them
converged to an optimal number k=6. It corresponded to (1) the highest number with an average silhouette width (si)
greater than 0.5, (2) the optimal number according to the gap statistic and (3) the highest number with at least 200 NFI
plots by cluster. Values for k∈[8 - 10] are not shown as they did not fulfil the requirements for both average silhouette
width and minimum number of plots by cluster.

Number of clusters k
2 3 4 5 6 7

Average silhouette width 0.87 0.78 0.62 0.61 0.60 0.51
Gap statistic 0.63 0.70 0.76 0.80 0.84 0.84
Minimum number of plots by cluster 403 343 322 310 303 134

Table 1: Statistics of the k-medoids clustering (PAM) according to the number of clusters k.

Using k=6, the ranges of values for the minimum forest lengths L99 to get ORPI ≥ 99 are shown for each cluster
(i.e. each protection class) in Table 2.

Protection class L99 range [m] Number of plots
Class 1 L99 ≤ 110 1037 plots
Class 2 110 < L99 ≤ 190 1184 plots
Class 3 190 < L99 ≤ 320 652 plots
Class 4 320 < L99 ≤ 600 362 plots
Class 5 600 < L99 ≤ 2100 373 plots
Class 6 L99 > 2100 278 plots

Table 2: Ranges of L99 values and numbers of NFI plots for the six protection classes defined with the k-medoids clustering.

3.2. Equations of the partition lines into 6 classes of rockfall protection

Fig. 5 shows the partition of the NFI plots into 6 classes with the separating lines method for an intermediate rock
volume of 1 m3. The number of NFI plots and the distributions of the basal area, mean DBH and stem density are also
displayed. Equations of the different separating lines are shown in Table 3.

Kruskal-Wallis tests indicated significant differences in the means for the three stand characteristics displayed
in Fig. 5. The pair-wise comparisons between protection classes returned significant differences between all classes
when considering the basal area or the stem density. However, only the protection class 6 significantly differed from
the others when considering the mean DBH.

3.3. Validation of the partition into 6 classes of rockfall protection

The statistics to assess the quality of the partition of NFI plots with the 5 separating lines are shown in Table 4.
Even if the partition lines were calibrated for a 1 m3 rock volume, the partition give similar statistics for smaller rock
volumes (0.5 m3). However, regardless the statistic, the quality of partition is lower for largest rock volume (5 m3).
Total, user and producer accuracies oscillate around 0.7 which shows a good correlation between observed L99 and
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Figure 5: Classification with the separating lines method (Dupire et al., 2016) with a rock volume of 1 m3. For a better visualization, NFI plots
were grouped by hexagonal pixels, the colour represents the average value of the L99 of all the NFI plots contained in the pixel. The number of NFI
plots per class and the distribution of the basal area, mean DBH and stem density are also shown.

Separating line between classes Equations
a: 1 - 2 at L99=110 m y = 0.4927·x + 1.70
b: 2 - 3 at L99=190 m y = 0.8499·x + 0.26
c: 3 - 4 at L99=320 m y = 1.3999·x - 0.94
d: 4 - 5 at L99=600 m y = 2.4731·x - 4.24
e: 5 - 6 at L99=2100 m y = 8.5885·x - 16.96

Table 3: Equations of the 5 lines separating the 6 classes of protection for a rock volume of 1 m 3.

predicted protection classes. User and producer accuracies are close which indicates a similar level of commission
and omission errors. The values taken by the intraclass correlation coefficient (ICC) indicate a very good agreement
between observed L99 and predicted protection classes.

Rock volume [m3]
0.5 1 5

Total accuracy 0.74 0.75 0.62
User accuracy 0.71 0.75 0.62
Producer accuracy 0.73 0.75 0.58
ICC 0.91 0.91 0.89

Table 4: Evaluation of the quality of the partition with the separating lines.

Fig. 6 shows the distribution of the minimum forest length L99 observed for the three indicators presented in this
study (see section 2.3). Predicted protection classes obtained with the separating lines for a 1m3 rock (abscissa) are
compared to L99 observed in Rockyfor3D simulations (representing, by extension, the observed protection classes).
About 75% of the L99 values observed for ORPI are distributed between the right protection classes for the rock
volumes 0.5 and 1 m3. For 5 m3, L99 are well classified only for the three best protection classes. BARI (rockfall
frequency reduction) and MIRI (rockfall maximum intensity reduction) are shown for informative purpose. We can
observe a shift to one classes up for BARI and to 2 classes up for MIRI. The same trends were observed for the
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distributions of the values taken by the three indicators according to the rock volume and the predicted protection
classes (see Fig. A.1). Regardless the rock volume, ORPI values are always above 95 which indicates that 95% of
the overall rockfall hazard is reduced after a forest length of L99. BARI values are slightly shifted down compared to
ORPI, they are always above 90 for both rock volumes 0.5 and 1 m3 but take a wider range of values for biggest rock
volume. MIRI values are significantly lower. However, we can notice that, regardless the rock volume, the maximum
intensity is reduced by at least 50% and even more when considering large rock volume on the best protection classes.
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Figure 6: Distribution of the minimum forest length L99 observed in Rockyfor3D simulations for the three indicators of rockfall hazard reduction
according to the 6 classes of protection predicted with the separating lines obtained for a 1 m3 rock. Ordinate axis has a logarithmic scale.

3.4. Distribution of the forest types into the 6 classes of rockfall protection

Fig. 7 shows the distribution of the minimum forest length L99 required to get an ORPI value greater than or equal
to 99 according to the different forest types. At the French Alps scale, coppices dominated by Fagus sylvatica and
deciduous Quercus sp. present the best rockfall hazard reduction. They are followed by pure stands of Castanea
sativa and Fagus sylvatica and mixed stand of Abies/Picea/Fagus. The lowest rockfall reduction rates are observed in
pure coniferous stands of Pinus sp. and Larix decidua. More in details (Fig. A.2), in pure coniferous stands, forest
types dominated by Abies alba and Picea abies present higher protective capabilities than forest types dominated
by Pinus sp. or Larix decidua. In broadleaved stands (pure or coppice), forest types dominated by Fagus sylvatica
present higher protective capabilities than those dominated by Quercus sp.. Finally, in mixed stands, this hierarchy
between species is also observed and forest types dominated by Abies alba, Picea Abies and Fagus sylvatica present
higher protective capabilities than those dominated by Pinus sp. and Quercus sp..

3.5. Comparison of the protective effect against rockfall of pure and mixed stand

The comparison of the protection potential of pure stands and mixed stands dominated by the same species was
performed using a Wilcoxon rank sum test. For each test, the alternative hypothesis ”mixed stand have a higher pro-
tective effect than pure stand” was also tested. Results are shown in Table 5. In most case, mixed forests presented a
higher protection capability, it was always verified when comparing pure coniferous stands with mixed stands domi-
nated by the same species. However, no improvement of the protection capabilities is observed when two coniferous
species are mixed or when comparing pure broadleaved stands with mixed stands.

A comparison of the proportion of NFI plots per forest group with a high protective effects according to the forest
length in the slope direction is displayed in Fig. 8. Considering all NFI plots in each group independently of the forest
type confirmed the hierarchy observed previously. Coppices had the highest protection capabilities followed by pure
broadleaved stands and mixed stands. Pure coniferous stands came last.
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Figure 7: Distribution of the minimum forest length L99 observed for each forest type of the French Alps (logarithmic scale). The number of NFI
plots by forest type is also given.

Mixed stand > Pure stand
Pure stand Mixed stand Wilcoxon p-value
Picea abies Picea / Abies / Fagus < 10−3

Abies alba Picea / Abies / Fagus < 10−3

Larix decidua Larix / Broadleaved sp. 0.004
Pinus sylvestris Pinus sp. / Broadleaved sp. 0.045
Pinus sylvestris Pinus sp. / Quercus sp. 0.014
Pinus nigra Pinus sp. / Broadleaved sp. 0.050
Pinus nigra Pinus sp. / Quercus sp. 0.009
Pinus uncinata/cembra Pinus sp. / Broadleaved sp. < 10−3

Pinus uncinata/cembra Pinus sp. / Quercus sp. < 10−3

Mixed stand ≤ Pure stand
Pure stand Mixed stand Wilcoxon p-value
Picea abies Picea / Abies 0.628
Abies alba Picea / Abies 0.403
Fagus sylvatica Picea / Abies / Fagus 0.999
Quercus sp. Pinus sp. / Quercus sp. 0.957

Table 5: Results of the Wilcoxon Rank Sum test performed to com-
pare pure stands against mixed stands. The alternative hypothesis
tested is that mixed stands have a higher protective effect.
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3.6. Influence of tree species biodiversity and structural diversity on rockfall protection capability

Fig. 9 shows the distribution of NFI plots per protection class according to the Gini coefficient based on DBH and
the tree species richness and evenness. For the three indexes, the highest values correspond to the highest diversity.
Regardless of the index, the protection classes offering the best rockfall hazard reduction present the highest stand
diversity.

Kruskal-Wallis tests indicated significant differences in the means for the three diversity indexes. The pair-wise
comparisons between protection classes returned significant differences between all classes regarding the tree species
richness and evenness. In addition, the pair-wise comparison underlined a gradual degradation of biological diversity
indexes ranging from the highest classes of protection to the lowest. However, for the Gini coefficient based on DBH,
this trend was only observed for the last four protection classes (from 3 to 6), the result of pairwise-comparisons
between the first two classes (1 and 2) being not significant.
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Figure 9: Distribution of the tree species richness (a), evenness (b) and Gini coefficient based on DBH (c) according to the six protection classes.
For each protection class, the average value of each diversity indicator (a) is given.

4. Discussion and conclusion

Until recently, the evaluation of the protective effect of forests against rockfall was mainly assessed qualitatively.
With the growing capabilities of numerical tools, efforts toward a quantitative assessment become more and more
relevant and valuable (Trappmann et al., 2014; Straub and Schubert, 2008; Corominas et al., 2005). This study worked
in this direction by proposing a quantitative assessment of the protective effect of forests against rockfalls using only
two forest parameters (basal area and mean DBH) taken from field inventories and the overall rockfall protection
index (ORPI) derived from simulations results. Using ORPI presents the advantage of combining both aspects of risk
analysis, i.e. the frequency and the intensity of the hazard. Therefore, it brings added value to previous studies with
quantitative assessments mainly focused on the reduction of the frequency (Jancke et al., 2009; Berger and Dorren,
2007; Stoffel et al., 2006). The three parameters exposed before were used to evaluate the minimum length of forest
to reach 99% of rockfall hazard reduction (L99). L99 was finally adopted as main indicator to evaluate the protective
effect of forests at the Alpine scale and to compare protection capabilities of the different forest types of the study
area.

4.1. Protective effect of forests at the French Alps scale

The 3886 different forests studied in this paper are spread over the whole French Alps from the Mediterranean sea
to the Swiss border. The quantitative assessment of the protective effect of forests had never been studied before on
such forest diversity, whether in terms of forest structures or compositions. Therefore, this work provided a complete
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and reliable overview of the protection capabilities of the French Alpine forest which may be generalized to similar
European mountain forests.

According to our results, half of the French Alpine forests presented a high ability to reduce rockfall hazard (see
Table 2 and Fig. 5). Indeed, 27% of the forests were classified in the best protection class meaning that 99% of the
hazard was reduced after 110 m of forest. This proportion grew up to 57% after 190 m of forest (i.e. considering
protection classes 1 and 2). These forests with a high protection capability were defined by an important growing
stock (Fig. 5) with high stem density (> 800 stems.ha−1) and high basal area (> 30 m2.ha−1). These results agreed
with real size experiments which showed that, for effective protection, a large number of trees is more important than
having thick trees only (Dorren et al., 2006, 2005). On the other hand, at the French Alps scale, there were still about
17% of the forests ranked in the two last protection classes meaning that 600 m of forested slope was not enough to
reach a reduction of 99% of the rockfall hazard. Those forests were characterized by a stem density lower than 300
stems.ha−1 and a basal area lower than 15 m2.ha−1 (Fig. 5) which mainly corresponded to sub-alpine stands of Pinus
sp. or Larix decidua and open forests of evergreen Quercus sp. (Fig. 7).

4.2. Protective effect according to structural and biological forest diversities
The comparison of the protection potentials of the main forest types present in the French Alps returned interest-

ing trends, particularly concerning the influence of the dominant tree species on the protection capabilities (Fig. 7).
First, considering an equivalent proportion of conifers, the protection potential of the different forest types seemed
independent of the Coeff(species) attributed to each tree species to determinate the maximum energy a tree can re-
duce (Eq. 1). For instance, for coniferous stands, Pinus sp. have a Coeff(species) of 1.12 which is higher than Abies
alba and Picea abies: 1.0 and 0.9 respectively (Dorren and Berger, 2006). Despite that, the protection capability of
coniferous stands dominated by Pinus sp. was lower. The same trend was observed for broadleaved stands between
Quercus sp. (2.18) and Fagus sylvatica (1.67). This finding underlined that stands dominated by shade-tolerant tree
species such as Fagus sylvatica, Abies alba and Picea abies had a better protection potential than stands dominated
by light-demanding species such as Quercus sp., Pinus sp. or Larix decidua. Shade-tolerant species are known to
be more competitive (Kunstler et al., 2012) and more susceptible to grow under high forest densities (Götmark and
Kiffer, 2014; Rohner et al., 2012) which are favourable to reduce the rockfall hazard. This point agreed the recent
findings of Toe (2016) and Dupire et al. (2016) who showed that the structure (stem density, DBH and basal area) and
composition of the forest stand were prevailing compared to the mechanical properties of the tree species.

Second, the analysis shown in Fig. 8 highlighted a decreasing gradient in the protection capabilities from forest
types dominated by broadleaved species to those dominated by conifer species. This can be marginally explained by
the values of Coeff(species) which ranged from 1.13 to 2.74 for broadleaved and from 0.66 to 1.13 for conifers. The
main explanation is certainly in the historical silviculture of broadleaved forests in the Alps which were traditionally
managed as coppice to produce firewood for the winter (Radtke et al., 2014). Coppices are generally characterized by
a high density of small stems which is particularly efficient for rockfall protection as shown in our results and already
mentioned in previous works (Toe, 2016; Jancke et al., 2009). Nowadays, many former coppice forests are undergoing
natural succession or are progressively being converted into high forests. Thus, many of the plots classified as ”pure
broadleaved stands” are in the transition from coppice to high forest and present a high density of stems which explains
their high capability in reducing rockfall hazard. Concerning coniferous forests, stands dominated by Abies alba and
Picea abies are mostly uneven-aged with a high structural heterogeneity and a relatively high density, resulting in an
interesting protective effect. Conversely, forests dominated by Pinus nigra (and to a lesser extend by Pinus sylvestris)
are mostly plantations aged from 60 to 160 years (Burylo et al., 2011). Their structure is therefore homogeneous
with a stem density that decreases with time resulting in a low protective effect. Finally, our study showed that the
presence of other tree species (especially broadleaved) in any pure coniferous stand went along with a significantly
higher ability to reduce rockfall hazard.

More generally, according to our results (Fig. 9), it seems worthwhile to promote heterogeneity and diversity
within the forest stand in order to enhance its protective effect. Thus, higher biodiversity indexes and structural
heterogeneity index were observed in the most protective forests. Different studies carried out on European forests
have shown that increasing species richness promotes growth ability and higher diversity in shade tolerance (Morin
et al., 2011; Vilà et al., 2007), especially in broadleaved forests. This trend was also observed in our results with
broadleaved forests and mixed forests showing higher growing stock resources than pure conifer stands resulting in
an indirect positive effect on their protection capabilities (Table 5).
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4.3. Implications for forest management

Several lessons can be learned from this study to improve the management of mountain forests. First, our study
emphasized the influence of the length of the forested slope in the assessment of the protective effect of a forest.
Currently, there are few mentions of the forest length in silviculture guides in Switzerland (Dorren et al., 2015),
France (Ancelin et al., 2006) or Italy (Berretti et al., 2006) except that it should be greater than 250 m to ensure a
significant protective effect. Although this value seemed correct for the most dense forests analysed in this study, our
results demonstrated that 250 m are not always enough to ensure a high level of protection. Moreover, these guides
give recommendations in terms of stem density and tree diameter to reach an optimal protective effect in the long term
which are meant to be the best trade-off between stand regeneration and protection capability. However, considering
these optimal values without taking into account the forest length can sometimes lead to nonsenses. For example, on
long forested slopes, keeping a dense forest is not as important as on short slopes and a lower stand density could
make the regeneration process easier without consequences on the protective effect against rockfall. Nevertheless, if
the rockfall frequency is very high or the slope very steep the rate of broken trees after block impacts may increase
significantly (Favillier et al., 2015). Therefore, in these configurations the stem density has to stay high enough to
maintain a high protective effect even if the length of forest is important. This point has to be especially considered
for forest types dominated by tree species presenting a moderate resilience to numerous rock impacts, i.e. tree species
with thin bark such as Fagus sylvatica (Trappmann and Stoffel, 2013).

Second, our results showed that a high protective effect is compatible with a richer diversity within the forest
stands, both in terms of biological diversity and structural heterogeneity. This result extends the findings of Fuhr
et al. (2015) who demonstrated that the high biodiversity observed in mature forests with a lot of deadwood can
counterbalance a low forest density and provide a satisfactory protection against rockfalls. It also complements the
arguments in favour of preserving or even increasing the diversity within forests in order to provide a wide range of
ecosystem services (Turner et al., 2007). In this way, a direct recommendation to forest managers would be to promote
secondary tree species in their forests and particularly the shade-tolerant species. This is especially important in pure
coniferous stands which are the most common forest ecosystems in the Alps.

4.4. Limitations and perspectives

The simulations on regular virtual slope and the settings of Rockyfor3D adopted in this study aimed at emphasizing
potential differences between forests while keeping a ground description that is common in mountain forests. The
combination of regular slope, soil type and soil roughness chosen leads to a maximum propagation of rocks down
the slope which corresponds to the worst plausible scenario. Thereby, our results are conservative, meaning that,
on rougher ground, on softer soil or on concave slopes, values of L99 are likely to be shorter (Monnet et al., 2016).
Furthermore, information about the spatial structure of forests was unavailable in NFI database which forced us to
use a random generation of the stand. This point can lead to a marginal overestimation of the protective effect of
forest as discussed in Dupire et al. (2016). The same stands characteristics and slope properties were used on a
2100 m slope. This produces homogeneous forest stand and slope surface on the entire mountainside which can
be unrealistic. Indeed, in mountain areas, forest structures and species compositions evolve following a gradient of
altitude. This choice was made to emphasize differences between forest structures and composition while controlling
non-forest parameters.

The classification into 6 classes proposed in this study allows a fast evaluation of the protective effect of any
Alpine forest with only the basal area and the mean DBH. This method returns a reliable but qualitative assessment of
the protective effect of the forest which may be insufficient for a complete analysis with a monetary valuation of this
particular ecosystem service. Providing an accurate quantitative assessment of the protective effect against rockfalls
of any Alpine forest constitutes an interesting perspective to go further in this work. This could be done using a
k-Nearest Neighbours algorithm (k-NN) (Mansuy et al., 2014; Eskelson et al., 2009) on the dataset containing the
results of the rockfall simulations on the 3886 forests analysed in this paper. With such a tool, a forest manager could
enter the mean DBH and basal area of a forest and instantly get the different quantitative indicators (see section 2.3)
observed in the most similar forests of the dataset.

Finally, the results of this study could be used in order to identify the forested slopes with a high level of rockfall
risk at a large scale. The protection forests could be first identified with a geographic information system by a
simple method locating forests situated between rock release areas and human issues (Toe and Berger, 2015). Then, a
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rockfall risk level could be given according to the length of forest and the forest types present on the slope. If spatial
information about DBH and basal area are known (for example on areas covered with Lidar), the process could even
lead to a spatial quantitative assessment of the protective effect of forest against rockfall at a very large scale.
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See Fig. A.1 and Fig. A.2.
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Figure A.1: Distribution of the values of the three indicators according to the six classes of protection. Indicators values shown for classes 1 to 5
correspond to the values observed at L= 110, 190 320, 600 and 2100 m respectively. For the protection class 6, ORPI>99 is never reached on the
range of forest lengths tested, the indicators values are thus returned for L= 2100 m which corresponds to the maximum length tested.
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