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Abstract

Forests below rocky cliffs often play a very important role in protecting settlements against rockfall. The structure and
development of these forests are expected to be substantially affected by the disturbance of the falling rocks. Knowing about
this effect is important to predict the development of protection forests and consider potential effects of the falling blocks in
management strategies. The goal of this study is to quantify differences in forest structure depending on rockfall activity in
four different sites in the Swiss Alps. For this, we collected data on forest structure in zones of different rockfall activity and
derived rockfall impact probabilities based on rockfall simulations. We assessed whether differences in forest structure and
signs of rockfall disturbance could be observed between the rockfall zones. We additionally built mixed-effects models to
identify the key variables explaining the forest characteristics described by diameter (DBH) and basal area (bA). The forest
structure differs between the rockfall zones, however, with varying effects amongst the sites. DBH tends to decrease with
increasing rockfall activity, whereas tree density appears to be little impacted by rockfall. For most sites, the number of depos-
ited blocks and the simulated tree impact probability have a significant effect in the models along with the species, whereas
for one site, hardly any effect of rockfall was found. Our results, obtained either from direct measurements or modelling,
show that rockfall can locally influence the structure of forests, whereas the influence depends on the frequency and intensity
of the rockfall disturbance. Impact probabilities obtained by simulations can serve as a good proxy for rockfall disturbances.
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Introduction

Rockfall is one of the most frequent and widespread natural
hazards in mountain regions and can pose a severe threat to
infrastructure and human life. Besides technical protective
measures, such as nets or dams, protection forests play a
Communicated by Claus Béssler. very important role as natural means of protection against
rockfall. Trees can stop or deviate falling blocks and reduce
their energy (Dupire et al. 2016). They have been recog-
nized as one of the most sustainable and cost-effective meas-
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There is an increasing number of studies that have
assessed the protective effect of forests against rockfall
(e.g. Dorren et al. 2005; Dupire et al. 2016; Maringer et al.
2016; Moos et al. 2017; Stoffel et al. 2006). In contrast,
the effect of rockfall on forest structure and development
has been less studied (e.g. Aydin et al. 2012; Perret et al.
20006). Single falling blocks can create small openings by
killing single trees, while larger events, such as rock ava-
lanches, destroy entire parts of the forest and create large
gaps. These gaps provide light and space promoting natu-
ral regeneration of the forest, similarly as done artificially
in forest management (Dorren et al. 2004). Consequently,
younger forest stands are expected in zones of high rock-
fall activity, where trees die frequently. In zones with less
frequent impacts, the growth and thus the diameter of the
remaining trees could be increased resulting in fewer, but
thicker trees.

In case a tree is not killed, but only damaged by a block,
this might still have long-lasting effects on its growth and
survival. Pests and diseases are more likely to affect the tree
through the scars and can cause tree death after a couple
of years (Stoffel and Hitz 2008; Woltjer et al. 2008). The
degree to which a tree is harmed by a block depends on
its size, its impact velocity, the position of the impact, the
diameter of the impacted tree and the tree species (Dorren
and Berger 2006). In general, conifers are more susceptible
to rock impacts than broadleaved trees (Moos et al. 2019b;
Stokes et al. 2005; Vospernik 2004). Toe et al. (2017), how-
ever, found tree species to be of minor importance for the
reduction in the block energy.

Knowing about the effect of rockfall on the forest is
important to accurately predict the development of a rockfall
protection forest and consider potential effects of the falling
blocks in forest management strategies. In forest stand mod-
els, for example, rockfall has rarely been taken into account
as disturbing agent (Woltjer et al. 2008). This could lead to
a significant bias in the prediction of forest development at
local scale in steep and complex terrain as found in mountain
regions.

In this study, we aimed at filling these knowledge gaps,
by comparing the differences in forest structure as a function
of tree density, tree diameter and tree species in different
rockfall activity zones. We further calculated and analysed
rockfall impact probabilities on trees based on rockfall simu-
lations. We focused on four rockfall sites in the Swiss Alps
with single falling blocks as dominant rockfall process and
where large rock slides or rockfall are rare (decennial to
centennial) events. Here we hypothesized that:

e tree diameters and tree density both decrease with
increasing rockfall activity

e rockfall can locally influence the distribution and com-
position of tree species
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Material and methods

We collected and analysed data on forest structure from
four different rockfall sites in the Swiss Western Alps
(Fig. 1 and Table 1) and derived rockfall impact prob-
abilities on single trees based on rockfall simulations.

Study sites

Chillon. The study site of Chillon is located in the Canton
of Vaud, at the north-east side of the Lake of Geneva at
the foothills of the Alps. This site ranges between 370
and 800 m a.s.l. The slope varies from 20° to 80° (20° and
50° in the forested area). More than 14 tree species were
recorded in sample plots, of which the most abun dant
are Fagus sylvatica, Taxus baccata and Tilia platyphyllos.

Nax. The study site of Nax is located in the canton of
Valais, close to the city of Sion at an elevation between
579 and 1215 m a.s.l. The region is known for rockfall
events and the studied forests protect a road from falling
blocks. The slope increases from 25° to 80° (45° in the
forested area). The forest is mainly composed of Pinus
sylvestris and Betula Pendula with increasing abundance
of Quercus pubescens. There has been hardly any forest
intervention in the past 30 years, except for the remov-
ing of single dry Pine trees (information from local forest
manager and orthophotos).

Martigny. The study site is also in the canton of Valais.
The altitude varies between 510 and 800 m a.s.l., and the
slope has an inclination between 0° and 70° (0° and 55° in
the forested area). The forest is situated right above the city,
and several rockfall events have happened in the region. The
forest is mainly composed of Fagus sylvatica, Pinus sylves-
tris, Abies alba and Picea abies. In the past 30 years, the
forest has been intervened several times, where relatively
large openings for regeneration were created (information
from local forest manager and orthophotos).

Tédsch. The study site of Tasch is located in the Matter
Valley (canton of Valais). Its elevational range lies between
1400 and 3200 m a.s.l. with forest reaching an elevation
of ~2000-2100 m a.s.l. It is known to be a high intensity
rockfall zone (Stoffel et al. 2005). In addition, other natural
hazard processes, such as snow avalanches and debris flow,
take frequently place. The slope inclination increases from
~20° at the bottom to 84° in the release area (50° in the
forested area). The forest is dominated by Larix decidua,
followed by Picea abies and some occurrences of Pinus
sylvestris. Between 2006 and 2016, a couple of moderate
forest interventions removing single trees (a total of ~ 1000
m? in an area of ~3000 m? in 10 years) have been conducted
(information from local forest manager and orthophotos).
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Fig. 1 Four study sites in the Western Swiss Alps with the four rockfall zones and the sample plots (black).1: Chillon, 2: Nax, 3: Martigny, 4:

Tésch. (Color figure online)

Data collection in the field

At each site, we measured forest structural characteris-
tics in sample plots stratified by different “rockfall zones”
(Fig. 1). Rockfall zones were determined based on rockfall
simulations with the three-dimensional model RockyFor3D
(Dorren 2016; see also chapter 2.3). The simulations were
conducted for the unforested slope and a block volume of
2 m?, and the “reach probability” of the blocks was then
classified into four rockfall zones. The reach probability
of a specific cell is the probability that it is reached by a
block given that it has detached from the release area. It

is calculated as the percentage of simulated blocks reach-
ing the cell and normalized with the number of source
cells feeding the cell. We classified the rockfall activity
in areas with a reach probability of <2% as “low”, for a
reach probability between 2 and 5% as “medium”, between
5 and 10% as “high” and > 10% as “very high”. In each of
the four rockfall zones (with 4 being the most active rock-
fall zone), we defined five sampling sites in the field. The
samples were randomly distributed in the respective zone
aiming at an even distribution over the slope. In Tésch, no
sample was taken in zone 4 since this zone is not forested
and in Nax, only one sample was taken in zone 4, since
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Table 1 Rockfall and forest characteristics of the four case study sites. The onset frequency corresponds to the estimated average number of
blocks per year of the considered block volume range releasing from the cliff

Site Forested Geology Size rock- Block volume range Estimated onset frequency Dominant species
area [ha] fall release for total release area (F )
area [ha]
Chillon 21.3 Limestone ~33 0.01-5 m? 15yr! Tilia sp., Fagus sylvatica, Taxus
bachata / Acer pseudeplatanus
Martigny ~ 77.1 Gneiss and mica slate  ~2 (small, 0.01-5 m® 30 yr! Fagus sylvatica, Abies alba,
dis- Pinus sylvestris
persed
rock
cliffs)
Nax 45.2 Dolomite ~4 0.01-5 m* 21 yr! Pinus sylvestris, Betula pendula
Tisch 151.8  Gneiss ~17 0.05-20 m* 103 yr™! Larix decidua, Picea abies

most of the zone is already part of the release area and thus
hardly accessible or unforested.

At each sampling site, we measured the diameter at breast
height (DBH) and the species of each tree in a 20 X 20 m plot
(measured on the slope). We determined the “main species
classes” (species proportion >2%) at each site and classi-
fied the rest as “deciduous” or “conifers”. In addition, the
following site characteristics were recorded:

e The number of freshly deposited blocks larger than 0.05
m>. We considered blocks with few signs of weathering
(limited patina, absence of blunt edges) and the absence
of lichens or vegetation on the surface as fresh estimating
the age of their deposition being less than 100 yrs.

o The number of trees (NrT)

e The basal area (bA) calculated from the DBH and the
number of trees per hectare

e Rockfall damages on trees (fresh (<1 yr), old (> 1 yr),
no damage)

Since differences between the sample plots could strongly
be influenced by the management history of the forest, we
determined for each sample plot whether it has been influ-
enced by forest interventions in the past ~ 30 years (yes / no)
based on orthophotos, information from local forest manag-
ers and signs in the field (i.e. logged stems and tree stumps).
We only considered information that could be clearly distin-
guished from other disturbances (such as rockfall).

Simulated tree impact probabilities

Based on data on tree density, species and diameter distri-
bution from the sample plots, we created positions of sin-
gle trees, which we used in the rockfall simulations. We
determined forest areas that are homogenous regarding tree
density, tree height and species-based orthophotos and cal-
culated then the tree density and the mean tree diameter
and the standard deviation per species using the data from
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the sample plots taken in the respective homogenous area.
Random trees were finally generated in each area based
on the derived tree density and diameter distribution. We
conducted rockfall simulations with the rockfall module
RockyFor3D for different block volumes and the generated
single trees. RockyFor3D is a “probabilistic process-based”
rockfall model that simulates flying, bouncing and rolling
blocks in three dimensions depending on the terrain as well
as standing trees. The latter are considered spatially explic-
itly and after each impact of a block on a tree, the energy
reduction in the block is calculated depending on the tree
species, the tree diameter and the impact position (Dorren
2016). We determined the rockfall release area based on
orthophotos and slope inclination and mapped soil type and
soil roughness in homogenous areas in the field following
Dorren (2016). The simulations were conducted with a digi-
tal elevation model with a resolution of 2 m. The consid-
ered block volume distribution was fitted using a power law
distribution (e.g. Dussauge-Peisser et al. 2002; Hantz et al.
2003) based on measurements of block deposits in the field
for Tédsch and Nax. For Chillon and Martigny, we fitted the
power law distribution based on literature values (e.g. Hantz
et al. 2016; Moos et al. 2018) and validated it with field
samples of deposited blocks and inventory data of passed
rockfall events registered by the cantonal authorities. We
classified the block volumes in eight classes and simulated
each class 100 times per start cell with uniformly sampling
the block volume from the respective class (total number of
simulations between 75,000 and 1,100,000). The deposited
blocks measured on the slope and the inventory data served
also to validate the simulated rockfall runout zones.

We registered for each tree the number of rock impacts.
In case the impact energy of the block is higher than the
energy that can be dissipated by the tree, it is registered as
“fatal impact”. We then calculated the “conditional impact
probability” (hereafter designated as P;,,,) as the propor-
tion of the number of tree hits per tree on the total number
of simulated blocks per single tree and derived rasters of
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the mean and the maximum impact probability, respectively,
with a spatial resolution of 20 m. The P;,,, is the probability
that a tree is hit given that a block (of the considered block
volume range) has released from the cliff. We further calcu-
lated the frequency of trees being actually impacted (Fj,)
as the product of the yearly rockfall onset frequency (F ;)
of the respective block volume i, the considered time period

(Ny,; here 10 yrs) and Py, and then summed up over all
considered block volumes V (Eq. 1).

v
Fimp = Z Fonsel,i X Nyrs X Pimp,i (1)

i=1

The onset frequency per block volume V; (F ;) was
calculated as the product of the average yearly onset fre-
quency A of volumes V larger than the minimum volume
V,, and the relative frequency of block volume V; (e.g. Dus-
sauge-Peisser et al. 2002; Eq. 2).

-b

Vi
=AX )

F —
VO

onset,i

The parameter b was derived from the fitted power law
distribution of the block volumes and literature values,
respectively. In the case of Téasch, A was estimated based
on available data from dendrogeomorphological analyses
and rockfall deposits assessed in previous studies (Moos
et al. 2018; Stoffel et al. 2005). For the other study sites,
we estimated A based on tree damages below the release
area. We counted all visible tree damages classified as
“fresh” (younger than approximately 1 year) in a strip of
10 m width 20 m below the cliff, following Trappmann and
Stoffel (2013). We then calculated A based on the “condi-
tional impact probability” (CIP) concept (Moya et al. 2010).
We considered minimum block volumes between 0.01 and
0.05 m? (depending on the site). It can be assumed that also
smaller block volumes (~ > 0.001 m?) can cause damages on
trees, which rarely kill them. However, these damages can
still increase the tree mortality due to a higher vulnerabil-
ity to pest and diseases. We partially took this into account
by considering P;,,, (conditional probability that a tree is
impacted by a block) and not P,y (conditional probability
that a tree is killed by a block). However, P;; might still be
slightly underestimated.

Statistical analysis

Our statistical analyses are divided into two main parts:
based on field observations, we first assessed whether dif-
ferences in forest structural parameters as well as signs of
rockfall disturbance could be observed between rockfall
zones within the four study sites. We then built multivariate
models to identify the key variables (i) among disturbances

by rock, (ii) topography and (iii) tree species composition
explaining best the forest characteristics (i.e. DBH and bA).

Differences in forest characteristics

Based on the data from the field samples, we tested whether
there were significant differences in the diameter distribu-
tion, the tree density, the basal area (bA) and the species dis-
tribution between the different rockfall zones using ANOVA,
a Kruskal-Wallis test and a chi-square test for frequency
data (tree number, species). We further analysed differences
in the proportion of damaged trees and their diameters, the
impact probability on trees (P;,,) and the probability of trees
being killed (Py;;;) as well as the number of deposited blocks
in the sample plots.

Multivariate models explaining forest characteristics

We then analysed the DBH of individual trees and the bA
per plot (bA,,) as a function of rockfall, terrain and forest
parameters using multivariate models. We designed hierar-
chical linear mixed-effects models (LMM) with the sample
plot (in the case of DBH), the rockfall activity class and
the site as random effects, which allowed us to account for
random effects that might influence our target variables,
but could not be integrated as fixed effects. They include
local differences in stand age, soil characteristics or further
effects of management and disturbance history not covered
in this study. The LMM were implemented with the Imer
function of the Ime4 package in the statistical software R
(Bates et al. 2015). We first fitted them for each site with
the sample plots and the rockfall class as random effects and
then over all data with the sites as additional random effect.
We used the slope, the elevation above sea level, the number
of deposited blocks, the probability of trees being impacted
(Pimp)- the categorical variable for management (managed
/ unmanaged in the past 30 years) and the species as poten-
tial explanatory variables in the LMM (fixed effects). We
calculated the Spearman correlation coefficient between the
variables and considered only variables that are not substan-
tially correlated to avoid colinearity (spearman correlation
coefficient < 0.4). We tested each variable separately and
defined the final model based on stepwise backward vari-
able selection aiming at reducing the Akaike Information
Criterion (AIC) using the step function (ImerTest package;
Kuznetsova et al. 2017) for LMM. We also tested for poten-
tial interactions between the predictor variables. The models
were examined based on customary residual plots (Stahel
2017) and variables transformed to their natural logarithm
if indicated. P values for the LMM were obtained by Wald-
Chisq tests as well as likelihood ratio tests of the full model
against the model without the variable in question (“Appen-
dix”). The R? of the fixed effects in the LMM was calculated
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as the marginal and the conditional R? based on Nakagawa
and Schielzeth (2012).

Results
Signs of rockfall activity

At all sites, there are clear signs of trees being more
impacted by rockfall in zones of higher rockfall activity.
There are significantly more damaged trees in the rockfall
zones 3 and 4 with a higher proportion of freshly damaged
trees (Fig. 2). Additionally, the number of deposited blocks
increases with increasing rockfall activity with significantly
more blocks in zones 3 and 4 for all sites expect for Mar-
tigny, where most blocks were recorded in zone 1 (Fig. 3).
The mean and maximum conditional impact probabilities
(Pimp) as well as the calculated probability of a tree being
actually hit in 10 yrs (F,,,,) significantly increase in zone
3 and 4 at all sites (Fig. 4). Furthermore, F_, is higher for

imp
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damaged trees compared to undamaged trees with significant
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Fig.2 Number of trees per rockfall zone and site with no (grey), old
(yellow) and fresh (green) damages. (Color figure online)
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Fig. 3 Distribution of number of deposited blocks per sample plot per
rockfall zone and site

differences for Nax, Martigny and Chillon (Fig. 5). P,
reaches highest values in Chillon (median P;, in zone
4=6.4 %107 and Fipp 18 highest in Tésch (median Fy,, in
zone 3=0.06) and Chillon (median Fj,, in zone 4=0.09),
whereas P, and Fj,, are substantially lower at Nax and
Martigny. In addition, the mean slope in the sample plots is
significantly higher in zone 4 (Martigny, Chillon) and zone
3 (Tasch, Nax), respectively, compared to zone 1 and 2 (not
shown).

Differences in forest characteristics

The forest structure clearly differs between the rockfall
zones, however, with strongly varying effects between sites.
In Tésch, DBH significantly decreases with increasing rock-
fall activity (Fig. 6 and Fig. 9 in “Appendix” ), and bA is sig-
nificantly lower in rockfall zone 3, but there is no major dif-
ference in tree density between the rockfall zones (Table 2).
In Chillon, DBH is significantly lower in the rockfall zone
3 compared to rockfall zone 1 and 2, whereas it increases
again in rockfall zone 4. No significant differences in bA
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nor tree density could be observed. In Martigny, a slight
increase in DBH and bA can be observed from zone 1 to
zone 4 with significantly larger DBH and basal area in zone
4 compared to zone 1. This effect is especially pronounced
for Acer and Tilia. Tree density does not substantially dif-
fer between zones. In Nax, the DBH is largest in zone 2
and significantly lower in zone 4 compared to zone 1 and 2.

not da'maged dam'aged not da'maged

Tree density as well as bA slightly increases with increasing
rockfall activity, whereas the difference is not significant. In
Chillon, Nax and Martigny, trees with rockfall damages have
a significantly higher DBH compared to undamaged trees,
whereas no significant difference was found for Tésch (not
shown). Furthermore, the species proportion does not differ
between rockfall zones in Tadsch (Table 2). Rockfall zone
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Fig.6 Distribution of DBH per rockfall zone (4=highest rockfall
activity) for the four sites

4 in Chillon has a higher proportion of Tilia and Fagus. In
Martigny, there is an increasing proportion of Larix, Abies
and Picea and a decreasing proportion of Fagus and Pinus in
zones of higher rockfall activity. In Nax, there is a distinctly
higher proportion of Pinus and Betula in rockfall zone 4.

Multivariate models predicting forest characteristics

In Tésch, the number of deposited blocks (Nr_blocks) and
the impact probability (P;,,,) significantly influence DBH
together with the tree species (Spp_class), whereas both
factors are highly correlated (Nr_blocks remains in the
final LMM for DBH and P, in the final LMM for bA )
(Table 3, Figs. 7 and 8). No significant effect is found for
the mean slope (Slope) nor the elevation (Elevation). Nr_
blocks also significantly influences DBH and bA,;,, in Nax
together with Slope and Elevation, but is only significant in
interaction with Spp_class in the LMM. In Martigny, the
final LMM for DBH contains Elevation and Spp_class and

for bA,, additionally Management as significant variables,
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while Slope and Nr_blocks are also significant if regarded
separately. In contrast to the other sites, Nr_blocks and Pimp
are negatively correlated. No significant effects of P,,,,
Slope and Elevation are revealed in the models for DBH in
Chillon, where the interaction of Nr_blocks with spp_class
is significant and the interaction of Nr_blocks and Slope,
respectively, with spp_class for bAp,,. The performance of
the final LMM in terms of R? ranges between 0.17 (marginal
R?, Chillon) and 0.38 (marginal R?, Taesch) for DBH and
0.46 (marginal R?, Chillon) and 0.80 (marginal R?, Nax)
for bAp,, (Table 3). In the LMM for all sites, Nr_blocks,
spp_class and Slope are significant for DBH and bA ;. The
models have a marginal R? of 0.25 and 0.46, respectively
(Table 3, “Appendix”).

Discussion

Our assessment of four different rockfall protection forests
in the western Swiss Alps shows that rockfall can influence
the structure of forests below cliffs. However, effects of rock-
fall are not equally expressed and differ among sites. While
DBH tends generally to decrease with increasing rockfall
activity (Tdsch, Nax, Chillon), significantly higher DBH can
be observed in the zone of the highest rockfall activity at
two sites (Chillon, Martigny). A possible reason for this is
that regeneration is impeded in these highly active rockfall
zones and only large trees above a certain size persist, which
must have rejuvenated in a rockfall-free period. Similarly,
Perret et al. (2006) observed low stem densities, large diam-
eters and almost no regeneration close to the release area
in a rockfall forest in the Swiss Alps where they recorded
and analysed rockfall damages on trees. Besides the regular
impacts of falling blocks, the soils in zones of high rockfall
activity consisting of unstable debris are likely to hamper
tree growth (Leitgeb et al. 2013) with potential negative
effects on the water holding capacity at the soil surface. In
Tésch, trees are even completely suppressed in the zone with
the highest rockfall activity, where other disturbances, such
as snow avalanches and debris flows, are also very frequent
(Stoffel et al. 2005). It is the most active rockfall site, charac-
terized by the highest rockfall release frequency and the larg-
est block volumes. It is also the only site where we did not
find larger diameters of damaged compared to undamaged
trees, indicating that a higher proportion of the impacted
trees actually dies. In addition, Tésch is the site located at the
highest elevation, where low temperatures and short vegeta-
tion seasons further hamper tree growth. These factors are
in line with the fact that rockfall activity, together with tree
species composition, best explains DBH based on the mul-
tivariate models in Tdsch when compared to the other sites.

Our field observations were overall in line with the
simulated probabilities of a tree being hit by falling blocks.
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Table 2 Summary of the forest characteristics (mean DBH, tree density and mean bA and proportion of the three most frequent species) per site

and rockfall zone

Chillon

Rockfall zone

Mean DBH [cm] (standard dev.)

27(12)

27(18)

22 (1)#124

29(13)

Mean tree density [ha™'] (standard
dev.)

535(142)

453(121)

609(89)

488(322)

Mean bA [m*ha™!] (standard dev.)

36(10)

37(17.6)

30(10.2)

40(19.4)

Species proportion (3
most frequent)

22% Fagus

19% Taxus

17% Acer

35% Tilia

21% Fagus

13% Acer

27% Tilia

23% Taxus

13% Acer
34% Tilia*'?
29% Fagus*!23
14% Taxus

Martigny

Rockfall zone

Mean DBH [cm] (standard dev.)

2509)

28(10)

31(10)

36(12)*!

Mean tree density [ha™"] (standard
dev.)

743(83)

711(80)

638(94)

719(106)

Mean bA [m*ha~!] (standard dev.)

41(12)

48(13)

52(3)

82(14)*!

Species proportion (3
most frequent)

47% Pinus

40% Fagus

6% deciduous

34% Fagus
25% Pinus
15% Acer

36% Fagus
24% Pinus
20% Larix

33% Larix*1?

29% Fagus*!
14% Abjes*!>?

Nax

Rockfall zone

Mean DBH [cm] (standard dev.)

22(7)

25(8)

23(7)

19(4)#12

Mean tree density [ha™'] (standard
dev.)

731(120)

774(126)

935(177)

1037(0)

Mean bA [m?ha~'] (standard dev.)

30(6)

40(10)

41(5)

31(0)

Species proportion

41% Pinus
14% Betula
13% deciduous

55% Pinus
22% Betula
11% Fagus / Populus

54% Pinus

29% Betula

6% Larix / Salix
61% Pinus*'?
36% Betula*!?
3% deciduous

Tésch

Rockfall zone

4

Mean DBH [cm] (standard dev.)

34

33

1612

0

Mean tree density [ha™'] (standard
dev.)

347(155)
371(249)
355(143)

0

Mean bA [m?ha~'] (standard dev.)

39(18)

40(14)
8(6)*12

0

Species proportion

88% Larix
8% Picea
3% Pinus
99% Larix
1% Picea
93% Larix
7% Picea

No trees

*indicates that the value is significantly different from the respective other rockfall zone(s) (indicated with number) based on the ANOVA and

chi-square test (for species proportion).
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R? of final model

Slope: Elevation:

Pinp: SPp_class

Nr_blocks:
spp_class

Managed
(yes/no)

Elevation

| Spp Slope

Nr_blocks

Table 3 Influence of factors on DBH and bAplOt at the four sites based on multivariate mixed-effects models (LMM) with the sample (for DBH) and the rockfall activity class (and the site,
P imp

respectively, for the model fitted to the total data set) as random effects

Site

@ Springer

spp_class

spp_class

0.38/0.53
0.48/0.79
0.22/0.28
0.80/0.81
0.28/0.31
0.56/0.56
0.17/0.35
0.46/0.62
0.25/0.37
0.46/0.65

O 0

()

DBH

Tésch

kk

*

()
()

bAplot

IO

*

()
* (+)

DBH

Nax

ok

kk

*

*(4)
()

bAplol

*(+)
*(+)

 (+)

*

DBH

Martigny

kk

kk

#(+)

bAplol

DBH

Chillon

kk

()

# (4)
*(+)
()

*

bAplol

kk

*

*()
)

()

DBH

All

skesk

bAplot

*=factor is significant in the model and stays in the final model. ** =factor is significant if regarded separately, but does not remain in the final model (due to correlation with other factor); (—):
factor is negatively correlated with target variable; (+): factor is positively correlated with target variable. The R? of the fixed effects in the models were calculated as the marginal and the con-

ditional R?, respectively, based on Nakagawa and Schielzeth (2012)

Where differences in forest structure between the rockfall
classes are more pronounced (i.e. Tdsch and Chillon), there
is also a substantially larger increase in F;,,,. Conversely,
Finp 1s relatively low in all rockfall classes in Martigny,
which can mostly be explained by the combination of a low
tree impact probability and a relatively low rockfall release
frequency. Indeed, tree impact probability is expected to be
mainly influenced by the terrain, the slope length, the block
volumes, the tree density and, to a minor degree, also the
tree species (Moos et al. 2017). Despite the lower simu-
lated probabilities of trees being killed for certain sites, we
found clear evidence in terms of tree damages and deposited
blocks that trees in higher rockfall zones are more impacted
by blocks. In contrast to the other sites, where the number
of deposited blocks in the field is positively correlated with
the tree impact probabilities, the sample plots with the high-
est number of blocks in Martigny did not have the highest
impact probabilities. Possible reasons are decreasing impact
probabilities in the deposition area, where rocks decelerate
and stop, as well as spatial variations in the onset frequency
of rockfall that were not considered here. The high signifi-
cance of the number of blocks in the multivariate models
further indicates that not only the impact by blocks, but also
the presence of debris, which locally alter the soil and hydric
conditions, influences tree growth. In general, our results
suggest that the simulated impact probability well correlates
with the rockfall impact on trees in forests and could thus be
used as proxy variable to further study the effect of rockfall
disturbance on trees in dynamic forest landscape models,
for example.

The results of our study indicate that the influence of
rockfall on the distribution of species is limited. The ten-
dency for higher abundance of Larix in zones of higher rock-
fall activity compared to Picea trees in Tdsch is in line with
the general expectation of Larix being a pioneer species that
is accordingly more present in disturbed areas (Da Ronch
et al. 2016). In Martigny, conifers (Picea, Abies, Larix) are
predominantly present in the most active rockfall zone with a
decreasing abundance of Fagus and Pinus. This is, however,
most likely an elevation and not a rockfall effect (increase
in conifers with increasing elevation), as also evidenced
by the significant effect of elevation in the mixed models.
Vospernik (2004) found higher growth losses due to rock-
fall damage for broadleaf trees compared to spruce, but no
influence of rockfall damage on fir, larch and pine based on
the analysis of increment data from rockfall sites in Austria.

The mixed model for all sites shows a general influence
of rockfall on forest structure. However, the correlation is
not obvious for all sites, indicating that rockfall disturbance
may be superimposed by other factors influencing the tree
diameters. These other factors could be other natural distur-
bances, such as snow avalanches, wind, wild fires or brows-
ing, as well as effects of forest management not covered
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here (e.g. Maringer et al. 2016; Vacchiano et al. 2015). The
forest in Martigny has been intervened frequently in the
past 30 years, but also earlier in the last century (Farquet
and Métral, 2004), whereas the other sites experienced less
intensive or hardly any management. We therefore expect
that differences in forest structure observed for Martigny are
strongly influenced by the management history. In general,

elevation (m)

we expect less forest interventions in zones of high rockfall
activity, since such areas are hard to access and working
conditions there are difficult. Often, large diameter trees are
envisaged to provide a high protection from rockfall (Dorren
et al. 2004) and thus maybe have been favoured by foresters
leading to higher diameters in the most active rockfall zone
for certain sites. Furthermore, other factors influencing the
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micro-habitat of trees (e.g. local topo-climate or soil condi-
tions) are likely to influence tree growth, but were not con-
sidered in this study.

Finally, the rockfall disturbance itself, at least not too
frequent single block events, can have a positive effect on
the forest, i.e. increase its stability and resistance. The fall-
ing blocks create small gaps where rejuvenation is fostered
(Dorren et al. 2004). Thus, the question arises whether the
regular creation of small gaps by rockfall would be sufficient
to ensure the rejuvenation necessary for long-term stabil-
ity and under which conditions rockfall it is too frequent to
allow for rejuvenation. To answer this question, more data
on regeneration and forest development depending on rock-
fall activity, which were not assessed in this study, would
be necessary.

Conclusions

Our study provides new quantitative support to the influence
of rockfall on forest structure for different forest types and
rockfall slopes. We revealed a correlation between rockfall
activity and forest structure indicating a disturbing effect
of rockfall on the forest, but our results also show that this
disturbing effect depends on the local conditions. Yet, dif-
ferences in forest structure are likely further influenced by
other important factors, such as other types of disturbances,
pests and diseases, or soil and hydric conditions.

The frequency and potentially also the intensity of the
rockfall disturbance that affect forest structure are in turn
affected themselves by the forest: trees in the upper part of
the slope can protect the trees below from rockfall impacts
by stopping and decelerating falling blocks. Although the
number of deposited blocks (as “empirical evidence” of
rockfall disturbance) turned out to be the more robust factor
in the statistical models, our results indicate that the simu-
lated impact probability of rocks on trees can serve as a good
proxy for the frequency of rockfall disturbance. Simulated
rockfall disturbances could be thus coupled to dynamic for-
est models (see, for example, Woltjer et al. 2008) such as gap
models (e.g. ForClim: Bugman 1996) or forest landscape
models (e.g. TreeMig; Lischke et al. 2006). Such process-
based models build upon explicit causal relationships rep-
resenting key physiological, ecological and demographic
processes (Dormann et al. 2012). With such coupling, two-
way interactions between rockfall and forest structure could
be studied in more detail with simulations under different
scenarios, e.g. of rock release, climate change and forest
management.

@ Springer

Funding Open access funding provided by University of Lausanne.
The funding of this research was provided by the “Interdisciplinary
Centre for Mountain Research” (CIRM) of the University of Lausanne
as part of a postdoctoral project on the temporal evolution of the protec-
tive effect of forests against rockfall.

Availability of data and materials Data and material are available on
request.

Code availability Code is available on request.

Compliance with ethical standards
Conflict of interest Not applicable.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

Appendix
DBH Distribution per site and rockfall zone
See Fig. 9

Likelihood ratio test of linear mixed-effects models
over all sites

BHD

Final model:

Log(DBH) ~ Nr_blocks + spp_class + spp_class :
Nr_blocks + Slope + (1 | site/zone/sample)

Model without interaction:

Log(DBH) ~ Nr_blocks + spp_class
+ Slope + (1] site/zone/sample)

Base model (random effect only) (Table 4):
Log(DBH) ~ (1 |site/zone/sample)

bA

Final model:
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Fig.9 Density of tree diameters
(DBH) in the four rockfall zones
(1-4) per site
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Table 4 Likelihood ratio test between models for dbh with degrees of
freedom (Df) AIC, BIC, deviance and P value

Model Df AIC BIC Deviance P value (> Chisq)
Base model 5  1.609.0 1636.2 1599.9

Modelno int 22 1491.5 1606.8 1447.5 <2.2*10-16
Final model 36 1466.2 1655.0 1394.2 1.7 *10-6

Table 5 Likelihood ratio test between models for bA with degrees of
freedom (Df) AIC, BIC, deviance and P value

Model Df AIC BIC Deviance P value (> Chisq)

4285.0
3434.3
3231.3

4307.1
35459
3491.6

42719
3392.3
3133.3

Base model 4
Model noint 21
Final model 49

<2.2%10-16
<2.2*%10-16

Log(bA_ha) ~ Nr_blocks + spp_class + spp_class : Nr_blocks

+ Slope + spp_class : Slope + (1| site/zone)
Model without interaction:

Log(bA_ha) ~ Nr_blocks + spp_class + Slope + (1 |site/zone)

T T T T T

50 75 25 50 75
dbh [cm]

Base model (random effect only) (Table 5):
Log(bA_ha) ~ (1 ]site/zone)
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