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Abstract. Deadwood is an integral component of mountain
forests, supporting biodiversity and contributing to protec-
tion against gravitational hazards. However, under specific
conditions, deadwood may itself become a hazard when mo-
bilised and transported downslope. Although sliding logs
have been repeatedly observed in steep forests, a quantita-
tive framework to assess their hazard potential has so far
been lacking. We present a physics-based model to simu-
late the motion and runout of sliding deadwood logs in com-
plex terrain. The model extends an existing rockfall simu-
lation framework based on nonsmooth rigid-body dynam-
ics with hard contact laws and Coulomb friction, explic-
itly representing deadwood log geometries and interactions
with terrain, standing trees, and protective structures. Model
calibration and evaluation are performed using two recent
Swiss case studies in which deadwood logs up to 35m in
length travelled several hundred metres in a single rapid de-
scent and impacted infrastructure. Simulations indicate that
sliding deadwood hazard is favoured by very steep slopes
> 35°, wet surface conditions, and a narrow decay-stage
window characterised by the loss of bark and branches to
reduce sliding friction while still retaining sufficient struc-
tural strength. Sliding trajectories are strongly controlled
by micro-topography, with preferential paths along gullies,
while standing trees limit downslope propagation but in-
crease lateral spread through repeated deflections. The pro-
posed model highlights the importance of adaptive forest
management in mountain forests and provides a quantitative

basis for optimising the balance between the protective and
hazardous roles of deadwood.

1 Introduction

Mountain forests provide cost-effective and natural pro-
tection of civil infrastructure against natural hazards in
mountain regions (Moos et al., 2017; Getzner et al., 2017;
Olschewski et al., 2012). The amount of deadwood in Swiss
mountain forests has doubled during the last three decades,
from 17 m3 ha~! in 1995 (Abegg et al., 2023b) to 35 m> ha~!
today (Abegg et al., 2023a). Under future climatic condi-
tions, the amount of standing and lying deadwood is ex-
pected to increase as a result of enhanced drought-induced
tree mortality and intensifying natural disturbance regimes
(Seidl et al., 2017). While the influence of deadwood on bio-
diversity (Gossner et al., 2016; Plath and Fischer, 2024), re-
generation processes (Marangon et al., 2024), and other eco-
logical functions (Edelmann et al., 2023; Mayer et al., 2022)
is relatively well investigated, its effects on protection against
natural hazards are less studied and often debated (Fuhr et al.,
2015). The few studies conducted so far suggest that dead-
wood can reduce the risk of avalanches (Caduff et al., 2022;
Feistl et al., 2014; Rammig et al., 2007; Schonenberger et al.,
2005) and rockfalls (Bourrier et al., 2012; Ringenbach et al.,
2023; Costa et al., 2021) in the short to medium term. There
are, however, also potential risks associated with leaving
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deadwood after natural disturbances, including subsequent
bark beetle infestations in spruce-dominated forests (Stadel-
mann et al., 2014), the secondary triggering of rockfall af-
ter advanced wood decay (Ringenbach et al., 2022a), and
blockage of streams increasing the risk of debris flows and
floods (Rackelmann et al., 2023). Moving deadwood can also
become a hazard itself, making it crucial to understand the
conditions under which this occurs. Such risks highlight the
need for an integral view in making general recommenda-
tions for deadwood management in mountain forests. In or-
der to better assess both the protective effect and hazard po-
tential of deadwood, information on its spatial distribution
and potential downward movements must be known. Vari-
ous processes drive deadwood movement across a range of
spatial scales (Harmon et al., 1986). At the broadest scales,
rivers and floods transport deadwood up to several kilome-
tres (May and Gresswell, 2003). At the finest scales, dead-
wood moves through gradual processes (Bebi et al., 2015)
or when snags fall (Oberle et al., 2016). In between, on the
slope scale, deadwood may be transported by landslides, sur-
face run-off, or avalanches (Kemper and Scamardo, 2023).

This paper is motivated by recent events in Switzerland in
which deadwood without bark and branches was mobilised
and travelled several hundred metres in a single rapid de-
scent, causing damage to infrastructure. These events are
described in more detail in Sect. 2. We focus thereby on
deadwood as a direct form of natural hazard when it is mo-
bilised and slides down a steep slope. To date, the mechanics
of such rapid sliding events have not been quantified, and
no modelling framework exists to describe how mobilised
deadwood moves on steep slopes. As the downslope mo-
tion of deadwood shares key mechanical characteristics with
rockfall, including gravity-driven acceleration, impact, slid-
ing, and deflection by obstacles, existing rockfall modelling
frameworks appear in principle to be an ideal framework
for such simulations. However, from a modelling perspec-
tive, sliding deadwood poses specific requirements that are
not fulfilled by most existing rockfall models, including the
ability to represent sliding motion, simulate arbitrary three-
dimensional object shapes, and explicitly model interactions
with individual standing trees. These limitations motivate the
use and adaptation of a physically based rigid-body frame-
work in this study. We therefore adapt the physical approach
of RAMMS::Rockfall (Christen et al., 2014) introduced by
Leine et al. (2014), using non-smooth, rigid-body mechanics
in combination with hard contact laws and Coulomb friction.
We calibrate and validate the model based on case studies of
recent sliding deadwood events, discuss the factors favour-
ing mobilisation and critical predispositions related to dead-
wood and terrain conditions, and finally assess the relevance
of sliding deadwood logs in the context of other natural haz-
ards as well as their implications for mountain forest man-
agement.
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2 Sliding deadwood events
2.1 Klosters, Graubiinden (CH)

Gruobenwald (46.89025° N; 9.85585° E; 1050-1300 m a.s.1.)
is a roughly 35° steep beech spruce forest near Klosters,
Switzerland (see Fig. 1). Due to the steep slope, the cliffs
above the forest, which reach heights of up to 130 m, and the
exposed infrastructure (road of national importance, railway,
residential area), rockfall hazards have been an ongoing issue
for many years. As the outdated protective structures needed
to be replaced, the construction of new measures started in
2022, consisting of 650 m of reinforced earth dams with a
capacity of 5000 kJ and 400 m of rockfall barriers with a ca-
pacity of 2000 kJ. There are many dead trees, so called snags,
without bark and branches, but which are still standing. In
June 2022, a storm with heavy rainfall and wind caused a
dead tree to fall and slide approximately 120 m down the
slope until it came to rest on the national road (Fig. 1¢). The
mobilised tree had an approximate diameter at breast height
DBH =75cm and a stem height 75 =30 m. Two days later,
another deadwood log of similar dimensions slid down the
slope and came to rest in a wooden palisade next to a build-
ing (see Fig. 1b). Due to these two incidents and the associ-
ated danger to the construction site, the local forestry opera-
tors decided to cut down potentially dangerous snags without
bark and branches and to transport them down to the valley
by helicopter. During this operation, two more logs were mo-
bilised after being cut down, slid down the slope and came to
rest on the road or hiking trail, respectively. After completion
of the intervention, there were no more recorded events as of
December 2025.

2.2 Rothenbrunnen, Graubiinden (CH)

Plattawald (46.77072° N; 9.41829°E; 600-1000 m a.s.l.) is a
mountain forest near Rothenbrunnen, Switzerland. The av-
erage slope gradient is 35—40°, and a road and railway line
run along the foot of the slope. There are numerous cases
of rockfall and sliding deadwood on this slope, which cause
only minor damage as the rocks and deadwood are caught
by a series of rockfall barriers above the road. In February
2022, a tree without bark and branches was mobilised, slid
down approximately 200 m in altitude and came to rest in the
valley-side guardrail of the road, blocking both the road and
the railway. It is unclear whether the mobilised tree was ini-
tially standing or lying. Due to a thin layer of snow on the day
of the incident, the tracks of the sliding log were clearly visi-
ble and were documented by the local forestry operations. As
the section of road where the log was deposited is protected
by a 3.5m high rockfall barrier and no traces were found
in the immediate vicinity of the barrier, the log must have
jumped over the barrier. This claim is reinforced by the fact
that the last traces were found on a small terrace about 20 m
above the barrier, where the log was presumably launched

https://doi.org/10.5194/nhess-26-4843-2026



J. Borner et al.: Simulation of sliding deadwood logs in mountain forests 4845

Zuﬁch
Bern Chur®

Figure 1. The four 2022 events in Gruobenwald, Klosters (CH). (a) Overview of Gruobenwald, including endangered residential area, road
and railway. The trajectories and deposition points of the four events are shown qualitatively. Photograph by AWN GR. (b) Deposition of
event 2 in a wooden palisade next to a house. (¢) Deposition of event 1 on the road. Photograph credit for panels (b) and (¢): Flurin Wehrli.

into the air. The next tracks were then found on the retaining
wall next to the road.

3 Sliding deadwood model with Coulomb friction

For the modelling and simulation of the trajectories of sliding
deadwood, we apply the theory and methods of nonsmooth
dynamics (Acary and Brogliato, 2008; Leine and van de
Wouw, 2008), encompassing rigid-body mechanics coupled
with hard contact laws and Coulomb friction. Hereto, we
adopt the framework for rockfall modelling introduced by
Leine et al. (2014), which provides the mathematical basis
for the kinematics, contact formulation, Coulomb friction,
and Newton-type impact law, and we adapt this framework to
the modelling of sliding deadwood. The deadwood is mod-
elled as rigid, convex polytopes in the shape of a truncated
cone, representing straight, radially symmetrical logs with a
smooth surface (see Fig. 2b). The properties of these logs in-
clude a DBH, simplified as the base diameter of the truncated
cone, a stem height Ag (also referred to as log length when
lying) and a density ps. The top diameter of the truncated
cone is approximated with 0.5 DBH.

https://doi.org/10.5194/nhess-26-4843-2026

3.1 Coordinate frames and generalised coordinates

Following Leine et al. (2014), the motion of the log is de-
scribed using two coordinate frames. The inertial frame 7 is
fixed in space and anchored at the origin O, which is defined
at the origin of the digital elevation model (DEM). The axes
e )IC and e§ span the horizontal plane, while the axis e g extends
along the vertical, counter-gravitational direction. The body-
fixed frame K is attached to the centre of mass S of the log.
The three axes eX, ef and ef are along the log’s principal
axes of inertia. The minor principal axis of inertia for a trun-
cated cone lies in its longitudinal direction, which we define
as ef. The two coordinate systems, their origins and axes are
shown in Fig. 2a.

At any time ¢, the position and orientation of the log, mod-
elled as a rigid body, is given by the generalised coordinates

q:

r
q:=<’05)eR7, (1)
Pik
where ;ros is the position vector from the origin O to the
centre of mass S, expressed in the inertial frame /, and
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Figure 2. Simulation model of the sliding deadwood. (a) DEM and standing trees are described in the inertial frame /. Two sliding deadwood
logs are exemplary shown as a time series starting at the mobilisation time 7y up to the deposition time 7z . (b) Rigid, sliding deadwood with
its geometry described as a point cloud in body-fixed frame K fixed at the centre of mass S. (¢) Contact between deadwood geometry and

terrain with contact forces A; acting at vertex points of the point cloud.

Pk = (e )T € R is a unit quaternion describing the ori-
entation of the log. A linear mapping of the dimension-
reduced, generalised velocities u leads to ¢:

. 1Vs
§=F(p;x)u, u:=< 0 )6R6,

I343 0
Fipip)=| 0 =%’ |, )
0 Leol+ 18

where jvg is the translational velocity vector expressed in the
frame I, and g 2 is the rotational velocity vector represented
in the frame K.

3.2 Equations of motion

The time evolution of jvg is given by the balance of linear
momentum:

mR s =1Fg+Fc, 3

where mp is the mass of the deadwood log. ; F; is the grav-
itational force and ; F. is the sum of all contact forces be-
tween the log and the terrain. The air resistance is neglected.
Accordingly, the time evolution of x 2 obeys Euler’s equa-
tion:

KOsk xR X xOsx R = g M, 4

where g @ defines the inertia tensor for the log expressed in
the frame K, and g M g is the net torque generated by contact
forces acting on the boundary of the log. The geometry of
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the log is approximated by a point cloud defining a polytope.
Each vertex may come in contact with the terrain, inducing a
contact force at that vertex. The contact forces of all vertices
are assembled in a tuple A. When the sliding log is not in con-
tact with the terrain or surrounding trees, both ; Fc and x M g
are zero. The equation of motion of the sliding deadwood can
be summarised as:

Mii — h(q.u) =W(q) A

mRr I3x3  03x3
M=
[ 033 kOg } . ©)
h(g.u)y=( 1Fg, —kRxgO5kQ)

Here, M is the diagonal mass matrix, k(q,u) contains the
forces acting on the centre of mass (i.e. gravity and gyro-
scopic terms) and W(q) is the matrix of generalised force
directions that transfers all the contact forces at the vertices
on the log boundary to a corresponding force and torque at
its centre of mass. Equation (5) together with contact laws is
solved iteratively using Moreau’s time-stepping scheme with
a Gauss—Seidel iteration method (Studer, 2008).

3.3 Contact and impact laws

A contact between the log and the terrain is detected when-
ever at least one vertex of the log lies on or below the terrain
surface (Leine et al., 2014). At every contact point, a local
contact frame is defined with one normal and two tangential
directions relative to the terrain surface. In the contact nor-
mal direction, the Signorini condition correlates the normal
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contact force AN and the normal gap gn as follows:
0<inlgn=0. (6)

The two tangential directions are mutually orthogonal and
span the local tangent plane, while their orientation within
this plane is arbitrary. The tangential contact behaviour
within this plane is governed by the spatial Coulomb friction
law:

, e { {0} ifAr] < [juAnll, sticking
7T

. o 7
RyAr if|A7ll = luinl,  slipping @

where p is the sliding friction coefficient. The negative
sign indicates that the resulting tangential contact force al-
ways acts opposite to the relative tangential contact velocity
within the terrain tangent plane. The contact force vectors
A= (k;i AN,,‘)T for 4 vertices are visualised in Fig. 2c.

Additionally, the hard contact approach requires an impact
law, which, in combination with an impact equation, defines
a mapping from pre- to post impact velocities. The impact
law used for this model is based on the Newtonian impact
law, which includes two cases (Leine and van de Wouw,
2008):

Y +enyy =0 A AN>0 (8)
YN Fenyy =0 A AN=0 ©)

where y and yl:}' are the normal pre- and post-impact ve-
locity components, and ey is the normal restitution coeffi-
cient. The first case corresponds to an active impulsive con-
tact force AN > 0 whereas the second case describes a sepa-
ration induced by impacts at other contact points. Consistent
with rockfall modelling, we use a normal restitution coeffi-
cient of ey = 0, following the underlying rockfall model.

3.4 Interaction with standing trees and barriers

The contact detection between a sliding log and standing
trees follows the algorithm by Lu et al. (2021), with its in-
teraction also considered as hard contact. The standing trees
are modelled as rigid, truncated cones with a DBH and hg
(see Fig. 2a). The energy dissipation caused by the uprooting
and swaying of standing trees during an impact is not consid-
ered. Unlike the original tree model for rockfall applications,
the standing trees do not have an energy threshold indicating
a breaking failure during impact because of the assumption
that the sliding deadwood will always break before the stand-
ing tree.

In addition, we include existing rockfall barriers in the
model as thin, platy obstacles with the same impact be-
haviour as the standing trees. The barriers are rigid, have an
infinite energy threshold and follow hard contact mechanics.

4 Simulation setup

Due to the geometry of a log, the two main types of motion
are either a sliding motion in the direction of the longitudinal

https://doi.org/10.5194/nhess-26-4843-2026

axis, as shown in Fig. 2a or rolling around the longitudinal
axis. Sliding requires either a steep slope or a low friction co-
efficient, while rolling is also possible on gentle slopes with
high friction. However, in forested areas with standing trees,
which is generally the case when considering the hazard of
sliding deadwood, the standing trees will catch and block a
rolling log. Therefore, sliding is the key process considered
in this paper.

Fully deterministic models, such as the proposed one, re-
quire stochastic initial conditions to enable a statistical analy-
sis of the results (Christen et al., 2012). In rockfall modelling,
this is commonly achieved by varying the release locations
or, if the rock shape is considered, by varying the initial ori-
entation of the rock. For sliding deadwood, orientation varia-
tions mainly cause immediate interception by standing trees
if logs are not aligned downslope. Therefore, the only way to
introduce statistical variability is to use small spatial pertur-
bations in the initial deadwood positions. To implement this,
circular release polygons with a radius of 10 m are defined
around the mapped release locations, within which the initial
positions of the deadwood are randomly generated.

For the Klosters case study, the mobilised logs have a DBH
of 75cm and a length of 75 = 30 m, measured from the de-
position of the first event (Fig. 1c). For Rothenbrunnen, the
deadwood geometry is estimated from photographs of the de-
position, yielding a DBH of 30 cm and a length of hg = 15m.
For both case studies, the density of the released deadwood
logs is assumed to be pg = 300kgm~3. The initial orienta-
tion of the deadwood is always vertically upright. At the start
of the simulation, the logs automatically align with the direc-
tion of steepest descent due to the low friction of the terrain
(Fig. 2a).

It is important to note that, in reality, these initial condi-
tions are considerably more complex. Mobilised snags may
fall in any arbitrary direction, resulting in a variety of differ-
ent initial momenta, whereas mobilised logs have no initial
momentum at all, but still show a wide variety of initial ori-
entations. In this paper, we generalise these initial conditions
and focus on describing the sliding run-out behaviour given
that the deadwood is mobilised.

The locations, DBH, and heights of the standing trees were
derived using airborne laser scan (ALS) data from swis-
stopo (2020-2024), employing a single tree detection ap-
proach from Dalponte et al. (2015). Details on the deter-
mination of individual tree locations and heights are pro-
vided in Bast et al. (2025b). The DBH was then derived by
applying an allometric power function to the detected tree
heights, using parameter sets calibrated for the correspond-
ing forest ecoregion and altitudinal vegetation zone (Biihrle
et al., 2026). The dataset containing the locations, DBH, and
heights of the individual trees used in this study is published
in Bast et al. (2025a). In addition to the simulation with the
actual forest, we also analyse a randomly generated forest
with uniformly distributed tree positions based on the ob-
served forest density and with DBH and tree heights sam-
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pled from normal distributions fitted to the values derived
from the ALS in order to discuss the influence of forest struc-
ture. For Klosters, the ALS-based analysis yields a forest
density of 300 stemsha~!, with DBH normally distributed
with a mean of uppy = 60.23 cm and a standard deviation
of oppy = 18.64 cm. For Rothenbrunnen, the corresponding
forest density is 315 stemsha~!, with DBH normally dis-
tributed with a mean of upgy = 44 cm and a standard devia-
tion of opgy = 22 cm. Finally, an additional scenario without
forest is simulated to isolate and assess the protective effect
of the forest itself.

These scenarios are compared using two main metrics.
First, we quantify the relative frequency p of reaching the
infrastructure impacted in the observed event as

Nreach
N tot

p= , (10)
where Nreach 1s the number of logs reaching the infrastruc-
ture and Ny is the total number of released logs. Second,
we compare the lateral spread A6 of the individual events,
which we define as the widest angle between any two depo-
sition points when viewed from the release area

A6 = max(6;) — min(6;), (11)

where 6; is the azimuth angle of each deposition point (x;, y;)
relative to the release point (xg, yo).

All simulations are performed on a 0.5 m DEM from 2023
(swisstopo, 2020-2024). The trajectories resulting from the
3D simulations are evaluated on the same 0.5 m grid as the
DEM. We include the shape of the logs in this evaluation,
which means that a trajectory is treated as the envelope of
a moving polygon and not as a line without width. Conse-
quently, at each time step, a simulated trajectory affects all
cells that overlap any part of the deadwood geometry, not just
its centre of mass. The model is implemented in the existing
software RAMMS::Rockfall (Christen et al., 2014), which is
used as a base framework for all simulations.

5 Simulation of case studies
5.1 Klosters, Graubiinden (CH)

Given the initial conditions derived in Sect. 4, the only un-
known model parameter left is the friction coefficient w. The
observed deposition pattern can be reproduced with a friction
coefficient in the range of y = 0.2-0.3. With higher friction,
the road cannot be reached by the sliding deadwood. With
lower friction, the logs do not stop on the road and continue
sliding. The corresponding simulation results for a friction
coefficient of u =0.25 are shown in Fig. 3a. We assume that
all four events occurred with the same deadwood geometry
and the same friction coefficient. The simulated deadwood
logs show average velocities of 14 ms~! with maximum ve-
locities reaching 30 ms~!. Out of the 20000 simulated logs,
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1829 reach the national road, as determined by counting the
number of trajectories intersecting the pink reference line
shown in Fig. 3. This corresponds to a relative frequency of
9.1 % according to Eq. (10). The lateral spread, calculated
using Eq. (11), amounts to 40, 60, 60, and 55° for events 1—
4, respectively. Figure 3b presents the simulation results un-
der the same conditions as Fig. 3a, but with all newly im-
plemented protection measures in place. In the depicted sec-
tion, these measures include two embankments and six rock-
fall barriers completed in 2024, which successfully reduce
the relative frequency of reaching the road to 0 %. Figure 3c
shows the simulation results for the scenario with a randomly
generated forest based on the forest density as well as the
DBH and tree height distributions obtained from the ALS
data. In this case, the relative frequency of reaching the road
is reduced to 7 % without a change in lateral spread compared
to the case with the real forest structure. An exemplary mag-
nified section below the first release polygon highlights the
structural differences between the real forest (Fig. 3e) and the
randomly generated forest (Fig. 3f). Lastly, Fig. 3d presents
the scenario without any standing trees. In this case, the rela-
tive frequency of reaching the road increases to 74.5 %, while
the lateral spread for events 1-4 amounts to 23, 31, 25, and
18°, respectively.

5.2 Rothenbrunnen, Graubiinden (CH)

We can verify the hypothesis of the log jumping over the
rockfall barrier by fitting a flight parabola between the pre-
sumed take-off and landing points. To obtain the 3D coordi-
nates of the mapped points, they are projected onto a 0.5 m
DEM. Since the log was sliding, the lift-off angle must have
been equal to the local slope angle. We assume that only
gravity acts on the log and that the longitudinal axis of the
log is always parallel to the resulting velocity vector. The
two projected points, together with the take-off angle, de-
fine a unique flight parabola. This parabola passes over the
rockfall barrier (see Fig. 4c), which proves that such a jump
is indeed possible. In addition, the uniquely defined take-off
velocity of 24ms~! is within realistic bounds. In order to
reach the required take-off velocity to jump over the barrier
with the proposed 3D model, a friction coefficient of i < 0.3
is required, which corresponds to the same maximum allow-
able friction to reconstruct the events in Klosters. Contrary
to the Klosters case, however, it is not possible to derive a
minimum required friction, as the log was not stopped grad-
ually by friction between log and terrain but abruptly by a
guardrail. The 3D simulations confirm that it is possible that
a mobilised tree jumps over the rockfall barrier. According to
the simulation shown in Fig. 4a, 1442 of the initially 20 000
released logs reached the southernmost barrier of which 1264
were stopped and 178 jumped over. This results in a rela-
tive frequency of the observed event of 0.9 % according to
Eq. (10). This frequency is small but reasonable given the
fact that such an event has never been recorded despite the
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Figure 3. Reconstruction of the four events in Gruobenwald, Klosters (CH) with a friction coefficient of u =0.25. The colours indicate how
many of the 20 000 released logs intersect their motion with each 0.5 x 0.5 m grid cell, revealing preferential sliding paths of the deadwood.
(a) Simulation without protection measures and ALS-based tree locations. (b) Simulation with protection measures finished in 2024 and
ALS-based tree locations. (¢) Simulation without protection measures and randomly generated forest. (d) Simulation without protection
measures and no forest. Two magnified sections below release 1 reveal the differences of the forest structure between ALS-based forest (e)
and randomly generated forest (f). Map and hillshade from swisstopo (2020-2024).

high number of mobilisations observed. A plausible 3D tra-
jectory of the observed event can be found in Appendix A,
Fig. A2. Additionally, we can demonstrate the efficiency of
the existing rockfall barriers by removing all protection mea-
sures in a simulation (see Fig. 4b). In this case, 4658 logs
(23.3 %) reach the road.

https://doi.org/10.5194/nhess-26-4843-2026

6 Discussion
6.1 Factors promoting deadwood sliding hazards

The documented cases of sliding deadwood highlight three
key factors contributing to the risk of sliding deadwood
impacting infrastructure below: (1) low friction; (2) steep
slopes; and (3) early-stage wood decomposition.

Low friction either occurred due to terrain conditions (e.g.
wet soil, snow, foliage cover), the condition of the deadwood
(wet log without bark and branches) or a combination of
both. Physically, a sliding movement is possible for a friction

Nat. Hazards Earth Syst. Sci., 26, 48434859, 2026
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Figure 4. Reconstruction of the 2022 event in Plattawald, Rothenbrunnen (CH). All simulations were done with 20 000 randomly distributed
upright logs within the release polygon and a friction coefficient of u =0.25. The colours indicate how many of the 20 000 released logs
intersect their motion with each 0.5 x 0.5 m grid cell, revealing preferential sliding paths of the deadwood. (a) Simulation with ALS-based
tree locations and rockfall barriers. (b) Simulation with ALS-based tree locations without barriers. (¢) Profile view in the vicinity of the
presumably overjumped rockfall barrier with fitted flight parabola. Map and hillshade from swisstopo (2020-2024).

coefficient of u < taniyr, where v is the slope inclination.
The proposed model can reconstruct both case studies with a
friction coefficient in the range of i =0.2-0.3, which there-
fore describes the typical contact friction between wet terrain
and a wet log without bark and branches. A friction coeffi-
cient of = 0.3 means that under these conditions, a mobil-
isation is theoretically possible at slope angles i > 18°. For
a slope angle of 30°, a mobilisation is possible for u < 0.58.

All events occurred in very steep forests with slope an-
gles ¥ > 35°. While this is directly linked to the first crite-
rion, slope angle warrants a separate discussion. In a typical
multibody simulation of relatively smooth contacting bodies,
the Coulomb friction model is used to account for sliding re-
sistance due to various abrasive processes which take place
on a microscopic scale. These frictional processes are highly
complex, depend heavily on the microscopic roughness, and
are quite bluntly described by the Coulomb friction model
through a single parameter, being the friction coefficient .
In the modelling of sliding deadwood (and also rockfall), the
macroscopic roughness is modelled through the chosen res-
olution of the DEM. The roughness effects which fall below
the resolution of the DEM are to be accounted for by the
Coulomb friction model. This macroscopic roughness of the
DEM implies that very steep forests with ¢ > 35° are a re-
quirement for deadwood mobilisation even though the cali-
brated p = 0.2-0.3 suggests a minimum required slope angle
of 12—18°. This also implies that the calibrated u is only valid
for the DEM resolution of 0.5 m and should be increased ac-
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cordingly when working with lower resolution DEMs. A sen-
sitivity test for the Gruobenwald case study showed that the
relative reach frequency of the national road increased from
the initial 9.1 % for the 0.5 m DEM to 9.5 % and 18 % for
the 2 and 5 m DEMs, respectively, when using the same fric-
tion coefficient of 0.25. This illustrates the effect, although
its magnitude most likely depends on the terrain roughness
present at a given site.

All of the recorded events occurred with fresh deadwood
with early-stage wood decomposition. More specifically, the
decay was advanced to the point where the trees have lost
their branches and bark to reduce sliding friction. At the same
time, the trees still showed sufficient structural strength so
that they did not break on impacts while sliding. Accord-
ing to the decay stage classification by Maser and Trappe
(1984), this deadwood state corresponds to a late stage II or
early stage III. In this critical decay stage, a pocket knife
can penetrate the wood only in the direction of the fibres
but not in perpendicular direction (Lachat et al., 2014). For
a case study on a spruce forest with bark beetle infestation,
this critical decay stage was reached 2—5 years after death
(Ammann, 2006). The critical time period, however, heavily
depends on the tree species. Herrmann et al. (2015) showed
that beech has significantly higher decay rates than spruce
or pine. Additional influencing factors are the stem diameter
(Holeksa et al., 2008), temperature, humidity and contact to
the ground (Petrillo et al., 2016). Distance to the ground may
affect local moisture conditions and accessibility for micro-
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bial colonisation, particularly at low heights and where dense
vegetation, such as shrubs, tall herbs or grasses, surrounds
the dead stems. Perez et al. (2022), for example, included
sample distance to ground as a potential predictor of dead-
wood decay. While they did not find a significant effect, they
noted that this variable was measured only at the time of sam-
pling, although it is temporally variable, and that multi-year
averages may better represent the conditions experienced by
a log throughout the decay process. This is particularly rel-
evant in the present context, as branches may break and the
stem may settle closer to the ground over time, potentially in-
creasing moisture availability and contact with decomposer
communities and thereby accelerating decay. Slope exposure
represents another relevant but complex site factor. Expo-
sure can influence both temperature and moisture, which may
have opposing effects on decay rates. South-facing slopes
may favour decay through higher temperatures and longer
biologically active periods. However, they may also lead to
faster drying of stems, potentially constraining decomposi-
tion, whereas north-facing slopes may favour decay through
higher humidity and more favourable conditions for fungal
activity (Bardelli et al., 2018).

This critical decay stage also explains why the majority of
deadwood mobilised in the presented events were snags trig-
gered by an active mobilisation mechanism (e.g. windthrow,
rockfall, snow weight or logging). Only in the Rothenbrun-
nen case study, it is unclear from the documentation whether
the deadwood was initially standing or lying. Active mobil-
isation is important especially for snags because if a snag
falls purely due to decay without any additional loads, it is
very likely that it will immediately break apart on impact and
therefore cannot slide over long distances. Lying deadwood
may also be mobilised at sufficient structural strength (e.g. by
rockfall or erosion). However, since it has already withstood
a major mobilisation event when the respective tree or snag
initially fell, it must be held back by significant resistance,
such as terrain roughness, blocking trees, or other deadwood,
making remobilisation inherently more difficult. In fact, ly-
ing deadwood may even help reduce the hazard potential of
sliding deadwood, as it acts as a natural barrier, blocking
or slowing down mobilised logs, provided it is itself firmly
locked in place.

While all three factors are prerequisites for risks from slid-
ing logs, local natural conditions can vary significantly. The
first case study shows a typical critical combination of condi-
tions which fulfil all the criteria for sliding deadwood, where
a steep forest with previous bark beetle infestation led to sev-
eral snags without bark and branches (reduced friction) and is
later hit by a storm (reduced friction due to rain, active mo-
bilisation mechanism due to wind). The second case study
shows that wet snow can also be critical, as it causes me-
chanical stress on trees and at the same time reduces friction.
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6.2 The role of forest structure

Standing trees influence sliding deadwood in two distinct
ways, each affecting the hazard differently. On the one hand,
trees act as effective physical barriers that can block or arrest
sliding logs, particularly when the longitudinal axis of a log
is misaligned with its velocity vector. This protective effect is
clearly reflected in the simulation results. In the Klosters case
study, the relative frequency of sliding logs reaching the road
increases from 9.1 % for the simulation with standing trees
to 74.5 % when the forest is removed. In the Rothenbrunnen
case study, this frequency increases from 23.3 % with stand-
ing trees to 100 % without forest (see Appendix A, Fig. Al).
These results demonstrate that the forest itself represents a
highly effective protective measure against hazards caused
by its own mobilised deadwood.

On the other hand, standing trees can deflect sliding logs,
increasing lateral spread. Due to their elongated shape, logs
can traverse slopes over long distances and often deviate sub-
stantially from the steepest descent direction. Once a log en-
ters a traverse motion, realignment with the fall line becomes
unlikely, as its length and repeated interactions with standing
trees hinder rotational adjustment. In the Klosters case study,
the simulated lateral spread amounts to 40, 60, 60, and 55°
for events 1-4. When the simulations are repeated without
forest, the lateral spread decreases to 23, 31, 25, and 18°, re-
spectively. For the Rothenbrunnen case study, the same com-
parison shows a reduction in lateral spread from 49 to 18°
(see Appendix A, Fig. Al).

A key observation from the events in Klosters is that the
deadwood tends to slide further when the simulation is run
with tree locations and DBH from the ALS instead of a ran-
domly generated forest with the same tree density and DBH
distribution. For the simulation shown in Fig. 3a, the relative
frequency of reaching the road decreases from 9.1 % with
the ALS tree data to 7.0 % with the randomly generated for-
est. The reason for this decline is that the preferred path of
the sliding deadwood is determined by the micro-topography
(e.g. sliding in ditches, valleys, gullies). In a randomly gen-
erated forest, these preferred paths can be blocked by stand-
ing trees. In reality, however, these gullies are often treeless
or less densely forested due to rockfall, avalanche dynam-
ics, and other channel processes, as well as unfavourable site
conditions related to persistent snow cover and competition
from herbaceous vegetation (Barbeito et al., 2012). The com-
parison between Fig. 3e and f highlights the importance of
using ALS—derived tree locations: while the preferential slid-
ing path is largely vegetation-free in the real forest, it is ob-
structed in the randomly generated forest, leading to an un-
derestimation of the hazard potential.

In contrast, the Rothenbrunnen case study shows a smaller
difference between simulations using ALS tree data and
a randomly generated forest. For the simulation shown in
Fig. 4b, the relative frequency of reaching the road even in-
creases slightly from 23.3 % with the ALS tree data to 23.8 %
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with the randomly generated forest (Appendix A, Fig. Al).
This negligible difference can be explained in this case by
the fact that there are no clear preferential sliding paths in
gullies that could be blocked by randomly generated trees.
This suggests that in non-channelised terrain, precise tree lo-
cations are less important, as there are no distinct preferential
sliding paths that could be blocked by randomly placed trees.
Nonetheless, individual tree data remains valuable for accu-
rately determining forest stem density.

These results furthermore suggest that the spatial corre-
lation between forest structure and terrain-controlled prefer-
ential process paths may also be relevant for rockfall mod-
elling, as rocks, similarly to sliding deadwood, tend to follow
preferential paths controlled by the terrain. With increasingly
detailed forest data and improved processing methods (Bast
et al., 2025b; Biihrle et al., 2026), explicitly accounting for
exact tree locations and forest structure could therefore rep-
resent a promising direction for future hazard assessments.

6.3 Sliding deadwood in the context of other natural
hazards

Steep mountain forests, where sliding deadwood is possible,
often serve as protection against natural hazards. These areas,
prone to sliding trees, are thus typically also exposed to rock-
falls, avalanches or landslides. Compared to rocks in rock-
fall hazard scenarios, deadwood logs have a less favourable
shape, lower strength and density than rocks, generally re-
sulting in reduced velocities, kinetic energies and run-out
distances. This may suggest that, in most cases, the danger
from sliding deadwood plays a relatively minor role in the
planning of protective measures such as barriers or embank-
ments. However, there are some conditions where a hazard
analysis of sliding deadwood should be considered:

1. According to our work, the risks posed by sliding dead-
wood in protection forests and natural hazard manage-
ment are relevant only in specific situations. In most
forested areas with relatively gentle slopes (< ~35°)
and high roughness, deadwood can mitigate rockfall and
avalanche risks and support sustainable forest regener-
ation (Ringenbach et al., 2022b; Caduff et al., 2022).
However, along steep gullies with low surface rough-
ness, it may be necessary to assess whether removing
dying or dead trees or actively cutting and securing them
across the slope is appropriate to reduce overall gravita-
tional hazard risks.

2. Simulations with the proposed model show that sliding
deadwood can deviate significantly from the steepest
descent suggesting a greater lateral spread than rock-
falls. When the simulation shown in Fig. 4b is per-
formed with rocks and ground parameters calibrated for
a spruce/beech forest (Ringenbach et al., 2023), the re-
sulting lateral spread decreases from 49° for the dead-
wood simulation to 40° for a 1 m? platy rock and 35°
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for a 1m? cubic rock. This means that deadwood may
reach unprotected infrastructure by traversing a slope.

3. Despite only few documented cases, the risk to roads,
buildings, and infrastructure from sliding deadwood is
expected to increase with the rising frequency and in-
tensity of natural disturbances (Seidl et al., 2017)

4. Under the specific conditions which potentially enable
deadwood to slide, protective structures must be de-
signed to stop slender objects such as sliding deadwood.
This is particularly critical for ring nets with large ring
diameters. Besides the possibility of passing through the
mesh, longitudinal log impacts may also concentrate the
load on a relatively small frontal area, resulting in more
localised loading of the net than typical block impacts.
Furthermore, depending on the deposition configuration
of a log stopped by a rockfall barrier, not clearing the
deadwood from the net can lead to a reduction in the
braking distance and thus to a lower energy absorption
capacity for future rockfall events.

In both case studies, sliding deadwood reached infrastruc-
ture despite protective measures. In Klosters, this was due to
outdated protective structures (wooden palisades) or a lack
of protective measures in some places. In Rothenbrunnen,
deadwood was able to jump over a barrier positioned below
a terrace. When considering implications for natural hazard
management, it is important to note that: (1) a rockfall in both
cases could have caused similar or greater damage, and (2)
perfect protection is hardly ever guaranteed due to construc-
tion constraints like barrier height or length. Nevertheless,
the comparisons between scenarios with and without protec-
tion, as shown in Figs. 3 and 4, highlight the overall effi-
ciency of the current measures. Although events involving
sliding deadwood highlight significant hazards and, depend-
ing on topography, can expand the lateral extent of risk zones,
the need for additional structural measures must be carefully
evaluated.

6.4 Implications for forest management

The decision to leave deadwood in the forest depends on
the local natural conditions, the relative importance assigned
to biodiversity and various forest functions and potential ef-
fects on subsequent disturbances (Costa et al., 2021; Lev-
erkus et al., 2021). Regarding the deadwood’s role in natu-
ral hazard protection, its changing effects over time are par-
ticularly significant (Caduff et al., 2022). Ammann (2006)
showed from large-scale laboratory tests that the fracture im-
pact energy of a log is reduced by up to 89 % in 8-10 year
old deadwood with rot fungus compared to fresh deadwood.
As the structural strength is also important for the protec-
tive effect of deadwood, the age of the deadwood is linked
to competing positive and negative effects, emphasising the
need for an integral view on deadwood from a forest manage-
ment perspective. Deadwood in its earliest stages shows high
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structural strength and thus a high protective effect against
rockfall and avalanches, but temporarily offers often suitable
habitat for bark beetles in spruce-dominated forests (Wer-
melinger, 2004). In a later decay stage (2-5 years after death
for spruce), structural strength and protective effect still re-
main intact, while at the same time, the hazard of sliding
logs increases. In the advanced decay stage (54 years after
death in spruce), the risk of sliding deadwood decreases, but
so does its protective effect. Conversely, the ecological value
of deadwood continues to increase, particularly as a habitat
and, typically after more than 20 years (Piazza et al., 2024),
as a substrate for seedling establishment, thereby promoting
forest regeneration.

This trade-off also applies spatially. Although deadwood
logs in gullies have a higher sliding hazard potential, they
also offer increased protection against other natural hazards.
For rockfall, these gullies are preferred rolling paths and
therefore an optimal location for a natural barrier. In the case
of avalanches, deadwood logs stabilise the snow cover in
these less vegetated areas (Schonenberger et al., 2005; Bag-
gio et al., 2022). Our study sheds light on an often over-
looked but, in specific situations, important effect of dead-
wood, helping to decide where and when retaining deadwood
is overall beneficial, and where alternative management ap-
proaches, such as removal or controlled relocation and sta-
bilisation, may be more appropriate. The targeted felling and
stabilisation of trees as protective structures was extensively
investigated by Olmedo Manich (2015). The configuration of
such structures can be optimised, for example by supporting
and securing felled trees on stumps or standing trees using
wire cables, to enhance their protective effect against rock-
fall while preventing subsequent downslope mobilisation.

In addition, the strong protective effect of standing trees
against sliding deadwood implies a spatial differentiation
of hazard within forested slopes. Logs mobilised high on a
forested slope still traverse a long forested runout path and
therefore have multiple opportunities to be intercepted by
standing trees. In contrast, logs mobilised in the lower parts
of the forest encounter little or no forest remaining downs-
lope, which substantially increases the likelihood of reaching
exposed infrastructure. This suggests that snags and dead-
wood located in lower forest sections that are still sufficiently
steep may require particular attention in hazard assessments,
and that interventions such as felling should be carried out
with caution in these areas.

6.5 Model limitations and remaining uncertainties

Despite the high level of process detail incorporated through
a physically based modelling framework coupled with high-
resolution ALS tree data, several limitations remain. Firstly,
sliding deadwood is represented as rigid bodies that do not
fracture upon impact. While this neglects potential break-
age at advanced decay stages, it is fully consistent with the
objective of this study. The purpose of the model is not to
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simulate all possible deadwood conditions, but to quantify
runout, lateral spread, and hazard potential under those spe-
cific conditions that make sliding deadwood hazardous. As
shown in Sect. 6.1, these conditions correspond to a narrow
decay-stage window in which sufficient residual structural
strength is still present to allow long-distance transport with-
out immediate fragmentation. The model is therefore explic-
itly conditioned on a prior assessment of decay stage: only
logs that fall within this critical structural state are considered
potential hazards and simulated. Under this premise, assum-
ing non-breaking rigid logs is appropriate. At the same time,
this assumption yields conservative, worst-case estimates of
runout and impact frequency, since even structurally strong
logs may still break depending on impact velocity and con-
figuration. Logs in more advanced decay stages are expected
to fragment early and thus pose a substantially lower hazard,
but are outside the intended scope of the present model.

The rigid-body representation furthermore neglects flex-
ural deformation of the log during impacts. In reality, long
stems may bend and temporarily store strain energy, which
may subsequently be dissipated or released and thereby in-
fluence the post-impact translational and rotational motion.

The initial conditions of the simulations introduce an ad-
ditional limitation. Logs are released in a simplified, upright
configuration and randomly positioned within the specified
release area, without explicitly modelling the true mechani-
cal triggering process or the transition from toppling to slid-
ing. This idealisation may influence the very early phase of
motion, particularly the initial orientation of the log. How-
ever, this is fully consistent with the intended application of
the model: the mobilisation potential of deadwood is first as-
sessed based on decay stage, terrain inclination, and local site
conditions. The simulation tool is then applied under the ex-
plicit condition that mobilisation is already deemed possible,
in order to quantify runout and lateral spread. This separa-
tion between mobilisation assessment and runout modelling
follows standard hazard-modelling practice.

Additional simplifications include the rigid and indestruc-
tible representation of standing trees, which neglects energy
dissipation due to tree swaying, uprooting, breaking or soil—
root interactions during impacts. This again leads to slightly
conservative estimates of runout and lateral spread. Further-
more, friction is represented by a single effective Coulomb
coefficient that implicitly incorporates microscopic surface
roughness effects. As discussed in Sect. 6.1, this parameter is
resolution-dependent and valid only for the DEM resolution
of 0.5 used in this study. Despite these limitations, the model
reliably reproduces the observed deposition patterns of doc-
umented events and fulfils its intended purpose: providing
conservative, physically consistent estimates of runout and
lateral spread conditional on a prior mobilisation assessment.

The number of well-documented sliding deadwood events
remains small, and the recurring patterns identified in the pre-
sented case studies should therefore not be interpreted as an
exhaustive description of all possible controls. The observed
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events consistently indicate the importance of low friction,
steep terrain, and a suitable decay stage, but additional mech-
anisms may become relevant under different site or tree con-
ditions.

One such aspect is the influence of branches, which may
introduce competing effects on sliding mobility. They may
partially suspend the stem above the ground and help bridge
terrain roughness or obstacles, but may conversely increase
resistance through interlocking with terrain or standing trees
or even penetrating into soft ground. The balance between
these mechanisms is likely to depend on terrain roughness,
local obstacles, forest structure and crown architecture of the
sliding tree. In the presented case studies, all sliding events
involved branchless logs, while terrain roughness along the
main sliding paths appeared to be of secondary importance.
This supports the interpretation that the very low friction of
smooth, barkless and wet stems was particularly important
under these conditions. At other sites with more pronounced
roughness or different crown architectures, the influence of
branches may differ.

Additional mobilisation mechanisms may also occur be-
yond those observed in the presented case studies. Rockfall
impacts, for example, could plausibly act as an active mobil-
isation mechanism if the other necessary predispositions are
met. Unlike mobilisation by wind or snow load, a rockfall
impact may additionally transfer momentum to the stem and
thereby alter its initial motion. These triggering mechanics
are not resolved by the present model, which idealises the
initial conditions and focuses on runout after mobilisation.

Further systematic documentation of future events would
therefore be valuable for testing the generality of the patterns
identified here and for better constraining these additional
mechanisms.

6.6 Model usage and transferability

The sliding deadwood model can be applied directly by any
user with access to RAMMS::Rockfall, without requiring
code-level modifications or a special software version. A
simulation is set up following the standard rockfall workflow,
including the definition of release areas and forest. To sup-
press scarring effects, the ground mechanical properties are
set to a high Mg (e.g. Mg = 1000 MPa) and a zero drag coef-
ficient (Cp =0). The friction coefficient of the slope is then
defined by manually editing the input XML file and setting
min=MUmax €qual to the desired effective Coulomb friction
coefficient.

The geometry of the sliding log is generated externally,
for example using a Python script, based on a chosen DBH
and log length, which can then be imported as a custom rock
shape in RAMMS.

The presented sliding deadwood model is physically tai-
lored to a rigid-body solver that explicitly resolves frictional
contact and interactions with individual trees. In principle, it
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can only be transferred to numerical frameworks that fulfil
three essential requirements:

1. Representation of the moving object as an extended
rigid body rather than a lumped mass or spherical parti-
cle

2. Explicit resolution of contact forces and Coulomb fric-
tion in 3D, allowing for physically consistent sliding
motion

3. Discrete representation of individual standing trees as
geometric obstacles

If sliding deadwood were approximated as a lumped mass
or spherical particle, as is done in many existing models, the
simulation would lose all information on object orientation,
contact length, and rotational resistance. Characteristic dead-
wood behaviour such as long-distance basal sliding, lateral
deflection due to asymmetric contact, and alignment of the
stem with the local slope would therefore be physically mis-
represented. This would systematically bias runout distances
and lateral spread. Models allowing non-spherical, simplified
rock geometries (Dorren, 2024; Agliardi and Crosta, 2003;
Andrew et al., 2012; Noél et al., 2021) could, in principle, be
adapted to represent logs as elongated ellipsoids or cylinders,
but they lack a rigid-body physics engine to resolve the con-
tinuous orientation and alignment of the log. In addition, they
rely on restitution-coefficient-based impact behaviour, which
cannot represent the low-impact, friction-controlled dynam-
ics of sliding logs.

Rockfall models with a physical rigid-body framework,
such as the model by Yan et al. (2020) or Rocfall3 (Roc-
science Inc., 2024), could in principle reproduce the sliding
behaviour of the logs if the log geometry were explicitly in-
corporated into the model. However, these models do not
represent forests with distinct individual trees. In this case,
the strong directional control exerted by individual standing
trees is lost. The simulations in this study show that single
tree impacts dominate lateral deflection, trajectory splitting,
and final deposition patterns of sliding logs. Without explicit
trees, both lateral spread and estimated reach probabilities
would be systematically biased.

Beyond rockfall-specific software, general-purpose rigid-
body and nonsmooth contact solvers such as Siconos (Acary
et al., 2019) or physics engines such as pyBullet (Coumans
and Bai, 2016-2020) would, in principle, satisfy the mechan-
ical requirements for sliding deadwood. However, applying
these tools to natural hazard assessment would require re-
building all essential components for terrain handling, for-
est representation, stochastic release generation, and hazard-
relevant post-processing, making them impractical for imme-
diate operational use.

https://doi.org/10.5194/nhess-26-4843-2026



J. Borner et al.: Simulation of sliding deadwood logs in mountain forests

7 Conclusions

The findings from our case studies highlight the key fac-
tors influencing the hazard of sliding deadwood: low friction,
very steep slopes, and early-stage wood decomposition. Our
model successfully reconstructs observed events with a fric-
tion coefficient in the range of © =0.2-0.3 on a DEM reso-
lution of 0.5 m, reinforcing the importance of surface condi-
tions and terrain roughness in deadwood mobilisation. While
very steep slopes (> ~ 35°) are a prerequisite for sliding, lo-
cal surface roughness significantly impacts the threshold at
which movement occurs. The study further emphasises that
deadwood in a critical decay stage (2-5 years after death
for spruce) exhibits reduced friction while still maintaining
sufficient structural integrity to slide long distances without
breaking upon impacts. In all presented cases, these condi-
tions were a result of an active triggering mechanism, such as
storms, snow loads, rockfalls or logging. The observed events
indicate that snags pose the greatest hazard due to their ini-
tial momentum when falling. Lying deadwood may also be
mobilised in less frequented cases, but can also serve as a
natural barrier, blocking or slowing down sliding deadwood.
These findings underline that sliding deadwood represents a
relevant hazard only under a narrow combination of condi-
tions and does not constitute a widespread or persistent risk
in most forested slopes.

Our results demonstrate that forest structure plays a cru-
cial role in sliding deadwood dynamics, affecting both run-
out distances and the lateral spread of logs. The presence of
standing trees can either block movement or deflect logs. The
simulations clearly show that standing trees provide an ef-
fective first line of protection against hazards caused by their
own mobilised deadwood. Removing forest cover leads to a
drastic increase in relative reach frequencies, demonstrating
that intact forests can substantially limit runout and reduce
the likelihood of sliding deadwood reaching exposed infras-
tructure. Simulations indicate that natural tree distributions,
particularly less densely vegetated gullies, facilitate preferred
paths for sliding logs, a factor that should be considered in
hazard assessments. High-resolution ALS data helps to iden-
tify critical gullies and channels in a forest (which is also
extremely important for other natural hazard processes) and
to correctly determine the spatial distribution of single trees
in these sensitive areas. As a result, measures in protection
forests can be better prioritised, including the early removal
of snags or actively cutting and securing them across the
slope.

Managing deadwood in mountain forests remains chal-
lenging. Areas most susceptible to deadwood mobilisation
often overlap with zones crucial for mitigating other natural
hazards. Likewise, the decay stages at which snags and logs
are most prone to move are the very stages in which their
structural strength still contributes to protection. Although
the framework presented here cannot eliminate these trade-
offs, it supports the identification of the most critical loca-
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tions and deadwood conditions. By applying targeted mea-
sures in these critical areas on deadwood in critical con-
ditions, the hazard of sliding deadwood can be minimised,
while the protective and ecological benefits of deadwood in
mountain forests are largely retained.

Appendix A: Rothenbrunnen supplementary
simulations

This appendix presents additional simulation results for the
Rothenbrunnen case study, analogous to the Klosters case
study (see Sect. 5.1), including scenarios with a randomly
generated forest and without forest. All simulations were per-
formed using the same initial conditions, consisting of 20 000
upright logs randomly distributed within the release polygon
and the same friction coefficient of ;= 0.25.

Figure Ala shows the scenario without any standing trees,
resulting in a relative frequency of reaching the road, accord-
ing to Eq. (10), of 100 % and a lateral spread of 18°. Fig-
ure A1b presents the simulation results for the scenario with
a randomly generated forest based on the forest density as
well as the DBH and tree height distributions derived from
the ALS. In this case, the relative frequency of reaching the
road is 23.8 %, while the lateral spread remains identical to
that of the ALS-derived forest scenario at 50°.

Figure A2 illustrates a representative trajectory from the
three-dimensional simulation that plausibly reproduces the
documented event. The simulated log lifts off near the lo-
cation of the last recorded trace before the barrier due to a
local plateau at a velocity of 27.8 ms~! (compared to the re-
constructed value of approximately 24 ms™'; see Sect. 5.2),
and jumps over the barrier. The simulated trajectory results
in a maximum jump height of 9.9 m, defined as the vertical
distance between the log’s centre of mass and the terrain, be-
fore the log lands on the road close to the first recorded trace
downstream of the barrier.
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Figure A1l. Additional simulations based on the 2022 event in Plattawald, Rothenbrunnen (CH). All simulations were performed with 20 000
randomly distributed upright logs within the release polygon and a friction coefficient of v =0.25. The colours indicate the number of
logs intersecting each 0.5m x 0.5m grid cell, highlighting preferential sliding paths of the deadwood. (a) Simulation without forest. (b)
Simulation with a randomly generated forest. Map and hillshade from swisstopo (2020-2024).
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Figure A2. Three-dimensional simulation of a representative sliding deadwood trajectory at the Rothenbrunnen site. The figure shows the
simulated log position at the time step when the log first touches the terrain after the jump over the barrier. The jump is initiated by a local
plateau upslope of the barrier, leading to a maximum jump height of 9.9 m (measured as the vertical distance between the log centre of mass
and the terrain) and a velocity of 27.8 m s~1 at take-off. Background orthophoto from swisstopo (2020-2024).
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