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Tommaso Baggio a,*, Natalie Brožová b,c,d, Alexander Bast b,d, Peter Bebi b,d, 
Vincenzo D’Agostino a 

a Department of Land, Environment, Agriculture and Forestry, University of Padova, Legnaro, Italy 
b Alpine Environment and Natural Hazards, WSL Institute for Snow and Avalanche Research SLF, Davos Dorf, Switzerland 
c Department of Environmental Systems Science, Swiss Federal Institute of Technology (ETH Zurich), Zurich, Switzerland 
d Climate Change, Extremes and Natural Hazards in Alpine Regions Research Center CERC, Davos Dorf, Switzerland   

A R T I C L E  I N F O   

Keywords: 
Windthrow 
Spatial indices 
Snow avalanche 
Protection forest 
Natural hazard assessment 

A B S T R A C T   

Windstorms are natural disturbances predicted to increase in frequency in the future, with a consequent 
increased risk of damage to forests. Such damage severely affects the forest structure and, therefore, its pro
tection capacity. Previous studies analyzed post event conditions and the recovery time of abated forest within 
study areas smaller than 10 ha, while not accounting for larger spatial scales. In this study, we propose a new 
methodology to provide tools for the spatial assessment and monitoring of protection forests against snow av
alanches affected by large-scale windstorms. Four indices have been used: (i) vegetation height model, (ii) 
surface roughness, (iii) stored volume height and (iv) adapted tree parameters, of which the latter two have been 
specifically developed for this goal. We selected and periodically recorded two windthrow areas using photo
grammetric surveys (deriving dense point clouds) to assess the performance of the proposed indices and to 
investigate the long-term changes in protective effects (Disentis, CH) and the influence of snow cover (Franza, 
IT). Stored volume height and the adapted tree parameters were the best indices to capture the forest conditions 
and standing trees, respectively. The stored volume height was further used to estimate forest protective capacity 
in relation to the snow cover height. Analyzing the Disentis (CH) area, we concluded that the minimum level of 
protective capacity occurs ten years after the storm event. After 29 years, the forest protective capacity against 
natural hazards increased again as forest recovery proceeded. However, special attention should be given to gaps 
between growing trees that may be critical for potential avalanche formation as wood decays. This study pro
vided new insights into the long-term protective efficiency of windthrow forests, introducing two new indices to 
spatially assess and monitors their evolution.   

1. Introduction 

Protection forests are forested areas with designated protective 
functions against natural hazards (Brang et al., 2001). In the Alpine 
region, forests protect against different gravitational hazards, such as 
snow avalanches, rockfalls, shallow landslides and debris flows (Getzner 
et al., 2017). Protection forests stabilize the soil and reduce surface 
runoff, limiting sediment transport (Chandler et al., 2018; Hegg et al., 
2005) and the runout distance of mass flow phenomena (May, 2002; 
Michelini et al., 2017). Regarding snow avalanches, forests reduce the 
formation of homogeneous snowpack and the potentially weak layers 
with altered microclimates (Moeser et al., 2015) and stabilize snowpack 

using the tree stems (McClung and Schaerer, 2006). In the case of 
rockfall, trees and shrubs reduce the runout distance and bounce height 
of falling rocks (Dorren et al., 2005; Rammer et al., 2015). 

However, once protection forests are significantly disturbed, their 
protective function may decrease or become eliminated if the forest is 
severely disturbed (Berger and Rey, 2004). As a result, disturbed forests 
may not provide sufficient protection against cascading effects. A study 
of the remaining postdisturbance protective effects and the time of forest 
recovery is therefore of fundamental importance to adequately assess 
the protective function over time. Furthermore, since forest disturbances 
are expected to increase in the future due to climate change (Allan et al., 
2021; Seidl et al., 2017), the interactions between natural hazards and 
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disturbed forests will be a topic of high relevance in mountainous re
gions (Bebi et al., 2017; Paine et al., 1998). Wildfires, snow avalanches, 
shallow landslides, insect outbreaks and storms are common natural 
disturbances for European forests may affect extensive areas of protec
tion forests. In particular, storms with critical wind speeds produce se
vere and extended damage to European forests (Gardiner et al., 2010; 
Schiesser et al., 1997; Seidl et al., 2014b). Such storms have shown an 
increasing trend in frequency and magnitude in recent decades due to 
legacies of former land use and climate change (Gardiner et al., 2010; 
Seidl et al., 2011). A good example is the Vaia storm that occurred in 
October 2018, which is considered one of the largest wind disturbances 
observed on the southern side of the European Alps in recent times 
(Motta et al., 2018). 

After a windthrow event, fallen trees can provide residual protection 
against natural hazards (Schönenberger, 2002a). Such protection grad
ually decreases due to breakage processes and wood decay (Wohlge
muth et al., 2017). The remaining standing trees together with advanced 
regeneration play a fundamental role in starting natural regeneration 
(Seidl et al., 2014a). After a certain period, new trees can provide effi
cient protection against natural hazards. Between biomass degradation 
and the establishment of new trees, a minimum protection capacity may 
occur (Wohlgemuth et al., 2017). Identification of the residual protec
tive capacity and its temporal evolution together with natural regener
ation are major processes for hazard evaluation and management of 
disturbed forests in populated mountain areas. The assessment of re
sidual protection, the time of minimum level of protection and the 
period of forest recovery is particularly significant in the case of pro
tection forests against snow avalanches affected by disturbance. Some 
studies have investigated the avalanche protection of wind-disturbed 
forests through aerial and field data (Schönenberger et al., 2005; 
Wohlgemuth et al., 2017). They analyzed the damaged tree character
istics (dislocation of lying trunks, log stability and stem height above 
ground) and the regeneration rate (sapling density, species composition 
and protection efficacy) in a maximum period of 24 years since the 
windstorm at different sites in the Swiss Alps. The results reported a 
considerably small number of observed snow avalanches and rockfall 
events, while a higher frequency of shallow landslides and debris flows 
has been recorded (Bebi et al., 2019; Wohlgemuth et al., 2017). The 
reported studies investigated the changes in different forest parameters 
for areas smaller than 10 ha (Schönenberger, 2002a, 2002b). The lo
gistics of continuous sampling in the field over longer periods are time- 
consuming and cost ineffective. Furthermore, the accessibility to 
disturbed forests is demanding, especially over large areas. A spatial 
quantification method applicable at a regional scale to assess disturbed 
forest temporal development for snow avalanche protection over larger 
areas is still lacking. 

The spatial quantification of the protection capacity of forest biomass 
disturbed by a storm event is of crucial importance for hazard mapping 
since pre-event forests can have different stand characteristics (density, 
basal area, mean height, species composition, etc.). On the other hand, 
forests with the same characteristics could be affected by storms in 
separate ways depending on the prevailing wind direction and local 
topography. The resulting irregular surface is characterized by spaces 
between trees where a variable snow volume could be stored, contrib
uting to snow cover stabilization and avoiding the formation of weak 
layers and therefore hindering the release of snow avalanches. In this 
context, some studies reported the analysis of windthrow areas mainly 
based on field surveys. Even if these data are of high interest for the 
hazard assessment of similar windthrow forests, civil authorities and 
practitioners can benefit from the development of spatial indices that 
can be applicable over large areas (greater than 10 ha) and based on 
remotely sensed data such as LiDAR or photogrammetric surveys. An 
index evaluating the spatial distribution and characteristics of the 
biomass on the ground would be helpful to monitor both the current 
state of different windthrow areas and their temporal changes. This 
index should also be appropriate to monitor felled forest in winter 

conditions (presence of snow cover) and the changing probability of 
avalanche release in relation to snow cover. Furthermore, the index 
should be computed using data available for large areas. Data derived 
from high-resolution LiDAR scans (Light Detection and Ranging) have 
become more frequent in the last decade, even for large areas (Niculiță, 
2020). Different regions of the European Alps are already covered by 
LiDAR surveys since these are becoming more economically accessible 
to civil authorities (Doneus and Briese, 2011). The raw product of LiDAR 
surveys is a point cloud that is commonly processed to deduce digital 
elevation models (i.e., digital surface or terrain model). Forest elements 
such as trees, shrubs, lying stems and stumps could be identified and 
extracted for specific analysis (Burt et al., 2019; Dassot et al., 2011). For 
areas smaller than 10 ha, it is even possible to increase the digital surface 
model resolution up to a few centimeters by adopting the photogram
metric technique (analysis of pictures recorded with unmanned aerial 
systems, UAVs) (Colomina and Molina, 2014). In addition, the evalua
tion and the period of the minimum level of protective capacity provided 
by the biomass on the ground against snow avalanches are of high 
importance for the accurate management of these areas, including 
alternative scenarios. The achievement of such a result can be obtained 
through the analysis of windthrow areas for which data have been 
collected at different time steps since the disturbance. 

Based on the state-of-the-art and gaps in knowledge, the objectives of 
this research are to (i) select and develop indices to assess the avalanche 
protective capacity of windthrow areas, (ii) assess the temporal change 
in protective capacity after a windthrow event, and (iii) evaluate the 
effect of the snow cover height on the increase in potential avalanche 
formation in windthrow areas. We investigated two study areas affected 
by windthrow to address these objectives. Temporal changes were 
observed in the long-term study area of Disentis, where high-resolution 
datasets at several timesteps were available (one survey was acquired 
approximately every ten years for a total of four datasets). The short- 
term changes and the influence of snow cover were assessed in the 
Franza study area using two high-resolution datasets that were 
capturing the summer conditions and one in the presence of snow cover. 
Using these datasets, we developed and tested two indices to evaluate 
the temporal changes and snow cover influence of protective capacity 
against snow avalanches. 

2. Materials and methods 

2.1. Study areas 

Two study areas were selected to achieve the reported objectives: 
Disentis and Franza (Fig. 1). In the Disentis area (affected by the Vivian 
storm in 1990), we analyzed the characteristics of the biomass imme
diately after the storm event and in the following 29 years. At the Franza 
study site (impacted by the storm Vaia in 2018), we investigated the 
effect of snow cover smoothing relevant for possible avalanche forma
tion and the short-term changes in biomass on the ground. 

Within each study area, we manually defined the potential release 
areas (PRAs) of snow avalanches to spatially analyze their temporal 
evolution and the effect of snow cover on the protective capacity. To 
identify the PRAs, we used topographical variables such as slope, plan 
curvature, and presence of effective vegetation, using the thresholds 
from the literature. The slope angle was selected in the range of 28–55◦

(Bühler et al., 2013; Schweizer et al., 2003). We calculated plan cur
vature to separate concave from convex areas to identify ridges and then 
split or merge PRAs (Maggioni and Gruber, 2003). In addition, we 
considered effective vegetation to be 1.5 times higher than the 
maximum snow cover for a given return period (Saeki and Matsuoka, 
1969). Furthermore, the relation between gap width and crown cover 
density was evaluated as a combination of crown coverage, gap length, 
and slope angle (Bebi et al., 2021; Frehner et al., 2005; Schneebeli and 
Bebi, 2004). 

Every PRA was analyzed with indices assessing the vegetation height 
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model (VHM), surface roughness, stored volume height and adapted tree 
parameters (see Section 2.2). 

2.1.1. Disentis 
The Disentis study area is located in the Swiss Alps, canton Grisons, 

and stretches over 2.14 ha. The elevation ranges between 1420 and 
1560 m a.s.l., the aspect is northwest, and the slope is inclined between 
30◦ and 50◦. The site is in the low-subalpine zone of the Central Alps 
(Ellenberg and Leuschner, 2010), characterized by a mean annual 
temperature of 4 ◦C and mean annual precipitation of 1250 mm 
(Schönenberger et al., 2005). From a topographical point of view, the 
area is characterized by different zones of potential release or transit 
areas of snow avalanches. The Vivian storm occurred in February 1990, 
severely damaging the forest and affecting all the trees. Two-thirds of 
the trees were broken, one-third were uprooted (Schönenberger, 2002a, 
2002b), and the site remained untouched to provide a monitoring 
research site (WSL). The prestorm stand was formed by a pure 110–150- 
year-old Norway spruce (Picea abies). Full callipering of the study area 
resulted in 363 stems ha− 1 and 487 m3ha− 1 in 1972. We manually 
identified four potential release areas within the study site (Fig. 1A). The 
characteristics of the PRAs are reported in Table 2. 

Site conditions were recorded by different photogrammetric surveys 
in 1991, 2001, 2009, and 2019. In 1991, 2001 and 2009, aerial photo
graphs were taken by the Swiss Federal Office of Topography (swisstopo; 
colour, scale ~1:4′000). Analytical photogrammetry methods were 
performed by Frey and Thee (2002) and Bebi et al. (2015). The 2019 
survey was recorded using a Mavic 2 Pro with ground control points 
(GCPs) acquired with a Stonex GNSS, and pictures were processed with 
Agisoft Metashape software (Agisoft LLC, St Petersburg, Russia). The 
derived dense point clouds and digital surface models (DSMs) were the 
input data for the following analyses (for specific information, see 
Table 1). The Digital Terrain Model (DTM) was acquired by a LiDAR 
survey in 2019 from the Swiss Federal Office of Topography with a 
resolution of 0.5 m (swisstopo). 

2.1.2. Franza 
The Franza study area is located in the Dolomites, Veneto Region, 

Italy (Fig. 1B). The elevation ranges between 1650 and 1950 m a.s.l. 
facing southwest. The site in the subalpine zone of the Eastern Alps is 
characterized by a mean annual temperature of 5 ◦C and a mean annual 
precipitation of 1100 mm (Barbi et al., 2013). The site covers 4.24 ha, 
and the slope inclination is between 25◦ and 40◦. Storm Vaia severely hit 
the area in October 2018, destroying most of the forest stand (mainly by 
uprooting). The site was not involved in the forest management opera
tions, but the roads were cleared of biomass. Approximately 5–10% of 
the original forest cover was not damaged. Meadows and young open 

forests cover the northern part of the area and are not affected by storms. 
The disturbed forest was dominated by Norway spruce (P. abies) with 
admixed silver fir (Abies alba) and European larch (Larix decidua), which 
was the only tree species resisting the storm. Within the study area, six 
PRAs were identified (Fig. 1B), of which five were covered by dense 
forest and one consisted of meadow (characteristics are reported in 
Table 2). 

We captured the site conditions in 2019 and twice in 2020 with three 
drone flights. The derived dense point clouds and digital surface models 
(DSMs) served as input data for our following analyses (for specific in
formation, see Table 1). Drone images were processed with the image 
processing software Agisoft Metashape (Agisoft LLC, St Petersburg, 
Russia). Ground control points were measured with a Topcon HiPer V 
GNSS, while images were acquired with a Dji Phantom 4 drone. The 
DTM was acquired by the Veneto Region in July 2019 with a LiDAR 
survey. 

Fig. 1. Location and aerial images of the two study areas near Disentis (A) and Franza (B). The solid blue lines highlight the study sites. The identified potential 
release areas (PRAs) are outlined in blue. In the background, aerial orthophotos showing the postevent conditions, captured in 1990 and 2019 for Disentis and 
Franza, respectively. Please note the northing (A). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 

Table 1 
Technical information of the photogrammetric surveys involving the Franza and 
Disentis study areas. The DTM (digital terrain model derived through LiDAR 
campaigns). GCP stands for the ground control point, DSM for the digital surface 
model and DTM for the digital terrain model.  

Site Date GCP 
(n◦) 

GCP 
accuracy 
(x,y,z 
residual 
error, 
[m]) 

Point 
density 
[n◦

m− 2] 

DSM 
resolution 
[m] 

DTM 
(LiDAR) 
date, 
resolution 
[m] 

Disentis 
(CH) 

21/ 
08/ 
1991 

NA NA 22.5 0.20 2019, 0.50 

10/ 
05/ 
2001 

NA NA 22.5 0.20 2019, 0.50 

17/ 
08/ 
2009 

NA NA 22.5 0.20 2019, 0.50 

18/ 
06/ 
2019 

10 0.147 680.2 0.10 2019, 0.50 

Franza 
(IT) 

26/ 
10/ 
2019 

12 0.037 557.3 0.05 2019, 0.50 

29/ 
10/ 
2020 

15 0.044 1500 0.05 2019, 0.50 

18/ 
12/ 
2020 

11 0.103 1410 0.10 2019, 0.50  
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The cloud point density and digital terrain resolution values reported 
in Table 1 represent the quality of the original data. In this study, we 
reduced these values to compare the index results of the different sur
veys in terms of time variations and study areas. The data quality 
adopted for the different indices is reported in the relative description. 

2.2. Indices 

We analyzed the identified potential release areas with four different 
indices to assess the forest protective capacity over time and evaluate 
the snow cover effect. Vegetation height models (VHM) and surface 
roughness models (SR) are common indices used to study the height of 
biomass concerning ground and surface variability within a specific 
moving window (Grohmann et al., 2011). To improve the character
ization of windthrow areas, we developed the stored volume height 
(SVH) index and the adapted tree parameters (ATP). We used the re
ported datasets to test the efficiency of the proposed indices and, at the 
same time, investigate the temporal evolution of windthrow areas and 
the effect of snow cover. 

2.2.1. Vegetation height model (VHM) 
The vegetation height model (VHM) was calculated as the difference 

between DSM and DTM. For each area, we used the same DTM (derived 
from the LiDAR survey) since no topographical changes, such as mass 
movements, were observed within the identified PRAs. To calculate the 
VHM for every survey, we used DSMs derived from each photogram
metric survey to capture the changing surface. The resolution of the 
DTM and of the most recent DSM of the Disentis study area reported in 
Table 1 were interpolated to 0.20 m to match the DSM resolution of the 
first three surveys by adopting a bicubic method (Brovelli et al., 2004). 
We then extracted the cell values within every identified PRA, to accu
rately analyze the developments in vegetation height. We performed the 
VHM analysis for the Disentis study area only because of the availability 
of a long time series (29 years). Identification of the vegetation height 
was not possible using the photogrammetric technique in winter con
ditions, so it was not performed at the Franza site. 

2.2.2. Surface roughness (SR) 
We further tested the performance of the surface roughness (SR) to 

detect the change in windthrow areas over time and with the presence of 
snow cover. We used the vector ruggedness measure (Sappington et al., 
2007) algorithm to compute surface roughness. The input data were the 
photogrammetric-derived DSM. The resolution and moving window size 
were 1 m and 7 × 7, respectively (Brožová et al., 2021). We resampled 
the DSM with a mean value method to obtain the desired resolution of 1 
m. The resulting raster map was analyzed, extracting the cell values 
within the identified PRAs. 

2.2.3. Stored volume height (SVH) 
The stored volume height index (SVH) was based on the calculation of 

the volume between two layers. We used the high-resolution DSM as the 
first layer, and the second layer was derived using the highest point of 
the original DSM to smooth the original surface. The final map 
conceptually represents a good proxy for the necessary volume of snow 
required to fill the rough surface (resulting from the felled trees) to 
obtain an entirely smooth surface. We derived the volume for a given 
PRA and calculated a normalized height (SVH) by dividing the volume 
by the area. 

We report the algorithm to compute SVH in a flowchart (Fig. 2). We 
used the functions implemented in the “lidR” package (Roussel et al., 
2020) to analyze and process point clouds in R (R Core Team, 2021). 
First, the outliers were removed using the Statistical Outliers Algorithm 
SOR (Rusu and Cousins, 2011), with the number of neighbors equal to 8 
and multiplier equal to 3. Next, we classified the dense cloud (photo
grammetrically derived) into two classes: high vegetation (represented 
by trees and their crowns) and the rest (product 1 in Fig. 2). We used the 
Cloth Simulation Filtering algorithm (Zhang et al., 2016) to separate the 
two classes using a cloth resolution of 0.5 m, a classification threshold of 
3.0 m and activating the steep slope function. We removed the points 
from the point cloud classified as high vegetation and calculated a DSM 
with a cell resolution of 0.5 m taking the maximum elevation value 
within the grid cell (product 2 in Fig. 2). The algorithm then computed 
the difference between the DSM and DTM, obtaining the low vegetation 
height model (LVHM, product 3). From this layer, we calculated a 
smooth surface (product 5 in Fig. 2), first resampling the LVHM to a 
resolution of 2.5 m (method: highest value, product 4) and then inter
polating it to the original resolution of 0.5 m (method: bilinear). Finally, 
we computed the smooth difference as the difference between the 

Table 2 
Characteristics of the PRAs identified within the study areas.  

Site PRA Area 
[m2] 

Slope 
angle 
[◦] 

Aspect 
[◦] 

Prestorm 
crown cover 
density [m2/ 
m2] 

Post-storm 
crown cover 
density 
[m2/m2] 

Disentis 
(CH) 

1 1852 41 141 1.00 0.02 
2 2886 37 135 1.00 0.05 
3 3090 38 136 1.00 0.02 
4 1133 40 142 1.00 0.01 

Franza 
(IT) 

1 1131 31 187 0.85 0.00 
2 1055 34 188 1.00 0.01 
3 1159 41 180 1.00 0.02 
4 1593 32 168 1.00 0.00 
5 1146 32 175 0.92 0.02 
6 710 36 192 0.00 0.00  

Fig. 2. Flowchart of the stored volume height algorithm: blue polygons 
represent input data; the raster or point cloud data are in green; numeric values 
are in red. DTM stands for digital terrain model. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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smooth surface and the LVHM (product 6). Summing up the values of the 
smooth difference layer within a PRA, we calculated the volume 
necessary to smooth the original surface (product 7 in Fig. 2). Then, by 
dividing the volume for the PRA extension, we calculated the SVH. The 
SVH can be considered the mean value of snow height necessary to fill 
the irregular surface of a given PRA. The presented algorithm was 
implemented in R language (Baggio, 2021) and is freely available. 

The algorithm removed points representing high vegetation to avoid 
extreme values of the smoothed difference surrounding standing trees. If 
the points had not been removed, the SV for a given PRA would result in 
an excessive value. The stored volume height approach was designed to 
assess the irregularity of the biomass felled by the storm, not including 
higher vegetation. To compare the results of the different surveys for the 
two study areas, the original dense clouds (Table 1) were decimated 
with a random function to the point density of the survey characterized 
by the lowest resolution (22.5 points/m2). 

2.2.4. Adapted tree parameters (ATP) 
For the identified PRAs at the Disentis site, we analyzed the forest 

parameters of tree density and crown cover. The tree and crown iden
tification algorithm was implemented in R (R Core Team, 2021) using 
the functions of the “lidR” package (Roussel et al., 2020). The input data 
were the dense point cloud and LiDAR-derived DTM. We first removed 
the outlier points with the SOR function (Rusu and Cousins, 2011) and 
then normalized the point cloud with the DTM. We identified the tree
tops using the lmf algorithm (Popescu and Wynne, 2004) based on a 
local maximum filter. We applied a circular fixed moving window of 7 ×
7 m, and the height threshold for tree segmentation equaled 1.5 times 
the maximum snow depth (the calculated 30-year return period 
maximum snow depth in Disentis was 2.50 m) (Frey and Thee, 2002). 
We identified the crown area based on the Silva et al. (2016) algorithm, 
adopting default parameters. In such a way, the identified tree height 
was referred to as the ground level. In the case of windthrow areas, we 
assumed that snow accumulates on the fallen biomass layer and not 
directly on the ground. Therefore, the height of a standing tree should be 
referred to the height of the biomass on the ground. For this reason, we 
delineated a circular buffer area around every identified tree crown of 4 
m. We calculated the mean height with respect to the ground for each of 
these buffer areas (equal to the biomass height above the ground, Hground 

biomass, Fig. 3B). The corrected tree height (Htree corrected) was the differ
ence between the original height with respect to ground level (Htree) and 
the mean height of the fallen biomass surrounding the tree (Hground 

biomass), as shown in Fig. 3B. Finally, we considered the tree presence 

within a given PRA if Htree corrected resulted greater than 1.5 times the 
maximum snow depth in a return period of 30 years. Dividing the 
number of trees and total crown area by the relative PRA extent, we 
obtained the tree density and cover percentage, respectively. The algo
rithm to derive the reported adapted tree parameters from a point cloud 
was implemented in R language (Baggio, 2021) and is freely available. 
As described for the SVH index, the original point clouds were decimated 
with a random function to match the point density of the survey with the 
lowest point resolution, equal to 22.5 points/m2. 

Furthermore, we assessed the presence of critical gaps within the 
forest cover as a potential cause of snow avalanche release areas. The 
gap length was evaluated within the identified PRAs along the maximum 
slope. We adopted the thresholds reported in Schneebeli and Bebi 
(2004) for critical gap identification (Fig. 3A). The delineation was 
based on a function between gap length and crown cover density for 
different classes of slope steepness. 

2.3. Additional analysis 

To accurately assess the performance of the SVH index and the 
variation in biomass height, we computed the DEM of Difference (DoD) 
for the Franza study area. DoD is the difference between the two 
elevation models, and in this case, we used two DSM maps without snow 
cover. To accurately compute the DoD map, we adopted the minimum 
level of detection method (Brasington et al., 2003) estimated as the DoD 
error. The DoD error results from Eq. 1, where δu1 and δu2 are the errors 
of the photogrammetric derived surveys. The errors associated with 
every survey are reported in Table 1. 

δuDoD =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

δu2
1 + δu2

2

√

(1) 

During the photogrammetric survey of the Franza area on 18 
December 2020, we measured the height of the snow cover. The height 
was measured perpendicular to the surface using a ruler. We collected 
six measurements in separate locations of the study area, characterized 
by the absence of felled trees. We surveyed five values for every mea
surement: four at the vertices of an imaginary square with 1 m sides and 
one in the middle. The five values were averaged to derive a single 
measurement for the given location. 

To estimate the necessary amount of snow to smooth the irregular 
surface created by the biomass on the ground, we fitted a linear model 
between snow depth and the values of SVH observed in October 2020 
and December 2020 for the Franza study area. The objective of the 

Fig. 3. A) Relations between gap width and crown cover density for critical gap identification (source: Schneebeli and Bebi, 2004). B) Sketch of a standing tree in a 
windthrow area with the reported measures used to improve the calculation of tree height in accordance with the biomass on the ground. 
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analysis was to extrapolate a threshold in snow depth for which the SVH 
values observed in October 2020 for PRA 1–5 (windthrow areas) 
decreased toward the SVH of PRA 6 (meadow area, Fig. 1B). 

3. Results 

3.1. Temporal change: Disentis 

We observed a temporal change in forest protective capacity over 29 
years at the Disentis site by using all four indices: vegetation height model 
(VHM), surface roughness (SR), stored volume height (SVH) and adapted 
tree parameters (ATP). Similar trends were noticed when using the three 
indices (VHM, SR and SVH), with an observed minimum in 2001 (Fig. 4). 
However, the adapted tree parameter index showed a minimum one year 
after the disturbance in 1991 (Fig. 4 and Fig. 5). According to the ATP, 
there were almost no trees one year after the disturbance (Table 3). 
Furthermore, it is important to observe the variability between the 
identified PRAs in 1991 for the three indices reported in Fig. 4. The 
mean VHM ranged between 1.41 and 2.50 m, the mean SR ranged be
tween 0.116 and 0.198 and the SVH index ranged between 0.735 and 
0.973 m. 

Nineteen years after the storm event, all the indices (VHM, SR, SVH 
and ATP) showed an increase with greater values compared to the first 
survey (immediately after the disturbance). In 2009, there were some 
trees up to 14 m in height. However, variability between different PRAs 
was observed, and PRA 3 had only a few trees (Fig. 5 and Table 3). 

For the fourth survey (in 2019), surface roughness and stored volume 
height slightly increased compared to the previous years. The only 
exception involved the surface roughness of PRA 1, which showed a 
decreasing trend over the last nine years. The stored volume height values 
were similar between the four PRAs, while the surface roughness values 
showed a higher variability. Instead, the VHM showed a constantly 
increasing trend since the minimum observed in 2001. However, the 
increase in VHM values at PRA 3 was lower than that of the other PRAs. 
Similarly, the ATP index showed an increasing number of trees with 
some variability per PRA, with the fewest trees in PRA 2 (Fig. 5 and 
Table 3). 

Regarding the adapted tree parameters, the analysis showed 1 to 3 
standing trees per PRA immediately after the storm (in 1991), while 
crown cover density was between 1.6 and 5.1%. The trends of the 
number of trees and crown cover increased over time for all the PRAs. 
Instead, PRA 1 and 2 showed a slight decreasing trend of tree density 

Fig. 4. Plots showing the mean value of the four investigated indices for every PRA and photogrammetric survey of the Disentis study site: (A) vegetation height 
model (VHM), (B) surface roughness, (C) crown cover density, and (D) stored volume height. The locations of the PRAs are reported in Fig. 1. The symbol * in the (C) 
plot indicates the absence of critical gaps, as defined in Schneebeli and Bebi (2004). 
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between 2009 and 2019 (Table 3). The major increment of tree density 
occurred between 1991 and 2001 (Table 3) and for the crown cover 
density between 2001 and 2009 (Fig. 4 C). In 2019 (29 years after the 
storm), the mean tree density of the four PRAs was 64.5 trees ha-1, and 
the crown cover density was 33.4%. These values vary between 20.1 
trees ha− 1 and 20.7% regarding the tree and crown cover densities, 
respectively. Twenty-nine years after the storm, we identified the pres
ence of critical gaps (Section 2.2.4) in three PRAs (PRA 1, 3 and 4), 
which might be prone to avalanche formation. Only PRA 2 showed a full 
recovery without critical gaps in 2019 (Fig. 4). The identified PRAs 
showed different recovery patterns in forest protective capacity even if 
the preevent conditions were similar. 

3.2. Short-term change and snow cover effect: Franza 

At the Franza study area, the values for surface roughness and stored 
volume height differed depending on the date of the data acquisition 
(Fig. 6). The difference between October 2019 and October 2020 (both 
surveys without snow cover) showed a decreasing trend in surface 

roughness. In contrast, the stored volume height showed an increase be
tween the same dates, except for PRA 2 (Fig. 6 B). 

From the DoD map of PRA 3 (Fig. 7), it was possible to visually 
determine that most of the stems did not move during the 2019/2020 
winter season (difference between the DSM acquired in October 2019 
and October 2020). However, needles and small branches broke down, 
reducing the elevation values identifiable from the crowns of felled trees 
(Fig. 7). This process resulted in new spaces between logs that slightly 
increased the amount of snow required to smooth the irregular surface. 
This process was captured by the SVH (increasing trend), while the SR 
did not capture the change in stem structure (decreasing trend, Fig. 6A). 

The SVH and SR, calculated in December 2020 with snow cover, 
were lower than those of the previous survey without snow cover 
(October 2021). The snow depth measured the same day as the photo
grammetric survey was 0.85 m (mean of six measurements taken in 
different locations of the study area). Considering the snow cover, the 
stored volume height of PRA 1–5 surveyed in December 2020 (mean value 
of 0.67 m) was higher than the grassland control area of PRA 6 (equal to 
0.15 m). The mean percentage decrease in stored volume in the PRAs 
(excluding PRA 6) was 18% (with a range of 14–25%). Hypothesizing a 
decreasing linear trend of the SVH index as a function of snow depth, we 
derived a linear model using the SVH values recorded in October 2020 
and December 2019 for PRA 1–5, obtaining a coefficient of − 0.18 per 
meter of snow. Adopting the fitted model to estimate the snow height 
necessary to decrease the SVH of PRA 1–5 toward the mean SVH value of 
PRA 6 (recorded in October 2020), we calculated a value of 3.35 m. This 
value may represent the snow depth necessary to smooth the rough 
surface generated by the biomass on the ground for which snow ava
lanches may be released. 

Fig. 5. Maps of the calculated tree positions at the Disentis study site based on the algorithm “adapted tree parameters” described in Section 2.2.4 for the years 1991, 
2001, 2009, and 2019. The different colored dots represent the tree height [m] with respect to the ground level. In the background, we plotted the hillshade view of 
the DSM photogrammetry-derived survey. The elevation difference between contour lines is 10 m. The solid blue lines depict the PRAs. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 3 
Tree density of the potential release areas PRAs (Fig. 5) per date of photo
grammetric survey of the Disentis study area.  

Tree density [n◦/ha] 

PRA 1991 2001 2009 2019 

1 4.8 38.3 76.6 71.8 
2 15.5 51.6 56.8 51.6 
3 4.6 27.5 32.1 64.1 
4 4.7 37.7 51.8 70.7  
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4. Discussion 

4.1. Temporal change: Disentis 

The results of the indices in the Disentis study area (Fig. 4) were 
consistent in assessing the minimum level of forest protective capacity in 
2001, 11 years after the storm event. The SVH index showed a 
decreasing trend between 1991 and 2001, highlighting the reduction in 
space between the felled trees and thus decreasing the protective ca
pacity of the plots in mitigating the release of snow avalanches. Nineteen 
years after the storm (in 2009), the protective capacity was higher than 
one year and 10 years after the event. The SVH and ATP values showed 

an increasing trend between the surveys recorded in 2001, 2009 and 
2019 (Fig. 4). The increase in forest protection identified by the adopted 
indices for the 2009 and 2019 surveys was mainly due to the growth of 
shrubs and young trees, which started to increase the protective capacity 
against the potential release of snow avalanches (Brožová et al., 2020; 
Germain et al., 2005; McClung, 2001; Viglietti et al., 2010). Regarding 
the growing forest, the tree and crown cover density are crucial indices 
for assessing forest protection and identifying gaps (Frehner et al., 2005; 
Schneebeli and Bebi, 2004; Swanson and Stevenson, 1979). Therefore, 
the trees were identified only if their height exceeds a threshold value 
with respect to the surrounding surface (Fig. 3B). Analyzing values of 
the adapted tree parameter (Fig. 5), we found one PRA (from the total of 
four), showing no critical gaps 29 years after the disturbance according 
to the thresholds reported by Frehner et al. (2005). Looking at the tree 
density and crown cover density between 1991 and 2001, it was possible 
to identify a positive trend. It is likely that predisturbance regeneration 
took advantage of light availability after the trees were felled by the 
storm. Between 2001 and 2009, we observed a continuously increasing 
amount of vegetation, and the canopy cover density reached values up to 
0.27. For the following survey (in 2019), the trend slightly decreased in 
intensity, but the indices reached values of 0.20–0.40 in crown cover 
density. Looking at the values of SVH and ATP, it was possible to esti
mate the minimum level of protection occurring 10 years after the storm 
event, i.e., in 2001. The extent of the original PRAs was reduced by the 
forest cover 19 years after the storm and further in the following 10 
years. Consequently, the extent of PRAs and the related avalanche vol
ume decreased with time after disturbance. Accordingly, Teich et al. 
(2014) highlighted the increase in small snow avalanches stopping 
within sparse/young forests. Furthermore, even slow forest recovery 
contributed to forest protective capacity in stabilizing the snowpack to 
some extent. In general, a few small gaps could be found between young 
trees, which might be prone to avalanche formation. The identification 
and evaluation of such small gaps and forest parameters are of great 
interest to reliably simulate possible snow avalanches (Brožová et al., 
2020). Evaluation of the low vegetation merits particular attention, 
which does not always provide adequate protection on steep slopes, as it 
might be compressed by snow cover (Feistl et al., 2014). However, small 
avalanches may be triggered within the identified plots under particular 
meteorological conditions, i.e., snowfall occurrence in the late winter 
season associated with high temperatures. Such avalanches can prob
ably be stopped by the forest, but they could break young trees, 

Fig. 6. Raster point analysis of potential release areas (PRAs) of the Franza site for surface roughness (SR) (A) and stored volume height (SVH) (B). The black line 
within the boxplot represents the mean value, and the boxplot upper and lower limits are the 25th and 75th percentiles. 

Fig. 7. Digital elevation model of Difference (DoD) map of the potential release 
area 3 (PRA 3) within the Franza study area. The PRA location is shown 
in Fig. 1B. 
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damaging the natural regeneration and delaying the establishment of an 
effective protection forest. Nevertheless, no avalanches were observed 
in the uncleared windthrow study area of Disentis (Wohlgemuth et al., 
2017). The most intense winter in terms of cumulative snow cover depth 
was 1998/1999, with a maximum value of 1.65 m (Frey and Thee, 
2002). This value was lower than the expected height with a return 
period of 10 years (calculated in accordance with Buwal (1990) for the 
Disentis study area). However, even if around the moment of lower 
values in terms of SVH (Fig. 4), the felled trees probably stabilized the 
snow cover, preventing the release of snow avalanches during the winter 
season. Instead, snow avalanches were observed particularly after an 
intense snowfall event (occurring on 16/04/1999 with a total snowfall 
amount of approximately 1 m) in areas adjacent to the one studied by 
Frey and Thee (2002). This observation can support the protective ca
pacity of felled trees, but it is important to accurately evaluate the 
amount of snow on the ground and the timing and frequency of snowfall 
during the winter season (Schaerer, 1977). 

4.2. Short-term change and snow cover effect: Franza 

The DoD map (Fig. 7) showing the surface elevational changes in one 
year (comparison between the summer surveys of 2019 and 2020) 
highlighted that most of the fine biomass (needles and small branches) 
fell on the ground or broke (Radtke et al., 2009). This process left more 
space to store the snow between the lying stems and consequently 
increased the snowpack stability. In this case, the protective capacity 
against snow avalanches slightly increased two years after the wind
storm compared to one year after. However, such a minor increase in 
protective capacity was expected to rapidly decrease within the next ten 
years, as observed in the Disentis study area. Regarding the influence of 
snow on terrain smoothing, promising results were obtained by inves
tigating the stored volume height with and without snow cover. The index 
decreased for every PRA compared to the absence of snow. However, the 
SVH values of PRA affected by windthrow were noticeably higher than a 
smooth PRA, meaning that more snow could be accumulated without 
the risk of releasing an avalanche (for the December 2020 survey of the 
Franza site). After the storm event at Franza, the abated protection forest 
showed a good function in storing and supporting snow cover, consid
ering the snow depth and stored volume height values observed in winter 
conditions. The protection is also expected to be sufficient with a snow 
depth greater than that of the December 2020 survey (0.85 m measured 
in the meadow next to the forest). The extrapolation of the fitted linear 
model calculated a snow depth value of 3.35 m necessary to smooth the 
observed surface of windthrow areas toward the same level as meadow 
areas. This value of snow depth is expected to decrease over the years 
due to SVH decrease, as observed in the Disentis area, where the mini
mum was observed ten years after the storm event. However, the esti
mation is approximate since the model is based on only one survey 
representing winter conditions. Additional validations are necessary to 
correctly establish a robust relationship between snow depth and stored 
volume height to improve the predictability for the potential formation of 
snow avalanches depending on the snow depth. 

4.3. Applications and limitations 

The protective capacity of forests affected by windthrow disturbance 
in terms of temporal development and snow cover influence was 
assessed using four indices. The stored volume height index, representing 
the snow volume needed to fill the space to create a smooth surface, was 
suitable to investigate both the temporal change and the effect of snow 
cover in areas affected by wind disturbance. The index performed a 
direct spatial estimation of the volume left by trees and crowns on the 
ground, examining the difference between the original DSM and a 
smoothed DSM. Moreover, SVH did not consider trees above a certain 
height to avoid deviating the estimation of the dominant fallen biomass. 
The index stored volume height was more suitable than surface roughness 

for the estimation of forest protection against snow avalanches after a 
disturbance. This finding is supported by the results from the Franza 
study area, where the breakage process increased the free volume be
tween the tree stems (Fig. 7). The stored volume height captured this 
aspect, as observed by the increasing trend between the surveys of 
October 2019 and October 2020 (Fig. 6 B). 

We further developed an automatic procedure to identify standing 
trees and extract the related crown area and tree density. The procedure 
identifies trees emerging from a certain threshold above the mean height 
of the biomass surrounding the target tree. Due to the availability of 
LiDAR data, different algorithms have been developed in recent years to 
automatically identify and segment trees (Burt et al., 2019; Popescu and 
Wynne, 2004). The common reference surface for tree height estimation 
is the ground, usually derived from the last return of the laser signal 
(Mkaouar et al., 2018). This approach is appropriate for biomass esti
mation or growth rate calculation (Qi et al., 2019; Zhao et al., 2018). In 
contrast, the reference surface for snow avalanches should be at the 
point of avalanche formation. In the case of windthrow areas, the 
reference surface is expected to be above the biomass layer deposited on 
the ground, where weak layers may develop (Schweizer et al., 2003). 
Meyer-Grass (1987) observed that the protective function of forests is 
predominantly correlated with stem density. This finding is supported 
by the study of Viglietti et al. (2010), for which a dataset of snow ava
lanches triggered within forests of the Valle d’Aosta region (Italy) was 
analyzed. Perzl (2005) reported that a crown cover density of 50–60% 
can be a threshold value to define the protection forest in situations with 
a relatively low terrain roughness. The study confirms that lower 
threshold values of crown cover may be adequate in the case of 
disturbed areas characterized by high terrain roughness. McClung 
(2001) observed the release of a few avalanches in areas where the 
vegetation height was higher than 4 m. In Germain et al. (2005), the 
avalanche activity observed in postlogging and postfire locations was 
stopped by postdisturbance natural regeneration. In particular, the 
postfire period for which avalanches can occur was assessed to be 15–20 
years. In this sense, the proposed ATP index (Fig. 3) satisfactorily 
identified trees emerging from the reference surface for snow avalanches 
formation considering only the trees that potentially provide effective 
protection. Practitioners can adopt the index to classify the protective 
capacity of distinct types of forests. 

The investigated study areas highlighted the importance of using 
spatial indices to assess the protective capacity of windthrow areas 
concerning snow avalanches. Given the relatively low intrasite vari
ability in pre-storm forest characteristics and topographical conditions, 
differences in terms of deadwood decay and natural regeneration were 
detected between the PRAs at both sites. In Disentis, the differences were 
related to the natural regeneration of trees (index: adapted tree param
eters) and the decay of deadwood (index: stored volume height). One 
particular PRA showed forest cover with no critical gaps 29 years after 
the event, while for other PRAs, the tree growth rate was lower, and 
critical gaps existed. Even if some areas present small gaps, the likeli
hood of triggering snow avalanches is expected to be low due to the 
rough surface generated by shrubs and young trees. This example of site 
variability shows the need for an accurate evaluation of the post- 
disturbance forest protective capacity. For this purpose, the study re
ports a new spatially distributed index to evaluate the residual protec
tive capacity of forests (SVH) affected by storms together with an 
algorithm to automatically identify the presence of remaining or new 
trees (and the related crown extent) emerging from the biomass on the 
ground (ATP). The combination of SVH and ATP improves the knowl
edge of the dynamics in windthrow areas supporting and integrating 
previous studies (Bebi et al., 2015; Frey and Thee, 2002; Schönenberger 
et al., 2005; Wohlgemuth et al., 2017). The indices can potentially be 
used over large regions covered by LiDAR or photogrammetric surveys 
(Bühler et al., 2022). Practitioners and civil authorities can benefit from 
such tools, and they can quickly identify high-risk areas to develop 
warning systems in accordance with the height of the snow cover and 
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the characteristics of the biomass on the ground. In the long term, the 
indices have the potential to map areas with lower protective capacity 
supporting decision-making on the establishment of necessary technical 
countermeasures. 

To adequately assess and improve the quality and accuracy of the 
indices, further studies and control areas are desirable, especially 
considering different forest characteristics such as density, age structure, 
species composition and disturbance intensity. In particular, field sur
veys involving the exact quantification and displacement of the biomass 
on the ground are desirable to confirm and improve the outcomes of the 
indices. Additionally, a large number of winter photogrammetric sur
veys are needed to better assess the relationship between snow height 
and the effect of surface roughness smoothing. These kinds of surveys 
would be beneficial, but at the same time, they are difficult to collect. 
The potential accessibility in windthrow areas is laborious, and the in
crease in snow cover can lead to an increase in avalanche danger with 
higher risk. 

The methods reported in this study may also be used to assess pro
tective capacity against rockfall of windthrow forests. Felled trees have a 
great capacity to influence rockfall runout distance (Olmedo et al., 
2015). Lying stems increase the surface, consequently increasing the 
probability of impacting obstacles and decreasing the associated energy 
(Ringenbach et al., 2021). Moreover, the tree identification algorithm 
can be used to delineate the characteristics and location of new forested 
areas. Such data serve as a fundamental input to update rockfall hazard 
maps in areas impacted by storms in the past, since disturbed forests 
have great importance in rockfall hazard mitigation (Lingua et al., 2020; 
Scheidl et al., 2020). Regarding forests affected by bark beetle out
breaks, Teich et al. (2019) observed a more heterogeneous snow stra
tigraphy compared to areas where salvage logging operations took 
place. Heterogeneity further increased in accordance with the remaining 
canopy cover. In the end, it is suggested to leave dead trees in place, 
particularly where the population reached epidemic characteristics 
(Caduff et al., 2022). For forests disturbed by bark beetles, which are 
further expected to increase in the future as a consequence of climate 
change (Bentz et al., 2010), the ATP index can be used to monitor the 
remaining crown cover and SVH to assess the characteristics of the 
biomass on the ground. 

Assessing post-disturbance forest effects against natural hazards is 
crucial (Bebi et al., 2017). The evaluation of hazard protection in 
disturbed areas could become difficult due to their extension and 
problematic accessibility, as observed in areas affected by disturbances 
in the alpine region (e.g., large forested areas disturbed by the Vaia 
storm in 2018). This study introduces innovative methods to assess and 
monitor the temporal evolution of forest protective capacity affected by 
a disturbance event. Such methods can be directly applied to evaluate 
the post-disturbance forest protective capacity even in large areas, since 
the required input data are point clouds derived from LiDAR or photo
grammetric surveys. Consequently, civil authorities could quickly define 
post-disturbance forest protective capacity over large areas, identifying 
sites with lower protective capacity requiring immediate management. 
The described methods can be further used to compute different man
agement scenarios in a spatial-temporal framework to derive the most 
promising option. The analysis can be used to investigate the conse
quences of recent disturbances (storm Vaia 2018, Chirici et al., 2019) 
and monitor the temporal evolution of past disturbances (Quine and 
Bell, 1998) for immediate management of hazard areas. 

5. Conclusions 

This study investigated the protective capacity of windthrow forests 
thanks to two study areas in the European Alps (Disentis, Switzerland 
and Franza, Italy) that were recorded by high-resolution photogram
metric surveys. Thanks to multitemporal surveys, the minimum level of 
protective capacity was assessed approximately ten years after the 
disturbance when the protective effect of the biomass on the ground was 

at a minimum, and natural regeneration was not yet sufficiently devel
oped. Twenty-nine years after the disturbance, the trees reduced the 
PRA area extent and fragmented the original PRA, decreasing the po
tential size and effects of possible snow avalanches. Among the four 
indices considered in this study, the stored volume height and the adapted 
tree parameters were the best indices to assess and monitor the protective 
capacity of forests affected by windstorms. In particular, the stored vol
ume height performed well in characterizing the effect of snow cover on 
the biomass on the ground. The combination of stored volume height and 
adapted tree parameters allows the analysis of the characteristics of the 
biomass on the ground, the remaining standing trees and the develop
ment of natural regeneration. The indices presented in this study can be 
used at a regional scale to spatially assess and monitor forest conditions 
affected by windthrow, improving the management of the most critical 
areas over time. 

Research data 

The codes to compute the stored volume height and the adapted tree 
are available at the following link: https://github.com/TommBagg/ 
Wind-disturbed_forest_analysis/releases/tag/WDFA_v1.0 (last access 
12 December 2021), doi:https://doi.org/10.5281/zenodo.5771996, 
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