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ARTICLE INFO ABSTRACT

Keywords: With climate change intensifying, forests globally are becoming more susceptible to extreme weather events,
Climate change such as windstorms, which account for a significant share of Europe’s economic losses. The Vaia windstorm of
Extreme events late autumn 2018, striking Italy’s North-East alpine ecosystem, highlighted this vulnerability, toppling over 8.5
Forest

million cubic meters of timber and sparking debates on forest management’s role in mitigating such disasters.
This study aims to evaluate the impact of structural and topographical characteristics on the damage caused
by Vaia, using Airborne Light Detection And Ranging (LiDAR) data collected before the storm, in four heavily
affected forest areas in the Italian Alps (Carezza in the Province of Bolzano-Bozen, Predazzo, Manghen, and
Primiero in the Province of Trento). We analyzed structural metrics like forest height heterogeneity (HH), forest
mean height, and density, alongside topographical features such as aspect, slope, and altitude, to discern their
influence on the storm’s severity.

Our results revealed that the most significant difference between affected and unaffected areas is forest
mean height that was found higher in areas hit by the storm. Forest density played a lesser but important role,
with denser areas experiencing more severe damage, though this was only significant in certain areas. Contrary
to common assumptions, our analysis revealed that forest height heterogeneity (HH) did not have a significant
effect on damage levels. The findings, consistent with previous research, revealed a significant association
between specific aspects, particularly the South-East orientation, which aligned with the predominant wind
direction during the Vaia storm, and an increased likelihood of damage.

Both structural and topographical factors interact in complex ways to influence the outcome of such
extreme events. The study emphasizes the dominant impact of the Vaia windstorm, noting that while managing
forest height and density may help, the diverse topography complicates these efforts. Our study explicitly
tested the effectiveness of using Airborne LiDAR data to explore forest structural and topographical factors
that influenced Vaia storm damage. The achieved results demonstrate that LiDAR serves as a useful tool to
field data, offering valuable insights for broader applications in this domain.

Forest structural characteristics
Remote sensing
Windstorm

1. Introduction weather events (Abram et al., 2021; Seidl et al., 2017). The increas-
ing impact of climate change is evident in a noticeable rise in both

) As climate change continues to intensify, ecosystems globally, par- the frequency and intensity of disturbances within forest ecosystems,
ticularly forests, are becoming more vulnerable to a range of extreme
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including potential factors such as windstorms, forest fires, and insect
infestations (Ummenhofer and Meehl, 2017). It has been estimated
that, from 1980 to 2016, climate and weather-related extreme events
incurred substantial economic losses, totaling €450 billion across the
33 member countries of the European Environment Agency (EEA).
Among these, windstorms emerged as a significant peril in Europe,
ranking second in terms of frequency, severity, and economic impact.
Windstorms accounted for a notable 25% of all economic losses at-
tributed to climatic hazards in Europe during this period (European
Environment Agency, 2017).

The ramifications of wind disturbances on forest ecosystems are pro-
found and multifaceted. One major outcome is the substantial depletion
of forested regions, whose destruction not only disrupts the current
ecological equilibrium but also impacts biodiversity, influencing the
plant and animal species reliant on these environments (Kamp et al.,
2020). In addition to ecological effects, wind disturbances lead to
a decrease in the carbon absorption capacity of forests (Pilli et al.,
2021), impacting their role in regulating greenhouse gas emissions. The
economic toll of wind disturbances is substantial (Udali et al., 2021),
affecting both the forestry industry and communities dependent on
forest resources. From a social perspective, wind disturbances alter the
landscape and recreational value of affected areas, the destruction of
forests diminishes the aesthetic appeal and recreational opportunities,
impacting both local residents and visitors. Moreover, the disruption
to ecosystem services provided by forests, such as water filtration and
soil stabilization (Borrelli et al., 2017), further compromises the overall
well-being of communities.

In the late autumn of 2018, the Italian landscape experienced the
formidable Vaia windstorm, an atmospheric tempest of unprecedented
intensity (Giannetti et al., 2019, 2021; Vaglio Laurin et al., 2021). Vaia
manifested as a rapid and intense low-pressure system, generating wind
speeds that surpassed the threshold of conventional meteorological
expectations (Vaglio Laurin et al.,, 2021). Originating in the Adriatic
Sea, the storm carved a path of destruction as it traversed through
northeastern Italy, Austria, and Slovenia. With peak wind speeds ex-
ceeding 180 km/h (Giovannini et al., 2021), Vaia’s impact was felt
acutely, leading to widespread infrastructure damage and, notably,
severe repercussions for forested ecosystems, destroying more than 8.5
million cubic meters of wood, largely devastating the affected mountain
ecosystems (Giannetti et al., 2019).

The emergence of remote sensing technologies, encompassing opti-
cal, LiDAR, and radar sensors, coupled with advancements in diverse
platforms such as airborne, satellite, and UAV, has significantly trans-
formed our capacity to detect and extract vital information essential
for ecosystem monitoring (Torresan et al., 2020; Domingo et al., 2023;
Rocchini et al.,, 2022; McKenna et al.,, 2023; Moudry et al., 2024)
such these extreme climatic events (Kuzu et al., 2024). The efficiency
of these data is highlighted by its ability to rapidly cover extensive
areas, offering valuable insights that would be logistically challenging
and resource-intensive to obtain solely through on-the-ground sur-
veys (Torresani et al., 2023a; Pettorelli et al., 2018). However, it
is important to acknowledge that, while remote sensing information
offers expedience and cost-effectiveness, there is a potential trade-off
involving a reduction in accuracy compared to meticulous field data
collection methods (Rocchini et al., 2019). Nevertheless, numerous
studies have demonstrated the utility of remote sensing data in mon-
itoring various forest disturbances, including wind damages (Tomppo
et al., 2021; Olmo et al., 2021), forest fires (Gamze and Corumluoglu,
2023) droughts (Le et al., 2023) and infestations (Marvasti-Zadeh et al.,
2023), further emphasizing its significance in ecosystem management.

Light Detection And Ranging (LiDAR) data, in particular, facilitates
a comprehensive understanding of forest ecosystems, encompassing
not only structural attributes, biodiversity metrics, and topographi-
cal features but also offering valuable insights into forest biomass,
canopy height, and vegetation density (Rahman et al., 2022; Béland
and Kobayashi, 2021; Du et al., 2023). This technological advancement
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plays a crucial role in forest management, presenting a swift and cost-
effective alternative to traditional field-based data collection methods.
Furthermore, LiDAR’s capacity to capture detailed three-dimensional
information allows for precise quantification of forest structure at
both the tree and pixel levels, and assists in monitoring changes over
time (Torresani et al., 2023b).

Following the Vaia windstorm, there was a prevailing notion at-
tributing the substantial forest loss to the perceived weakness in the
forest structure, a factor that could be influenced by forest management
practices. In light of this, we aim to empirically test this multifaceted
perspective by evaluating, by the use of LiDAR data, various for-
est structural variables, including height heterogeneity (HH), forest
mean height and forest density, across areas both affected and unaf-
fected by Vaia. This analysis seeks to discern the nuanced relationship
between forest structure, forest management, and vulnerability to ex-
treme events, providing valuable insights for future forest management
strategies.

The study aims to investigate the impact of the Vaia windstorm in
four heavily affected forest areas in the Italian Alps (Carezza in the
Province of Bolzano-Bozen, Predazzo, Manghen, and Primiero in the
Province of Trento) utilizing LiDAR data to analyze structural variables
such as HH, forest mean height and forest density. By comparing
storm-affected areas with nearby unaffected regions, the study seeks
to discern any significant differences in forest structure. Additionally,
we endeavored to provide a comprehensive response to the loss of
forest by employing LiDAR data to extract information on topographic
information such as aspect, slope, and altitude of both the areas affected
and unaffected.

2. Material and methods
2.1. Study areas

Four study areas (Table 1), each covering approximately 5500 ha,
situated in Italy within the Province of Trento and Bolzano-Bozen,
which were significantly impacted by the Vaia Windstorm, were chosen
for this investigation (Fig. 1). The selection of these areas was based on
the availability of Airborne Laser Scanning (ALS) LiDAR data.

The first study area, named “Carezza”, is situated in the Province
of Bolzano-Bozen, nestled at the North side of the Latemar moun-
tain range. This mountainous terrain encompasses elevations ranging
from approximately 1000 m a.s.l. to 2800 m a.s.l.. The landscape is
characterized by diverse valleys, each presenting unique aspects and
slopes that span from undulating to moderately steep, aligning with the
slope gradient classifications of the USDA (United States Department of
Agriculture). The forest area is 3400 ha of which 450 ha hit by Vaia
storm.

The second study area, called “Predazzo” is located in the Province
of Trento, nearby the municipality of Predazzo at the South side of the
Latemar mountain range. This area is also characterized by mountain-
ous terrain encompassing elevations ranging from approximately 980 m
a.s.l. to 2400 m a.s.l.. Also this area is characterized by the presence
of diverse valleys, having different aspects and slopes that, as in the
Carezza area, span from undulating to moderately steep. The forest area
is 3500 ha of which 900 ha hit by Vaia storm.

The third area “Manghen” is located near the Manghen pass, in
the North-East part of the Trento Province, in between Fiemme valley
and Valsugana. The forest area is around 5100 ha of which 730 ha
hit by Vaia storm. The geographical features of this region include
mountainous terrain, with elevations ranging from approximately 700
m a.s.l. to 2400 m a.s.l..

Finally the fourth area “Primiero”, is located within the Primiero
valley, at the West side of the Trento Province at the foothill of the
“Pale di San Martino” dolomites ridge. The forested area is almost 4000
ha of which 660 ha hit by the Vaia storm. Also this area is characterized
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Fig. 1. In red, the border of the four study areas situated in the Italian Alps within the Province of Trento and Bolzano-Bozen. In yellow the FORWIND dataset indicating the
forested areas hit by the Vaia storm. Background image used: Google Image at February 20th 2024. Coordinates in WGS 84/UTM zone 32N (EPSG:32632).
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Fig. 2. In red, the border of one of the study area (Manghen study area). In yellow the FORWIND dataset indicating the forested area hit by the Vaia storm. In pink the random
points within the FORWIND dataset and in blue the random points in the forested area not hit by the Vaia storm. Background image used: Google Image at February 20th 2024.

Coordinates in WGS 84/UTM zone 32N (EPSG:32632).

Table 1
Geographic and forest cover data of the four study areas.

Study area GPS center position (WGS 84 Elevation range (m a.s.l.) Forest area (ha) % of forest area Hit
UTM 32N - EPSG: 32632) by Vaia storm

Carezza 696477.91, 5143104.94 From 1000 to 2800 3400 13.2%

Predazzo 702596.13, 5133901.17 From 980 to 2400 3500 27.7%

Manghen 687089.01, 5122828.43 From 700 to 2400 5100 14.3%

Primiero 719328.66, 5119989.72 From 670 to 2300 4000 16.5%

by its rugged landscape, with altitudes that vary from around 670 m to
2300 m a.s.l..

In each study area, we randomly selected through the R
(R Core Team, 2000) spsample function 250 square plots measuring
1 ha each (100 m x 100 m) within the regions affected by the Vaia
storm, as well as another 250 plots of the same size within forested
areas unaffected by the storm (Fig. 2).

2.2. FORWIND data-set

The FORWIND data-set (Forzieri et al., 2020), freely available
here https://figshare.com/articles/dataset/A_spatially-explicit_databas
e_of wind_disturbances_in_European_forests_over_the_period_2000-2018
/9555008 was used in this study to characterize the area hit by the
Vaia windstorm (Figs. 1, 2). This dataset serves as a novel repository
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documenting wind disturbances in European forests. It encompasses
over 80,000 spatially delineated areas across Europe that experienced
wind-related disturbances between 2000 and 2018 (Forzieri et al.,
2020). The information is presented in a standardized geographical
vector format to ensure consistency. The dataset encompasses all signif-
icant windstorms recorded during the observational period, including
the Vaia windstorm, making up approximately 30% of reported dam-
aging wind events in Europe. To validate the reliability of FORWIND,
correlation analyses with land cover changes derived from the Landsat-
based Global Forest Change dataset and the MODIS Global Disturbance
Index were conducted, affirming the robustness and accuracy of the
FORWIND dataset (Forzieri et al., 2020). In addition to the validation
performed by Forzieri et al. (2020), we conducted our own visual inter-
pretation using high-resolution aerial images with a spatial resolution
of 20 cm. For the Carezza study area, we used imagery from 2023
obtained from http://geokatalog.buergernetz.bz.it/geokatalog/#!, and
for the Manghen, Predazzo, and Primiero study areas, we used imagery
from 2020 available at https://webgis.provincia.tn.it/wgt/?lang=it&
topic=1&catalogNodes=1,6&bgLayer=sfondo&layers=ammcom,orto20
20&layers_visibility=false,true&X=5111866.50&Y=671432.76&zoom=
5. Our visual interpretation revealed no inconsistencies between the
FORWIND polygons and the observed wind damage in these areas.

2.3. LiDAR data

The LiDAR dataset for the Predazzo, Manghen and Primiero areas,
collected through an ALS campaign in 2014, presented a point cloud
density of approximately 15 points/m?. In contrast, the Carezza dataset,
collected by an ALS campaign in 2017, exhibited a lower density of
around 1.5 points/m?. Prior to further processing, the point cloud was
classified into several categories including ground points, essential for
generating different digital models used successively in our analysis. To
ensure a standardized and comparable dataset for subsequent analysis,
a uniform point cloud density of 1.5 points/m? was established for the
Carezza area through the implementation of the decimate_points
function within the 1idR R package. This processing step was crucial
for mitigating the potential influence of variations in point cloud den-
sity on the results, enabling a more robust and equitable comparison of
the structural variables between the two regions.

2.4. Forest structural and topographic variables estimation

In our investigation, we centered our attention on three distinct
structural forest variables that could be estimated through LiDAR data:
HH, forest mean height, and forest density (Table 2). These variables
were evaluated for each 1ha plot at both pixel and tree levels. At pixel
level, LiDAR information was utilized through raster analysis, while
at the tree level, the positions of individual trees within the study
areas were extracted from LiDAR point cloud, and the corresponding
variables were derived successively based on the identified trees.

At pixel level, the three structural variables were estimated using
the Canopy Height Model (CHM). This was derived by normalizing
the point clouds using the tin algorithm within the 11dR R package.
Subsequently, the CHM was generated using the rasterize_canopy
function from the 1idR package, implementing the p2r () algorithm.
Prior to this, noise points were removed from the point cloud to ensure
accuracy in the CHM, facilitating a more reliable representation of
the structural variables. Striking a balance between spatial resolution
and computational efficiency, and drawing insights from previous stud-
ies (Torresani et al., 2020; Tamburlin et al., 2021), we settled on a CHM
spatial resolution of 2.5 m.

To estimate the structural variable at tree level (Table 2), individual
trees (tree height and number of trees) were identified from the point
cloud using the locate_trees function provided by the R 1idR
package.
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2.4.1. Forest height heterogeneity

HH expresses the diversity in forest tree height derived from LiDAR
data (e.g. from CHM) (Torresani et al., 2020). This measure, rooted in
the Height Variation Hypothesis approach (analogous to the Spectral
Variation Hypothesis that uses optical data Rocchini et al., 2017), states
that increased HH correlates with heightened habitat heterogeneity
and biodiversity. As demonstrated in various studies (Torresani et al.,
2020, 2023b; Tamburlin et al., 2021), HH serves as an indicator of
forest vertical structure, intricately linked to habitat diversity. The
computation of HH entailed employing a heterogeneity index, which
effectively measures the diversity within pixels. In this context, the HH
in both areas affected and not affected by the Vaia storm was derived,
for its proven effectiveness (Rocchini et al., 2017; Ricotta and Carranza,
2013; Ricotta and Marignani, 2007; Ricotta, 2005), using the Rao’s Q
index (Eq. (1)) at both pixel and tree level. The suitability of Rao’s index
for calculating different aspects of heterogeneity from remote sensing
data had been previously validated in other studies (Perrone et al.,
2024; Torresani et al., 2024a; Michele et al., 2018; Tamburlin et al.,
2021; Torresani et al., 2024b). In contrast, its application for detecting
HH at tree level was explored for the first time in this study. A review
of the mathematical properties of this heterogeneity index is available
in (Rocchini et al., 2024).

F-1 F
0, = Z Z di/’ * D *Dj» m
i=1 j=i+l

where:

0,, = Rao’s Q index

p = relative abundance of a pixel value (at pixel level) or tree
height (identified from the LiDAR point cloud using the R 1lo-
cate_trees function) value in a plot (F)

d;; = distance between the ith and jth pixel value (at pixel level)
or tree height (at tree level) value (d; ;=dj and d; =0)

i = pixel value (at pixel level)/tree height (at tree level) value i
j = pixel value (at pixel level)/tree height (at tree level) value j

The relative abundance p is calculated as the ratio between the
considered pixel value or tree height value (p; and p;) and the total
number of pixels/trees in F. As well discussed by Rocchini et al. (2017)
the index allows to build a distance matrix d;; in different dimensions,
allowing the consideration of more than one band or raster at a time. In
our case, and as used in different other studies (Torresani et al., 2020;
Tamburlin et al., 2021), the d, ; was calculated as a simple Euclidean
distance based on a single layer (CHM values or matrix of tree height
values). The Rao’s Q values were retrieved for each plots hit and not
hit by the Vaia storm, implementing the R spectralrao function of
the rasterdiv R package Rocchini et al. (2021).

2.4.2. Forest mean height

In each plot hit and not hit by the Vaia storm, the forest mean height
was computed at pixel level, involving the calculation of the mean CHM
values (Eq. (2)).

Forest mean height;,.; = mean CHM 2

where:

Forest mean height,;,; = forest mean height computed at pixel
level
mean CHM = mean of CHM values per plot

At tree-level it was determined by calculating the mean height of
trees identified from the LiDAR point cloud (Eq. (3)).

Forest mean height, .. = tree mean height 3

where:

Forest mean height, .. = tree mean height computed at tree level
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The table summarizes the structural variables used in this study (Forest Height Heterogeneity (HH), forest mean height and forest density)
along with the corresponding dataset used for their derivation at pixel and tree level.

Structural variable

Dataset used at pixel level

Dataset used at tree level

Forest Height Heterogeneity (HH)
Forest mean height
Forest density

Canopy Height Model (CHM)
Canopy Height Model (CHM)
Canopy Height Model (CHM)

Height of trees detected from point cloud

Height of trees detected from point cloud

Number of trees detected through single tree detection
from point cloud within a given area (1 ha)

tree mean height = the average height of each tree (within each
plot), identified on the LiDAR point cloud by the R
locate_trees function of the 1idr R Package.

2.4.3. Forest density

Following the results of previous works (Torresani et al., 2020,
2023Db), the forest density at pixel level was calculated as canopy cover
for each plot hit and not hit by the Vaia storm through the following
formula:

. pxo
Density ye| = o = x 100 4

tot
where:

Density,,; = forest density estimated at pixel level
PX5 , = number of pixels with a CHM > 2 m
PX,,, = total number of pixels

The forest tree density at tree level was estimated as the number
of trees per hectare, identified from the LiDAR point cloud using the
locate_trees function of the 1idr R Package.

Ntrees

1 ha ®

Densityee =

where:

Density ... = forest density estimated at tree level
N trees = number of trees identified from the LiDAR point cloud
using the R locate_trees function.

2.5. Topographic variables

In our investigation, we centered our attention also on three distinct
topographic variables within the forest ecosystem: aspect, slope and
altitude. These variables were assessed starting from the Digital Terrain
Model (DTM) calculated from the LiDAR point cloud through the
tin() algorithm within the rasterize_terrain function (1idR
R Package). As for the CHM, the DTM was derived for all the study
areas with a spatial resolution of 2.5 m.

Aspect and slope were estimated using the R terrain function,
while the altitude was derived directly from the DTM. A final value
of aspect, slope, and altitude for each plot hit and not hit by the Vaia
storm were determined as the medians of the pixel values within each
respective plot. Subsequently, the three variables were classified into
distinct classes. For aspect classification, aspect values were catego-
rized into nine predefined categories: North (ranging from 337.5° to
22.5°), North-East (ranging from 22.5° to 67.5°), East (ranging from
67.5° to 112.5°), South-East (ranging from 112.5° to 157.5°), South
(ranging from 157.5° to 202.5°), South-West (ranging from 202.5° to
247.5°), West (ranging from 247.5° to 292.5°), North-West (ranging
from 292.5° to 337.5°).

For slope classification, slope values were assigned to one of seven
categories: Flat (ranging from 0° to 3°), Undulating (ranging from 3° to
8°), Moderately sloping (ranging from 8° to 15°), Hilly (ranging from
15° to 30°), Moderately steep (ranging from 30° to 45°), Steep (ranging
from 45° to 65°), Very steep (for slopes greater than or equal to 65°),
and Undefined (for slope values that do not fit into any defined range).

For altitude classification, altitude values were assigned to one of
eight categories: less than 1000 m, 1000-1250 m, 1250-1500 m, 1500-
1750 m, 1750-2000 m, 2000-2250 m, 2250-2500 m, and greater than
or equal to 2500 m.

2.6. Statistical analysis

Structural variables such as forest height heterogeneity (HH), mean
forest height, and forest density were calculated at both pixel and tree
levels for areas affected and unaffected by the Vaia storm. Based on
a normality assessment by the Shapiro-Wilk test, we found that some
of the variables did not follow a normal distribution. Consequently,
we opted to use the Wilcoxon test (two tailed - alpha level = 0.05)
to compare these variables and evaluate the statistical significance of
differences between the impacted and non-impacted plots. A similar
approach was applied to the topographic characteristics, which were
visualized using bar charts for comparison. Since the topographic data
were categorized, allowing for class-based comparisons, a chi-square
test (two tailed - alpha level = 0.05) was conducted to evaluate the as-
sociation between slope, aspect, and altitude categories in Vaia-affected
and unaffected plots.

A generalized linear mixed model (GLMM) regression analysis was
applied to investigate the combined effects of topographic and struc-
tural characteristics on all the plots across the four study areas affected
by the Vaia storm. GLMM was chosen because it is suitable for mod-
eling the probability of an event occurring as a function of several
predictors while accounting for the random effects of grouped data—
in this case, the four study areas. This approach allowed us to account
for potential non-independence of plots within the same region. The
analysis included all the topographic (slope, aspect, altitude) and struc-
tural variables (forest density, forest HH, and forest mean height).
We initially assessed multicollinearity among the predictors using the
Variance Inflation Factor (through the vif function of the car R
package) to ensure that no predictors were highly correlated. Following
this, we constructed a series of models, beginning with a full model
incorporating all main effects and potential interactions. Due to conver-
gence issues and signs of overfitting in the initial models, we employed
a stepwise model selection process to simplify the model by removing
non-significant predictors and interactions, guided by AIC comparisons
(using the AIC R function) and model convergence diagnostics. The
final model included the effects of the forest structural variables, certain
altitude ranges, and aspects, along with a random effect for the areas,
providing a more parsimonious fit while capturing the key factors
influencing the likelihood of damage. This approach allowed us to
disentangle the influence of structural and topographical characteristics
on storm damage more effectively, highlighting the complex interplay
of these variables in our alpine forest ecosystems.

2.7. Workflow

The approach proposed in this study is summarized in Fig. 3.
In each study area, we designated 250 random plots in both Vaia
storm-impacted and unaffected forests. Pre-storm ALS LiDAR data was
employed to evaluate structural attributes of the forest (before Vaia)
such as HH, forest density, and forest mean height at both pixel and
tree level. Topographic characteristics as slope, aspect and altitude
were also derived from the LiDAR data. Different comparative analysis
(Wilcoxon test, chi-square test and a generalized linear mixed model
GLMM, to investigate the combined effects of structural and topo-
graphic characteristics on storm damage). The GLMM, which included
random effects to account for the variability across the four study
regions, allowed us to examine how these factors influenced the like-
lihood of a plot being affected by the Vaia storm. This comprehensive
analysis provided insights into the complex interplay between forest
structure, topography, and storm impact
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Fig. 3. For each study area, 250 random points were selected in regions affected and unaffected by the Vaia storm. ALS LiDAR data from before the storm were utilized to
analyze structural forest characteristics, including forest height heterogeneity (HH), forest density, and forest mean height, at both pixel and tree levels. Additionally, topographic
characteristics such as slope, aspect, and altitude were derived from the LiDAR point cloud. Statistical differences (Wilcoxon test, chi-square test and a GLMM in order to investigate
the combined effect of structural and topographic characteristics) in structural and topographic characteristics between storm-affected and non-affected areas, were subsequently

evaluated.
3. Results

The correlations among structural variables (forest HH, forest mean
height, and forest density) assessed at both pixel and tree levels,
comparing areas impacted and not impacted by the Vaia storm (“Vaia”
and “No Vaia”) in the Carezza, Predazzo, Manghen, and Primiero study
areas are illustrated in Figs. 4, 5, 6, and 7, respectively.

Across all study areas, significant differences (p < 0.05, determined
via Wilcoxon test) are observed in forest mean height in all the 4 study
areas when evaluated at both pixel and tree levels. The results indicate
that forest mean height is greater in the Vaia-affected forests compared
to the unaffected regions. Forest density showed an unclear pattern, at
pixel and tree level it shows significant differences in Manghen and in
Predazzo while it was not in the other 2 study areas. Finally forest HH,
estimated at pixel and tree level, does not exhibit significant differences
(Wilcoxon test > 0.05), between the two types of areas in all locations
(except in Manghen and Predazzo study area when the analysis were
conducted at tree level).

The topographic characteristics of the “Vaia” and “No Vaia” areas,
for the Carezza, Predazzo, Manghen and Primiero study areas are
shown in Figs. 8-11 respectively. The analysis revealed significant
differences in aspect, slope, and altitude between ‘“Vaia” and “No Vaia”
areas.

Aspect exhibited notable and significant variations between storm-
hit and unaffected areas in all the 4 areas. In Manghen study area,
“Vaia” plots predominantly faced East, while in Predazzo study area,
they displayed a varied distribution with a notable presence of South-
East directions. Primiero study area showed similar variations, with
higher frequencies of South-East directions observed in “Vaia” plots.

Carezza exhibited diverse aspect distributions, with “Vaia” plots facing
North-East and South-East.

Altitude also displayed notable and significant variations between
storm-hit and non-unaffected areas as well in the 4 study areas. “Vaia”
plots had in general higher frequencies in middle altitude categories.

Slope exhibited significant differences between storm-affected and
unaffected regions, although to a lesser extent when compared to
altitude and aspect (in Carezza study area the difference was not
significant). In Manghen study area, “Vaia” plots displayed higher
frequencies of Hilly and Moderately steep terrains compared to “No
Vaia” plots. These trends were consistent across other study areas,
including Predazzo, Primiero and Carezza study area.

The output of the GLMM analysis at both pixel and tree level,
which included both structural and topographical variables, revealed
several key predictors of Vaia storm damage across the study plots.
Before finalizing the models, we assessed multicollinearity among the
predictors using the VIF, ensuring that collinearity was not a concern.
We then proceeded with a stepwise model selection, guided by AIC
and significance testing, to simplify the model while retaining the
key predictors. Interaction terms were explored but were ultimately
excluded from the final model due to convergence issues and overfitting
concerns, which indicated that simpler models provided more reliable
and interpretable results. After the reduction, we arrived at the two
final models (one for the pixel and one for the tree analysis), which
best captures the factors influencing storm impact. Details of the other
models tested during the selection process can be found in the Sup-
plementary material (Analysis at pixel level - Analysis at tree level).
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Fig. 4. The figure shows the correlation of the structural variables (forest HH, forest mean height and forest density) assessed at pixel and tree level, between “Vaia” and “No

Vaia” areas of Carezza.
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Fig. 5. The figure shows the correlation of the structural variables (forest HH, forest mean height and forest density) assessed at pixel and tree level, between “Vaia” and “No
Vaia” areas of Predazzo.
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Fig. 6. The figure shows the correlation of the structural variables (forest HH, forest mean height and forest density) assessed at pixel and tree level, between “Vaia” and “No
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Generalized Linear Mixed Model (GLMM) results for the analysis at pixel level predicting the likelihood of storm impact based on
topographic and structural variables, after a stepwise model selection process.

Variable Estimate Std. Error z value p-value
(Intercept) —4.3655 0.7910 -5.519 3.40 X 1078 *x*
Forest height heterogeneity (HH) at pixel level 0.0401 0.0218 1.838 0.0660 .
Forest mean height 0.0843 0.0149 5.656 1.55 x 1078 %%
Forest density 0.0041 0.0063 0.650 0.5154
altitude1000-1250 m 2.4694 0.5465 4.518 6.23 X 1076 *x*
altitude1250-1500 m 2.2714 0.5405 4.202 2.64 X 1075 *x*
altitude1500-1750 m 2.8261 0.5414 5.220 1.79 X 1077 #x*
altitude1750-2000 m 2.4067 0.5528 4.354 1.34 x 107 ***
altitude2000-2250 m 1.3753 0.7492 1.836 0.0664 .
altitude2250-2500 m —-7.7935 462.1884 -0.017 0.9865
aspectNorth —1.4553 0.3174 —4.585 4.54 % 107°
aspectNorth-East -0.7743 0.1849 —4.189 2.81 x 107 **¥
aspectNorth-West -1.2887 0.1851 —-6.963 333 x 10712 #¥x
aspectSouth —0.2952 0.2134 -1.383 0.1666
aspectSouth-East 1.0617 0.1935 5.485 4,13 x 1078 ***
aspectSouth-West —-0.1539 0.1893 -0.813 0.4163
aspectWest —-0.9035 0.1786 —5.060 4.19x 1077

Signif. codes: 0 “***’ 0.001 “*** 0.01 “*’ 0.05 ‘.’ 0.1 ’ 1.

Table 4

Generalized Linear Mixed Model (GLMM) results for the analysis at tree level predicting the likelihood of storm impact based on
topographic and structural variables, after a stepwise model selection process.

Variable Estimate Std. Error z value p-value
(Intercept) —5.268 0.6989 —7.538 4.77 x 10714 ok
Forest height heterogeneity (HH) at tree level 0.0007932 0.01868 0.042 0.9661

Forest mean height 0.09053 0.01004 9.021 <2 x 10716 ek
Forest density 0.00441 0.0008471 5.206 1.93 x 1077 s
altitude1000-1250 m 2.417 0.5486 4.405 1.06 x 107 ***
altitude1250-1500 m 2.184 0.5427 4.025 5.70 X 1075 *x*
altitude1500-1750 m 2.676 0.5435 4.924 8.48 X 1077 *x*
altitude1750-2000 m 2.329 0.5552 4.196 272X 1073 *x*
altitude2000-2250 m 1.397 0.7488 1.865 0.0621 .
altitude2250-2500 m -10.04 77.19 -0.130 0.8965
aspectNorth —-1.587 0.3187 —4.980 6.35%x 1077 *
aspectNorth-East —-0.8036 0.1879 —4.277 1.89 X 107 **%*
aspectNorth-West -1.349 0.1868 -7.219 5.25x 10713 #xx
aspectSouth —0.2505 0.2154 -1.163 0.2449
aspectSouth-East 1.079 0.1975 5.463 4.68 x 1078 *x*
aspectSouth-West -0.1286 0.1899 -0.677 0.4983
aspectWest —-0.8978 0.1800 —4.987 6.14 x 1077 ***

Signif. codes: 0 “***’ 0.001 “*** 0.01 “*’ 0.05 ‘.’ 0.1 ’ 1.

In the GLMM analysis at the pixel level (Table 3), forest mean height
emerged as a significant predictor, with a positive correlation indicat-
ing that areas with taller vegetation were more likely to experience
damage. Aspect also played a crucial role in storm impact, with the
‘South-East’ aspect showing a significant positive association with the
likelihood of damage. In contrast, ‘North’, ‘North-East’, and ‘North-
West’ aspects were associated with a decreased likelihood of being
affected. Altitude was another significant factor, with specific eleva-
tion ranges, particularly between 1000-2000 m, showing an increased
likelihood of storm impact. However, the highest altitude category
(2250-2500 m) did not show a significant influence, implying that
storm susceptibility might decrease at these extreme elevations.

Similar results were obtained in the GLMM analysis at the tree
level (Table 4). Forest mean height once again emerged as a significant
predictor, similar to the pixel-level analysis. A positive correlation was
observed, indicating that trees in areas with taller vegetation were more
likely to experience damage during the storm. However, unlike the
pixel-level analysis, forest density showed a significant positive effect in
this final model. In terms of aspect, both analyses identified ‘South-East’
as having a significant positive association with damage likelihood,
suggesting that this aspect consistently increases storm susceptibility
across scales. Altitude remained a significant factor in the tree-level
analysis as well, with similar patterns as observed in the per pixel
analysis: the 1000-2000 m range showed an increased likelihood of
storm impact, while the highest category (2250-2500 m) was not
significant.
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4. Discussion

In this study, we explored the influence of forest structural variables
(including forest height heterogeneity, mean height, and tree density)
alongside topographic factors (such as aspect, slope, and altitude)
estimated from LiDAR data, on the extent of damage caused by the
Vaia windstorm, offering valuable insights into the dynamics of forest
vulnerability to extreme wind events. Our findings, derived from both
applied methodologies (at the pixel and tree levels), indicate that in
cases of forest wind damage, forest mean height tends to be higher
in areas affected by the windstorm, compared to unaffected ones.
Forest density also plays a lesser but important role, with denser
areas experiencing more severe damage than less dense areas, though
this was only significant in certain areas. This seemingly indicates
that conifer forests (typical of the study areas) with taller and denser
tree populations are more vulnerable to wind damage due to their
increased exposure and mechanical leverage against strong wind forces.
Additionally, these trees might have a higher height to diameter at
breast height (DBH) ratio, leading to a structurally weaker form, akin
to being overly thin, which decreases their stability against wind. This
structural weakness is compounded by the fact that denser forests
might be more susceptible to various environmental stressors, including
water stress (Bottero et al., 2017), potentially predisposing these stands
to disturbances like those experienced during the Vaia windstorm.
Furthermore, such regions may experience enhanced vulnerability due
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to a “domino effect”, where the damage is amplified as falling trees
trigger further tree falls. These findings are in partial agreement with
existing studies, Albrecht et al. (2012) and Mitchell (2013) have both
highlighted the role of structure variables in determining wind damage
susceptibility, with taller trees generally facing higher risk and dense
forests that could explain storm damage.

Interestingly, forest HH, estimated at pixel and tree level, did not
show a significant difference between affected and unaffected areas.
This deny the initial hypothesis that higher HH, indicative of a more
diverse vertical structure, would contribute to increased windthrow
resistance. This phenomenon may be due to the forests’ adaptive char-
acteristics or resilience, where structural uniformity across different
areas has evolved to mitigate the impact of wind events. It could also
indicate that the inherent structural stability of these forests, possibly
due to lower canopy profiles or uniform root systems, provides natural
resistance against strong winds. Additionally, microclimatic conditions
or topographical features specific to these locations might play a crucial
role in reducing wind impact. Methodological considerations in assess-
ing HH and its impact on forest resilience might not capture all nuances,
suggesting a need for further research into other factors like species
diversity and spatial arrangement.

The GLMM results furthermore emphasized that specific aspects
significantly influenced the likelihood of the area being impacted by
the Vaia storm. In particular, ‘North’, ‘North-East’, ‘North-West’, and
‘West’” aspects were associated with a lower risk, indicating a negative
influence. Conversely, the ‘South-East’ aspect demonstrated a positive
influence, suggesting a higher likelihood of storm impact. This aligns
with findings by Giovannini et al. (2021) and Olmo et al. (2021), who
reported that during the Vaia storm, a deep low-pressure system devel-
oped over the Mediterranean, generating strong southerly winds that
struck the eastern Italian Alps. Meteorological stations across the region
recorded wind gusts exceeding 50 m/s, primarily driven by a powerful
southerly low-level jet that intensified ahead of an approaching cold
front.

As previously stressed, it is essential to approach these results with
caution due to various influencing factors on forest mean height and
density, including altitude. As the analysis was conducted in a moun-
tainous area, where Vaia had the most impact, it is well-established that
tree height and density decreases with higher altitudes. To account for
this, when comparing areas affected and unaffected by Vaia, the se-
lection of both affected and unaffected forested areas was randomized.
This random selection could include unaffected forested areas at the top
of the vegetation belt, where tree height and density tends to be lower.
For this reason, we conducted further analysis using a GLMM model to
precisely understand the impact of structural and topographic variables
on storm damage and to understand the conditions under which forests
are more susceptible to storm damage. These analyses enhanced our
understanding of the topographic and structural factors contributing
to storm susceptibility in forest areas, aiding in the prediction and
assessment of risk factors for future storm events.

4.1. Forest management

Various studies have pointed out the significant role of forest man-
agement in reducing the impacts of wind on forests. Specifically, mod-
ifying thinning practices to decrease forest density may be considered
and potentially recommended as a means to enhance the resilience of
forests against windstorms, especially in areas frequently hit by such
extreme weather events (Albrecht et al., 2012). However, it is crucial to
note that the immense scale of the Vaia windstorm was the primary and
most forceful factor leading to the widespread damage observed, under-
scoring the dominant influence of the extreme weather event itself. The
Vaia windstorm was exceptionally powerful, with wind speeds reaching
up to 180 km/h (Giovannini et al., 2021). Additionally, it triggered
an extraordinary amount of rainfall, with some regions receiving up to
850 mm in just three days (Giovannini et al., 2021; Lucianetti et al.,
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2019; Davolio et al., 2023) compared to the typical annual rainfall of
approximately 1200 mm. Moreover, topographical analyses indicated
that the storm’s impact was not uniform across different terrains; the
wind penetrated valleys and affected various parts of the mountains,
each with distinct altitudes, slopes, and orientations. This variability
makes it challenging to devise adaptive management strategies that
consider the complex interactions between forest structure, topography,
and the impact of storms. Generally speaking, although diverse vertical
structures may not necessarily improve forest resistance to windstorms,
managing stand structure through density management can be critical
to windstorm resilience following extreme events. Stand density affects
the overall health of trees, not only the structure and growth of forests,
in turn their functions.

4.2. Importance of remote sensing and of the used methodology

The study highlights the potential of remote sensing technologies,
particularly LiDAR, in improving our understanding of forest struc-
ture and dynamics. LiDAR data provide valuable three-dimensional
information and efficiently cover large areas, making them a practical,
time-efficient option for assessing large-scale natural events like forest
disturbances, especially in difficult-to-access regions (Huang et al.,
2013; Ahmed et al., 2014). LiDAR data have also been employed in
various related areas, such as in models predicting wind damage (Costa
et al., 2023), estimating biomass loss after windstorms (Vaglio Laurin
et al., 2021) or monitoring post-disturbance forest recovery (Senf et al.,
2019). However, LiDAR has limitations in terms of spatial and temporal
resolution, and its role should be seen as complementary to traditional
field methods.

The methodology employed for estimating structural variables in
our study represented just one viable approach. We opted for a dual
analysis, performing at pixel and tree level to uncover potential dis-
parities and similarities in forest structural variables using LiDAR data.
Each approach has its distinct advantages and limitations. The per
pixel approach utilizes the CHM in a raster format, providing a broad
overview of forest structure over large areas efficiently and economi-
cally. This method excels at capturing spatial patterns across extensive
regions, making it ideal for large-scale analysis. However, it may lack
the precision needed to detail individual tree characteristics, which
could lead to generalizations in forest density and height heterogeneity
estimates. In contrast, the per tree analysis extracts individual tree data
from LiDAR point clouds, offering greater precision in assessing forest
composition and structural diversity, especially at a smaller scale. This
method provides detailed, tree-level insights but can be more com-
putationally intensive and less reliable in areas with dense canopies,
where accurately detecting individual trees is challenging. Furthermore
this approach is limited by its reliance on specific algorithms, which
reduces its effectiveness across large forest landscapes. By employing
both approaches, we aimed to complement the large-scale efficiency of
per pixel analysis with the fine-scale precision of per tree analysis.

For HH estimation, we chose Rao’s Q index as the heterogeneity
metric, a choice supported by its proven efficacy in various stud-
ies (Tamburlin et al., 2021; Torresani et al., 2020, 2023b), including
applications in Spectral Variation Hypothesis studies (Torresani et al.,
2024b; Rocchini et al., 2017; Thouverai et al., 2022; Perrone et al.,
2024). This index, integrating both relative abundance and pixel values
through Euclidean distance, encapsulates the entire structural informa-
tion derived from LiDAR data heterogeneity (Torresani et al., 2022).
When employed with a single layer or raster, as in our study with CHM
at pixel level and tree height at tree level, Rao’s Q effectively serves as
a robust proxy for heterogeneity, converging to variance using half the
squared Euclidean distance (1/2 dfj).

At pixel level, we opted to utilize the CHM as the initial variable
for HH assessment, neglecting other LiDAR metrics pertinent to forest
structure. This choice is substantiated by the findings of Tamburlin
et al. (2021), where a comprehensive exploration of various LiDAR
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metrics (such as entropy, standard deviation of point cloud distribution,
and percentage of returns above mean height) was conducted for HH
estimation. The results of their study revealed that the CHM emerged
as the most effective metric for characterizing HH and tree species
diversity. The estimation of HH was firstly done applying the concept of
the Height Variation Hypothesis, an indirect approach used to estimate
forest biodiversity through remote sensing data stating that greater tree
HH measured by CHM LiDAR data indicates higher forest structure
complexity and tree species diversity. This concept has been tested
using airborne (Torresani et al., 2020; Tamburlin et al.,, 2021) and
Spaceborne (from the GEDI sensor Torresani et al., 2023b) LiDAR data
showing good results.

4.3. Ecological aspect

It is worth mentioning that, a part of our results, we recognize the
multifaceted nature of windthrow as not solely catastrophic events but
as integral components of forest dynamics. Different studies (Mitchell,
2013; Jactel et al., 2017) elucidate that windthrow should be regarded
as a recurring ecological process, contributing to the shaping of forest
structures, influencing soil processes, and altering landscape patterns
over time. This perspective is critical when considering the differential
impacts observed in our study, where the structural variables of for-
est mean height and density, alongside topographic elements, played
significant roles in determining the susceptibility of areas to the Vaia
windstorm (Mitchell, 2013). It is necessity of considering the long-term
ecological consequences of windthrow, including its effects on stand
dynamics and soil properties. This underlines the complexity of inter-
actions between tree, weather, and site conditions, which are crucial
for understanding and predicting windthrow patterns and impacts. The
role of soil conditions and terrain features, as discussed by Mitchell
(2013), in affecting local stand vulnerability offers a deeper under-
standing of the observed variability in storm damage across different
forested landscapes in our study.

4.4. Limitations

Acknowledging the potential limitations of our research is crucial.
While our focus was on the impact of forest structure and topography
on wind damage caused by the Vaia storm, we recognize that other
factors such as soil proprieties, stand age, percentage of conifers and
recent thinning or edge exposure by harvesting also significantly influ-
ence wind damage outcomes, as highlighted in prior studies (Dobbertin,
2002; Mitchell, 2013; Valinger et al., 2000; Jactel et al., 2017). Our
primary goal was to explore the feasibility of using LiDAR data to
investigate the roles of structural and topographic factors in windstorm
damages. To our knowledge, this is the first time such data have been
applied in this context, marking an initial step toward understand-
ing these dynamics. Moreover, the methodology we employed could
present additional limitations. We chose to analyze random points
within areas rather than encompassing all areas, acknowledging the
disparity in size between the region impacted by the Vaia storm and
the broader forested areas not affected. This choice was made to ensure
a statistically robust comparison of similarly sized areas. Moreover,
the characteristics of the LiDAR data, including its spatial resolution
and the algorithms utilized for data processing, may introduce certain
limitations to the analysis. Also the time lag between when the LiDAR
data was collected and the occurrence of the Vaia windstorm, which
varies from two to four years across the research locations, is another
potential drawback. While this temporal discrepancy is not optimal, it is
a typical issue in studies that depend on LiDAR data, which often is not
updated regularly due to the infrequent scheduling of LiDAR surveying
campaigns (Polychronaki et al., 2015; Moudry et al., 2021; Torresani
et al., 2020). Despite this, we are confident that this temporal mismatch
does not detract from the validity of our conclusions.
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The results highlight a crucial need for proactive anticipation and
preparation for unprecedented extreme events, particularly in the face
of escalating climate change. Rather than focusing solely on forest
management strategies, the integration of knowledge of ecological
processes, the long-term impacts of windthrow on ecosystem dynamics
and a shift toward addressing the root cause—climate change. This
emphasizes the importance of changing our habits and collectively
working to mitigate climate change, which is the primary driver of
intensified disturbances. Beyond the immediate study context, a global
call for preparedness urges a comprehensive reassessment of envi-
ronmental policies and resource allocation to effectively tackle the
evolving landscape of ecological threats, safeguarding the long-term
sustainability of our forests.

5. Conclusion

This research showed how forest structure and topography influence
storm damage vulnerability, in particular in area affected by the Vaia
storm. Utilizing ALS LiDAR data, we have identified that taller and
denser forests are more susceptible to wind damage, likely due to
increased mechanical leverage against strong winds and possible struc-
tural weaknesses. Our findings align partially with previous research
but also present unique insights, particularly concerning forest HH,
which did not correlate with increased wind resistance as expected.
Additionally, the role of altitude, slope and aspect in affecting forest
structure and density was significant, necessitating the application
GLMM to accurately assess these effects devoid of topographic-related
confounding factors. This comprehensive approach highlights the com-
plex interactions between natural forest dynamics and extreme weather
events.

It is worth underlying that, while Vaia was a particularly severe
event, the same methods used in this study can be applied to smaller,
more frequent wind disturbances. By detecting subtle changes in forest
structure and topography, these tools allow for improved preparedness
and mitigation strategies, even in the case of lower-intensity events.
This broadens the potential application of our study, providing value
for ongoing forest management practices in regions prone to wind
damage.

Future research should delve deeper into the relationships between
forest structure and wind damage by incorporating more comprehen-
sive datasets that include continuous monitoring before and after storm
events. This could involve integrating other remote sensing technolo-
gies like satellite imagery or drone surveillance to enhance the spatial
and temporal resolution of data. Studies could also explore the impact
of biodiversity on resilience to wind damage, examining how differ-
ent species compositions and forest management practices influence
susceptibility providing valuable insights for policy and conservation
efforts.
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