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ABSTRACT

Ice storms are common disturbance agents in temperate forests, often causing complex damage
by partially destroying tree crowns. These irregular damage patterns pose challenges in production
forests. Post-disturbance management decisions, such as salvage logging, are typically based on
hastily collected field data, which is costly, time-consuming, and often fails to capture damage
heterogeneity. Remote sensing offers a practical alternative. In 2014, a severe ice storm
damaged mixed forests across the northern Dinaric Mountains. We used multitemporal high-
density Airborne Laser Scanning data to validate a procedure for quantifying ice storm damage
in stands dominated by Norway spruce, silver fir and European beech, using field data as a
reference. LiDAR-derived leaf area density profiles and voxel-based biomass loss estimates
effectively reflected field-observed patterns. Methods based on individual-tree segmentation
underestimated post-disturbance tree density reductions, but basal area and volume loss
estimates aligned closely with field measurements, even at low point densities. These methods
offer a scalable approach to damage assessment and improve understanding of the spatial
variability of ice storm impacts. They also hold considerable promise for land managers with
access to regional bitemporal LiDAR datasets.

Introduction (Atkins et al. 2020), ice storms, in particular, often

Many natural disturbances in forests often cause moder-
ate or intermediate severity damage across a range of
spatial scales (Frelich and Lorimer 1991; Woods 2004;
Stueve et al. 2011; Nagel et al. 2017). Intermediate severity
disturbances leave a lasting legacy on forest structure and
dynamics, influencing carbon storage and primary pro-
duction (Stuart-Haentjens et al. 2015; Woods and Kern
2022), structural complexity (Meigs and Keeton 2018;
Fahey et al. 2020), community composition (Woods
2000; Nagel et al. 2014), and habitat conditions for biodi-
versity (Kozék et al. 2021). A common characteristic of
intermediate severity disturbances includes “messy” and
heterogenous damage patterns over space, ranging
from crown damage of individual trees to scattered gaps
and larger patches of canopy removal that can retain
some live trees (Greenberg and McNab 1998; Woods
2004; Nagel and Diaci 2006; Hanson and Lorimer 2007).
Although a number of different disturbance agents
can cause intermediate severity damage to forests

create remarkably complex damage patterns — mainly
because, in addition to snapping and uprooting entire
trees, they cause partial damage to the crowns of other-
wise living stems, ranging from the removal of small
branches to nearly entire crowns (Rebertus et al. 1997;
Irland 2000; Duguay et al. 2001; Isaacs et al. 2014;
Nagel et al. 2016). Moreover, the meteorological con-
ditions that give rise to ice storms often occur over
large spatial scales, such that damage to forests can
occur over 100s-1000s of km? (Changnon 2003).

Ice storms are relatively common disturbance agents
in many temperate forest regions (Rebertus et al. 1997;
Proulx and Greene 2001; Changnon 2003; Zhou et al.
2011; Nagel et al. 2016). Consequently, their large size
and complex damage patterns also create several
unique challenges where forests are regularly
managed for timber production. For example, manage-
ment decisions immediately following natural disturb-
ances, such as sanitary and salvage logging operations,
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are largely based on data that is hastily collected in the
field, yet it is costly, time-consuming, and difficult to
accurately quantify heterogeneous and complex
damage patterns across large forested regions. More-
over, post-ice storm management may include salvage
logging of live trees with partial crown damage that
may otherwise survive (Bragg et al. 2003; Nyland et al.
2016; Rozenbergar et al. 2020), as well as sanitary
logging of damaged trees of target species to prevent
pest outbreaks (de Groot et al. 2018). As such, it is impor-
tant for managers to quantify the outcome and effec-
tiveness of post-disturbance management operations,
both as a basis for further management planning and
to assess potential forest recovery patterns.

Remote sensing methods provide a clear solution to
many of the challenges associated with quantifying
post-ice storm changes in forest structure. Remotely
sensed data can improve the decision-making process
by reducing the response time of managers, covering
large landscapes with less cost, and improving objectiv-
ity and accuracy of the quantification of damage pat-
terns and post-disturbance forest structure. In
particular, airborne laser scanning (ALS) using Light
Detection and Ranging (LiDAR) technology has the
advantage of capturing large areas with the sufficiently
high resolution (Coops et al. 2009; Wulder et al. 2012)
needed to detect the fine-scale damage patterns charac-
teristic of ice storms. However, very few studies have
examined the utility of ALS for quantifying ice-storm
damage in forests. Previous work using either ALS or ter-
restrial laser scanning (TLS) in forests affected by ice
storms has examined stand scale changes in forest struc-
tural complexity (Atkins et al. 2020; Fahey et al. 2020),
characteristics of canopy gaps (Liu et al. 2020), and land-
scape scale severity patterns (Anderson et al. 2011).
However, we are not aware of any studies quantifying
fine-scale changes in forest structure before, immedi-
ately after ice storm damage, and following post-ice
storm salvage logging operations.

In 2014, a large and intense ice storm caused inter-
mediate and heterogenous damage patterns to tem-
perate forests in Slovenia (Nagel et al. 2016; Nagel et
al. 2017), a region with a long history of continuous
cover forest management aimed toward sustainable
timber production (Boncina 2011). Silvicultural prescrip-
tions, including the annual allowable harvest, follow
strict management plans in Slovenia, but natural dis-
turbances often damage a substantial portion of the
timber that would otherwise be harvested under
regular silvicultural plans (Straus and Bonéina 2025).
As such, accurate assessment of damage patterns fol-
lowing disturbance is required to readjust long-term
planning and for salvage logging operations. The

main objective of this study was to assess the impact
of a severe ice storm event on stand structural
changes in managed mixed-mountain forests and
compare structural changes derived from field-based
measurements and airborne laser scanning data. We
examine several measures of structural change and
assess how point cloud density influences the compari-
son to field-based measurements. Specifically, the study
aims to:

1. Assess post-storm reduction in tree density, basal
area, and growing stock for the main tree species.

2. Assess post-storm changes in stand-level structure.

3. Examine if pre- and post-storm leaf area density can
be used to detect canopy structure changes.

4. Evaluate the reliability of voxel-based estimates in
measuring aboveground biomass loss post-ice
storm and salvage logging.

5. Evaluate the accuracy of LiDAR-derived change
detection in tree density, basal area, and growing
stock across different point cloud densities, using
field measurements as a reference.

Materials and methods
Description of the study area

The study was carried out in the Sneznik forest manage-
ment unit (FMU Sneznik) in the Dinaric Mountain region
of southern Slovenia (Figure 1). The landscape is charac-
terized by typical high-karst features, with Leptosols,
Cambisols, and Luvisols as the predominant soil types.
The region has a humid temperate climate with an
average annual rainfall of 1642 mm and an average
annual temperature of 6.6 °C (ARSO 2025). During the
extended winter period (November to March), the
study area receives 690 mm (42%) of precipitation
(Meteorological station Babno Polje). Forest commu-
nities are dominated by three main tree species,
namely, European beech (Fagus sylvatica L.), silver fir
(Abies alba Mill.) and Norway spruce (Picea abies (L.) H.
Karst.). Sycamore maple (Acer pseudoplatanus L.), wych
elm (Ulmus glabra Huds.), common ash (Fraxinus excel-
sior L.), and lime (Tilia cordata Mill.) are present sporadi-
cally. The mean growing stock of the studied forests is
442 m? ha™' and the mean annual increment is 8.3 m?
ha~" yr~' (SFS - FMP 2015). In the last 40 years, the struc-
ture and composition of the forest have changed due to
the chronic decline of silver fir and forest management
practices that favored uneven-aged forest stands, result-
ing in high structural diversity. The study site (45.672° N,
14.460° E) is located at an altitude of 750-870 m and
covers approximately 70 ha.
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Figure 1. Location and arrangement of the research plots within the study area. The circles represent individual forest plots (blue dot
= centre of the plot; red circle = area of the plot; red dashed crosses = subplots). The inset map shows the location of the study area in
Slovenia. Imagery was taken after the ice storm and salvage logging.

The 2014 ice storm and its impact on the FMU
Sneznik

In 2014, between 30 January and 5 February, a large-
scale and intense ice storm caused damage to more
than 600,000 hectares of forest in Slovenia (SFS - FMP
2015; Figure 2) and Croatia. In the most intense areas,
the precipitation exceeded 350 mm (URSZR 2018) and
ice thickness on flat surfaces was between 50 and 90
mm in some regions (Mezgec 2015). Forest damage
was most severe at elevations between 300 and 1,200
m. Salvage logging began immediately after the ice
storm in February 2014 and continued in 2015 due to
a bark beetle outbreak.

Establishment of research plots and pre/post-ice
storm tree measurements

In 2011, six research plots were established at the Sneznik
trial site as part of the Life + ManFor C.BD project (LIFEQ9
ENV/IT/000078 2010-2015). Three plots had a dense
(closed) canopy, while the other three plots had a
sparse (open) canopy. The plots were distributed across
stands with different tree species composition: two
plots were located in Norway spruce-dominated stands
(spruce-dominated stand), two in silver firdominated
stands (fir-dominated stand) and two in European
beech-dominated stands (beech-dominated stand).

The plots were circular with an area of 4000 m?
(radius of 35.7 m). In each plot, tree locations (x, y)

were measured with a Leica TS12 total station. The diam-
eter at breast height (at 1.3 m above ground level; DBH)
of all live trees (DBH > 10 cm) was measured and the tree
species was recorded (n=681). Tree height (H) was
measured on a sub-sample of trees in a 10 m wide
strip, oriented north to south through the center of
the plot. We used this data to develop species-specific
height curves.

All plots were re-measured in 2013, four months
before the ice storm. After the 2014 storm, once the
salvage logging was completed, the plots were remea-
sured again and the locations of the stumps of salvaged
trees were recorded. Mainly trees that were uprooted or
snapped during the ice storm were salvage logged,
while trees that only had damaged crowns were retained.

Estimation of tree attributes from field
measurements

Based on the height data from the sub-sample of trees in
each plot, we created site-specific height curves for each
species in order to estimate the tree height values not
measured in the field. The basal area (BA) of each tree
was calculated using standard equations, while the
volume (V) and aboveground biomass (AGB) were calcu-
lated from DBH, H and tree species data using library
“rBDAT” (Kublin 2003) in R software (R Core Team
2024) using function getVolume (coarse wood volume
over bark from forest floor up to diameter over bark of
7 cm) and getBiomass (total aboveground biomass),
respectively.
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Figure 2. Typical ice storm damage in one of the research plots, characterized by broken and uprooted trees, mainly silver fir (Abies
alba Mill.), and extensive accumulation of both fine and coarse woody debris on the forest floor.

Airborne laser scanning data acquisition

The ALS data acquisition was performed in November
2013, April 2014, and October 2014 (Figure S1; Figure
S2; Figure S3). All three data acquisitions were con-
ducted while the deciduous species, European beech,
was without foliage, i.e. under leaf-off conditions. The
broader study site was surveyed using a Eurocopter
EC 120B helicopter equipped with a Riegl LMS5600
laser scanner. The scanner has a relative horizontal
accuracy of 10 cm and a relative vertical accuracy of 3
cm. It operates at a wavelength of 1550 nm, has a
maximum effective measurement range of up to 1100
m, depending on atmospheric conditions and the
reflectivity of the target, and can record multiple
echoes per pulse. The original point cloud densities
before downscaling were 130.9 points m™ (November
2013), 319.4 points m~2 (April 2014), and 164.7 points
m~2 (October 2014).

Point cloud subsampling and density variation

The processing and analyses that follow were performed
on preprocessed point clouds, i.e. classified, and ground
normalized in a second step. To compare field-based
measurements with ALS data for assessing changes in
stand structure after the ice storm and salvage
logging, we applied the same analytical procedure

using three different point cloud densities: high point
density, medium point density and low point density.

Downscaling was performed using the Subsample
function in CloudCompare software (CloudCompare
2025) with the spatial subsampling method. This algor-
ithm thins the original point cloud by enforcing a
minimum distance between retained points. It processes
the cloud sequentially, retaining the first point and then
evaluating each subsequent point; a point is kept only if
no previously retained point lies within the specified dis-
tance. The output is a reduced point cloud of the desired
density (CloudCompare 2025). The minimum point dis-
tance was set to 0.1 m for high point density (resulted
in mean point density of 97.6 points m™2), 0.8 m for
medium density (resulted in mean point density of 5.1
points m~2), and 1.2 m for low point density (resulted
in mean point density of 2.4 points m™?).

LiDAR-based analysis of forest structural changes

Our study employs several different metrics to compare
LiDAR- and field-based measurements of forest change
following the ice storm event and subsequent post-dis-
turbance management. These metrics, which can be
used for large-area forest structure characterizations,
span from coarser-scale estimates of canopy structure,
such as changes in leaf area density (e.g. Coops et al.



2009; Bouvier et al. 2015; Kamoske et al. 2019), to finer-
scale attributes that capture individual-tree level
changes in biomass, diameter, basal area, and volume.
The latter are derived using voxel-based metrics and
segmentation of individual-tree crowns. Each approach
is described in more detail below.

Estimation of leaf area density

Leaf area density (LAD) was calculated from the highest-
density point cloud using the approach described by
Bouvier et al. (2015), based solely on first and single
LiDAR returns. The LAD was calculated in T m height
bins to produce a detailed vertical profile of canopy
structure at three different time points. Since the
LiDAR data were collected during the leaf-off season,
the LAD values determined for European beech should
be interpreted as a structural proxy reflecting the
woody elements (branches and stems) and not the
actual leaf area density. No correction was made to esti-
mate leaf-on LAD, and this limitation is acknowledged in
the discussion.

To ensure accuracy, only points within a scan angle of
+23° were used, as recommended by Liu et al. (2018).
Larger angles beyond the nadir are associated with
lateral penetration of the tree crowns and are not suit-
able for a metric intended to represent vertical structure.
The calculation of LAD, implemented in the library “lidR"
(Roussel and Auty 2017) in R software (R Core Team
2024), is based on the gap fraction profile, which esti-
mates the number of laser pulses that reached a given
layer z+dz and the number of pulses that traversed
the layer [z, z+ dz]. The logarithm of the ratio between
these two values is then divided by the extinction coeffi-
cient k to obtain an estimate of the LAD for each vertical
segment (Bouvier et al. 2015).

Voxel-based assessment of aboveground biomass
changes

To assess aboveground biomass changes (AGB), we
computed voxel representations of the normalized ALS
point clouds using the voxel_metrics function from the
“lidR" package in R software (R Core Team 2024), with
a voxel resolution of 1x1x1 m. The voxel-based
metrics were calculated separately for ALS datasets
acquired in November 2013 (pre-ice storm) and
October 2014 (post-salvage logging), based solely on
highest-density point cloud. By comparing the voxel
layers from both November 2013 and October 2014,
we identified three voxel classes: a) voxels that were
present in both years (VXcommon), b) voxels that were
only present in 2013 before the ice storm and absent
in 2014 after salvage logging (vx.s:), and c) voxels that
appeared in 2014 but were absent in 2013 (VX,ew).

SCANDINAVIAN JOURNAL OF FOREST RESEARCH . 5

Tree segmentation and tree attribute estimation
from ALS data

Individual-tree segmentation of the point cloud data
was performed using the approach proposed by Dal-
ponte and Coomes (2016), applied to the ALS datasets
from November 2013 and October 2014. The segmenta-
tion was based on a canopy height model (CHM) for
each ALS data acquisition separately, with a pixel size
of 0.5 m with pit-free algorithm developed by Khosravi-
pour et al. (2014). Individual-tree segmentation was per-
formed with the “lidR"” package (Roussel and Auty 2017)
using the dalponte2016 function in R software (R Core
Team 2024).

For each segmented tree in the ALS data, H was
derived directly from the normalised LiDAR point
cloud. The crown radius was estimated from the
convex hull of the segmented crown, which was also
obtained from the ALS data. The DBH was then esti-
mated using the allometric model of Jucker et al.
(2017), which relates H and crown radius to the DBH.
Based on the estimated DBH, the BA of each tree was cal-
culated. Volume was estimated using the procedure
described in section 2.3.1. The tree species identity for
each ALS-segmented tree was assigned based on the
dominant tree species observed in the respective plot
from the field data. To investigate the effect of LiDAR
point density on the evaluation of changes in basic
stand structure characteristics (tree density, basal area
and growing stock), we used three different point den-
sities (see Section 2.4.1) and performed tree segmenta-
tion and attribute extraction separately for each.

Statistical modeling and data analysis

Linear mixed models (LMMs) were used to evaluate how
well LiDAR-derived voxel loss explained variation in field
calculated aboveground biomass change (AAGB) follow-
ing the 2014 ice storm. The standardized lost voxel
volume (vxjst) was included as a fixed effect, and plot
was modeled as a random intercept to account for varia-
bility among the six plots. Although each plot was
divided into four subplots, there was no replication at
the subplot level, and a simplified hierarchical model
was applied:

AAGBU = ,80 + B1 VXjost + bj =+ &jj

where:

AAGBj; predicted aboveground biomass change in
subplot i of plot j

¢ B, model intercept

B, fixed effect of voxel volume loss vx;os

b; random effect of plot
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o g residual error

LMMs were also used to evaluate the performance of
LiDAR-derived tree density, basal area and growing
stock compared to field measurements. This was
carried out using metrics derived from 3 different
point cloud densities, to ascertain the importance of
point cloud density. The inventory method (field-based
and ALS-derived estimates using high, medium and
low point density) was treated as a categorical fixed
effect. Random effects accounted for the nested struc-
ture of the data:

Yik = By + Bymethod; + by + by + €k

where:

Y predicted structural metric (tree density, basal

area, growing stock) for inventory method;, subplot

j, plot k

e 3, model intercept

e 3, fixed effect of inventory method (low, medium,
high)

* by, by random effects for plot and subplot (nested)

* gjj residual error

Models were implemented in R using the Ime4
package (Bates et al. 2015), using the Imer function
with restricted maximum likelihood estimation and Sat-
terthwaite approximation for p-values. Pseudo-R-
squared for Generalized Mixed-Effect models was calcu-
lated using the r.squaredGLMM function in the MuMIn
package (Barton 2024). To examine differences
between levels of point cloud density factor, estimated
marginal means (EMMs) were calculated using the
emmeans package (Lenth 2025) and emmeans function.

Results

Changes in tree-level structure after the ice storm
and salvage logging

In total, the number of live trees declined from 2013 to
2014 (Table 1) due to the combined effects of the ice
storm and salvage logging, with Norway spruce experi-
encing the greatest relative decline (50.3%), while
silver fir and European beech showed smaller declines
(26.6% and 20.9%, respectively).

In 2013, the mean diameter (DBH=39.3 cm) and
mean volume (V=2.0 m%® were highest for silver fir,
while the lowest values were observed for European
beech (DBH=30.6 cm, V=13 m°. The greatest mean
height (H=26.0 m) was observed for Norway spruce.
In 2014, the average values changed due to the mortality

Table 1. Mean diameter at breast height (DBH), height (H) and
volume (V) (mean = 95% confidence interval) of all live trees
censused in 2013 and 2014 and of trees that were removed
due to ice storm (salvage logging). The n represents the
number of trees recorded in each category; data were pooled
across all six plots.

Year Tree species n DBH (cm) H (m) V (m?)
2013 Norway spruce 177 363+£18 260+£10 15+0.2
Silver fir 184 393+25 242+11 20zx0.2
European beech 320 306+1.5 248+0.7 13+0.2
2014 Norway spruce 89 414+24 285+12 19%0.2
Silver fir 135 402+29 247+13 21+03
European beech 253 321+1.7 254+0.7 14+0.2
Salvage cut  Norway spruce 88 312+23 234£15 1.1+0.2
Silver fir 49 36.7+£51 229+25 18%05
European beech 67 251+26 225+13 0.8+03

and removal of trees damaged by the ice storm. An
increase in mean tree DBH and V was observed in all
three tree species. The greatest increase in mean
height (H=28.5 m) occurred for Norway spruce, while
for populations of silver fir and European beech only
minor changes in mean tree height were detected,
although both species showed an increase in mean
tree volume. For trees removed due to ice storm
damage, mean DBH and tree height were lower com-
pared to surviving trees. For the trees that were
salvage logged after the ice storm, Norway spruce
trees had a mean DBH of 31.2 cm and a mean volume
of 1.1 m? which were substantially lower than the
values determined for the surviving trees in 2014. Even
lower values were recorded for silver fir and European
beech.

Changes in stand-level structure after the ice
storm and salvage logging

Across all stand types, tree density, basal area, and
growing stock decreased from 2013 to 2014 due to mor-
tality and salvage logging following ice storm damage
(Table 2). The greatest decline was observed in the
spruce-dominated stands, where tree density dropped
from 371 trees ha™' in 2013 to 208 trees ha™' in 2014
(a decrease of 44%). The basal area and growing stock
in the spruce-dominated stands also decreased by 35%
and 33%, respectively. There were also reductions in
stand parameters in silver fir- and beech-dominated
stands, albeit to a lesser extent. The tree density of
silver firdominated stands decreased by 24%, the
basal area and growing stock by 19%. Beech-dominated
stands showed the smallest overall decline: tree density
and basal area declined by 14% and growing stock by
13%. The lowest number of trees removed during
salvage cutting was recorded in the beech-dominated
stands (39 trees ha™'), followed by fir-dominated



Table 2. Mean tree density, basal area, and growing stock for
Norway spruce-, silver fir- and European beech-dominated
stands in 2013 and 2014 and for trees removed due to ice
break (salvage logging). The values represent the mean + 95%
confidence interval for each category.
Tree density
(nha™")
371+£147

Basal area
(m? ha™")

357+£99

Growing stock
(m>ha™")

469.2 +130.1

Year Stand

2013 Norway
spruce-
dominated

Silver fir-
dominated

European
beech-
dominated

2014 Norway
spruce-
dominated

Silver fir-
dominated

European
beech-
dominated

Salvage  Norway

cut spruce-
dominated

Silver fir-
dominated

European

beech-
dominated

226 £59 303+7.2 42721123

254 £61 278%53 4164822

208 + 95 23.2+86 3140+ 116.6

171 £60 244+93 34741424

218 £51 240%29 361.1+£40.2

164+73 125+3.7 155.2+43.7

55+18 59+35 79.8+498

3622 38+34 55.2£52.0

stands (65 trees ha™') and spruce-dominated stands (164
trees ha™").

Leaf area density (LAD) profiles before and after
the ice storm and salvage logging

The profile of LAD shows considerable variation among
stands before the ice storm, following the ice storm, and
after salvage logging (Figure 3). In some stands the LAD
was distinctly concentrated in the upper part of the ver-
tical profile, like in beech-dominated sparse stands,
while silver fir showed a more even distribution both
in dense and sparse stands. Fir-dominated stands were
the least damaged by the ice storm and few trees
were felled as part of the salvage cutting. Beech-domi-
nated stands suffered considerable damage to tree
crowns (Figure S4), but in most cases, the damaged
trees were not removed. In the case of spruce-domi-
nated stands, the direct impact of the ice storm was rela-
tively small, but the subsequent salvage logging was
intense, resulting in a significant decrease in the LAD
profile.

Voxel-based estimation of aboveground biomass
loss after the ice storm and salvage logging

The linear mixed-effects model showed a strong and
statistically significant positive relationship between
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the standardized vx;,s; and AGB loss (Table 3; Figure 4).
Specifically, the fixed effect estimate for vxs was
2645.1 (p = 0.0022), indicating that for each unit increase
in standardised voxel loss, aboveground biomass
decreased by approximately 2645.1 kg or for each
voxel loss 1.52 kg. The model intercept was estimated
at 4954.5 (p = 0.0030).

The random effects show that considerable variability
exists between the forest plots (plot). The marginal R?
(R2m = 0.470) shows that the fixed effect alone explains
about 47% of the variance in biomass change, while the
conditional R? (R2c = 0.635) shows that the full model,
including the random effects, explains about 64% of
the total variance.

Changes in stand structure after the ice storm
and salvage logging: comparison of field-based
and LiDAR-based estimates

The analysis comparing the tree density reduction esti-
mates between field measurements and the LiDAR-
based method revealed significant differences (Table 4;
Figure 5). The intercept value of -9.0 (p =0.0023) rep-
resents the average reduction in tree density as deter-
mined by field-based measurements. When comparing
LiDAR-derived estimates with field-based measure-
ments, all point density methods systematically underes-
timated tree density reduction (Table 4), while the
difference among LiDAR-derived estimates was not stat-
istically significant (p > 0.05). The results also showed
variability in the severity of damage among the
different plots (plot_group, variance = 16.72),
suggesting that the extent of tree density reduction
varies across the study area. In addition, variability was
also observed at the sub-plot level (plot_group:
subplot, variance =2.99), suggesting that damage was
not spatially uniform even within individual plots.

The analysis of basal area reduction revealed no stat-
istically significant differences between LiDAR-based
methods and the field-based reference measurements
(Table 4; Figure 5). The intercept value of -0.78 (p=
0.002) reflects the average reduction in basal area as
recorded by field-based measurements. None of the
LiDAR-based methods differed significantly from the
field-based estimates, and moreover, no statistically sig-
nificant differences (p>0.05) were detected among
LiDAR-derived estimates from different point cloud den-
sities. The results also showed variability in the severity
of basal area reduction among different plots
(plot_group, variance =0.10), and within plots at the
sub-plot level (plot_group:subplot, variance = 0.10).

The analysis of growing stock reduction revealed stat-
istically non-significant differences between LiDAR-
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Figure 3. Vertical profiles of mean Leaf Area Density (LAD) across canopy height for three time points: blue lines represent the average
LAD before the ice storm (November 2013), red lines show LAD after the storm (April 2014), and green lines represent LAD after

salvage logging operations were completed (October 2014).

based methods and the field-based reference measure-
ments (Table 4; Figure 5). The intercept value of -10.27
(p=0.007) reflects the average volume reduction as
recorded by field-based measurements. The results
also showed variability in the severity of volume
reduction among plots (plot_group, variance =22.22),
and within plots (plot_group:subplot, variance =21.92).
Additionally, the post-hoc pairwise comparisons
showed no statistically significant differences in
growing stock estimates between the three point
cloud densities (all p>0.05). This confirms that
growing stock change can be reliably estimated even
from lower-density point clouds.

Discussion

The airborne laser scanning performed reasonably well
for capturing changes in forest structure following the
ice-storm and post-storm salvage logging, but perform-
ance varied depending on the specific LiDAR-derived

Table 3. Results of the linear mixed-effects model relating voxel
loss (vxiost) to aboveground biomass loss (AAGB).

Effect Estimate Std. Error p value
Intercept 4954.5 796.98 0.0030
Viost 2645.1 685.49 0.0022

metric, highlighting both the utility and limitations of
LiDAR-based approaches. Moreover, for some metrics
in particular, such as changes to the basal area and
growing stock, low resolution LiDAR data performed as
well as high resolution data, which is an encouraging
result given that low resolution data is more likely to
be available over large forested areas and requires less
computational resources for processing and data
storage.

The post-storm reduction in tree density, basal area,
and growing stock for the main tree species is consistent
with other independent assessments of damage pat-
terns following the 2014 ice storm event. Notably
beech, and broadleaf species in general, were among
the most susceptible to severe ice damage (Figure S4),
while fir and spruce were least susceptible (Nagel et al.
2016). Nagel et al. (2016) also found that crown
damage was common for beech, particularly for
smaller sized trees and at low to intermediate levels of
storm intensity. They also reported that larger trees
were more susceptible to uprooting, which is consistent
with field observations at our study site, where some of
the larger spruce and fir trees uprooted or snapped
during the ice storm (Figure 2). These damage patterns
are reflected in the vertical profiles of leaf area density
in April 2014, with the beech stands tending to show
the highest level of canopy loss at canopy heights,
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Figure 4. Relationship between the voxel-based volume loss and the loss in aboveground biomass (AGB) in the forest subplots.
Colored dots represent individual observations in the subplots grouped by plot. Dashed regression lines show linear trends within
each plot, while the solid black line shows the overall trend across all plots. The mixed-effects model includes voxel loss as a
fixed effect and accounts for variability between plots through a random intercept for the plot.

with broken canopy material moving to lower heights
near ground level post-ice storm. However, it is impor-
tant to note that the LiDAR data were acquired during
the leaf-off season, which means that the reported
LAD values predominantly reflect woody structural

Table 4. Linear mixed-effects model of tree density, basal area
and growing stock reduction comparing field-based and
LiDAR-based estimates with varying point densities. Non-
significant p values are bold.

Stand structure Std.
parameter Effect Estimate  Error p value
Tree density Intercept -9.00 1.88 0.0023
High point 9.80 1.10 < 0.0001
density
Medium point 9.60 1.10 < 0.0001
density
Low point 9.00 1.10 < 0.0001
density
Basal area Intercept -0.78 0.15 0.0020
High point 0.11 0.08 0.1711
density
Medium point 0.05 0.08 0.0561
density
Low point 0.05 0.08 0.5504
density
Growing stock Intercept -10.26 2.34 0.0039
High point -0.98 1.32 0.4558
density
Medium point -2.15 132 0.1065
density
Low point -1.84 1.32 0.1663
density

elements (e.g. branches and stems) and cannot be
directly compared in absolute terms to leaf-on data.
While absolute differences between leaf-on and leaf-off
plant area density profiles can be very large, relative
changes (e.g. before and after a disturbance) are still
valid and informative (Arnqvist et al. 2020).

Post-storm salvage logging was also consistent with
management recommendations following natural dis-
turbances in Slovenia and Central Europe (Stadelmann
et al. 2013; Leverkus et al. 2021). Uprooted or
snapped trees, regardless of species, are typically
removed for economic reasons, while damaged but
living stems of spruce are routinely removed to limit
subsequent bark beetle outbreaks. The post-salvage
logging structure was relatively well captured by the
LAD profile approach. Spruce shows lower values in
the canopy, reflecting the large amount of spruce
removed from the stands, while beech-dominated
stands show a minor difference between the post-ice
storm and post-salvage logging LAD profiles. Fir-domi-
nated dense stands had minimal post-disturbance inter-
vention, yet the changes in LAD profiles in sparse silver
fir stands were more similar to those observed in
spruce-dominated stands and can be attributed to the
higher number of large silver fir trees that were either
uprooted, snapped at the base, or lost their tops
during the ice storm.
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Figure 5. Comparison of tree density, basal area and growing stock reduction estimates across inventory methods after the ice storm

and salvage logging.

The voxel-based approach also performed well in
capturing loss of biomass, confirming that voxel-based
metrics are robust predictors of aboveground biomass
change (Skowronski et al. 2014). However, the chosen
voxel size (i.e. 1 m®) used for the documented relation-
ship between voxel- and AGB-loss may be too coarse
to capture some of the damage caused by the ice
storm, which is, in combination with the cloud point
density, likely one of the reasons for the high variability
in the effect estimates. Voxel size is a key parameter in
the voxelization of point clouds, as it strongly influences
shape recognition, surface recognition and compu-
tational efficiency (Vosselman et al. 2004). A voxel size
that is too fine can lead to data redundancy and high
processing overhead (Ross et al. 2022), while a size
that is too coarse can cause information loss and
combine different structures within a single voxel
(Lecigne et al. 2017). Therefore, the choice of voxel size
depends on the research objective, object complexity
and LiDAR platform (Béland et al. 2014; Wang and
Fang 2020). For our study, a sensitivity analysis was per-
formed with three voxel sizes (i.e. 0.5 m, 1T m and 2 m),
which showed consistent results across the three resol-
utions. For clarity and comparability with other studies,
a voxel size of 1 m> was used for all analyses. Overall,
these results are promising and support the applicability
of the tested method, yet finer resolutions may yield
improved outcomes in some cases.

The results comparing the LiDAR-derived changes in
tree density, basal area, and growing stock based on
individual-tree segmentation with field-based measure-
ments were mixed. LIDAR underestimated the reduction
in tree density at all point cloud densities. The estimated
tree density can be influenced by many sources of error,
particularly the segmentation process. Top down algor-
ithms, such as watershed based (Li et al. 2012), are
known to perform better within conifer stands due to
their conical architecture. When compared to the
method proposed by Li et al. (2012), the watershed-
based algorithms suffer from a strictly 2D approach
related to the use of a rasterized canopy model to
segment the point-cloud below and lack the ability to
identify co-dominant and understory trees. Identifi-
cation is even more challenging in damaged stands,
where trees no longer have clearly defined crowns,
whereby damaged trees may lose the seed point (i.e.
treetop) and this may lead to a different segmentation
output.

In contrast to density estimates, the LiDAR-derived
estimates of basal area and volume loss closely
matched the field-based measurements across all point
densities. Tree density estimates often have the lowest
precision compared to other standard forest inventory
parameters (Pearse et al. 2019). Attributes like basal
area and volume are less sensitive to the problems
associated with individual-tree identification, likely



because the small trees in the understory that were
difficult to identify do not have a large influence on
these estimates. Given that the estimates of basal area
and volume loss also hold for lower resolutions, they
hold promise for land managers who may have access
to national or regional scale bitemporal LiDAR datasets,
which are becoming more readily available but often
have lower point densities.

While there are few studies that allow direct compari-
son to our results, airborne laser scanning has been
shown to effectively detect snow-induced forest disturb-
ances through indicators such as reduced canopy
height, changes in vertical structure, and formation of
canopy gaps (Vastaranta et al. 2011; Vastaranta et al.
2012; Réaty et al. 2024). These changes can be quantified
using bitemporal or unitemporal ALS datasets and
expressed via metrics derived from canopy height
models (CHMs) or percentile-based height distributions
(Vastaranta et al. 2012; Nystrom et al. 2013; Marchi et
al. 2018). Given that ice storms induce similar mechan-
ical damage to tree crowns compared to heavy, wet
snow (Bragg et al. 2003; Beach et al. 2010), these ALS-
derived indicators may be transferable for detecting
ice-related damage to forests.

Although LiDAR shows promise for detecting ice
storm damage and subsequent salvage logging, our
study has several limitations that deserve attention.
Most notably, our case study is based on a relatively
small sampling area (i.e. six 0.4 ha plots within a 70 ha
study area) with a heterogeneous forest structure, such
that caution should be exercised when generalizing
the results beyond our study area. There are also some
methodological challenges that need further consider-
ation. The point density used to estimate leaf area
density (LAD) may not have been sufficient to comple-
tely resolve the vertical structure of the canopy,
especially in complex, multi-layered, dense forest
stands and in leaf-off conditions (Arnqvist et al. 2020;
Halubok et al. 2021). Similarly, voxel-based analyses of
canopy change rely on a level of structural detail that
is difficult to achieve with medium-density point
clouds, which could compromise the accuracy of
derived estimates of aboveground biomass loss (Skow-
ronski et al. 2014; Lecigne et al. 2017). As the focus of
this study was not on testing different individual seg-
mentation algorithms, we did not assess the accuracy
of segmentation of individual trees and therefore
cannot judge how well ALS-derived tree-level structural
metrics reflect actual conditions, especially in damaged
or suppressed crowns. The commonly used Dalponte
method (Dalponte and Coomes 2016), which is based
on local maxima in the canopy height model, can
cause problems in forests affected by crown breakage
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or partial canopy loss (Spadavecchia et al. 2022), as is
typical after ice storms. In addition, DBH estimates
based on crown diameter become less reliable when
crowns are deformed by ice storm damage, which
further complicates the accuracy of predicting volume
and total aboveground biomass (Réjou-Méchain et al.
2015). Finally, some of the derived tree-level attributes
(e.g. V, AGB), obtained through either individual-tree
segmentation or voxel-based estimation are subject to
a degree of uncertainty, primarily because species iden-
tity was assigned rather than empirically verified. This
remains a key limitation of ALS-based inventories -
and LiDAR-based methods more broadly - as species
differentiation continues to pose a significant challenge,
particularly in compositionally diverse forests.

In summary, the results obtained are promising and
support the use of ALS over large forested areas for
post-disturbance assessment, especially for evaluating
volume and basal area changes. In particular, the
finding that lower-density ALS data can produce
results comparable to those of high-density data is
especially promising. This suggests that the effects of
disturbance can be reliably quantified using existing
operational LiDAR programmes, reducing costs and
facilitating large-scale monitoring and decision-making
in forest management. Challenges still remain, such as
underestimation of stem density, likely due to the
missed detection of broken or damaged codominant
and understory trees. In this context, final consideration
should be given to the down sampling technique
adopted to evaluate the performance of point cloud-
based algorithms at lower densities. It is important to
note that in low density real-case scenarios, point
density may not be homogeneously distributed but
instead concentrated on the canopy surface. This
depends on the type of LiDAR sensor used (e.g.
number of returns, acquisition system, flight altitude
and speed) and on the stand structure, which affects
the ability of the LiDAR signal to penetrate the canopy.
In conclusion, our results require further verification in
different forest ecosystems. We therefore hope this
work will inspire further research on the use of LiDAR
methods to quantify ice storm damage to forest
ecosystems.
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