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Abstract

An extensive discoloration (yellowing, browning), and defoliation (leaf loss) were observed in Slovak forests dur-
ing the summer of 2022. These phenomena are attributed to the combination of very low atmospheric precipitation
and extremely high air temperatures from June to early August. In this study, the deterioration of forest health was
analysed by comparing the image classification of Sentinel-2 satellite data from the year of intense drought occur-
rence, 2022, with that from a referenced year without drought occurrence, 2020. The results indicated that in 2022,
the proportion of heavily damaged stands with defoliation exceeding 50% doubled, reaching 19.3% (417,000 ha),
and an area of 223,000 ha experienced an increase in defoliation by 30% or more. The damage exhibited an uneven
spatial distribution, with the most significant impact observed in the western and southern parts of central Slovakia, as
well as partially in the southern part of eastern Slovakia. Further GIS analyses revealed that forests growing on slopes
with southern aspects suffered more severe damage than with northern exposures. However, the difference between
the most damaged forests with south-southeast exposure (12.2%) and the least damaged ones with north-northwest
exposure (8.2%) was only 4%. The level of damage gradually decreased with increasing altitude. Nevertheless, com-
pared to previous studies, the damage was significantly manifested even in the fourth forest vegetation zone, up to an
elevation of approximately 800 m. Regarding soil texture, which influences the water regime, the damage gradually
decreased with decreasing sand content, ranging from sandy soils (17.5%) to clayey soils (6.6%).
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1. Introduction

The phenomenon of drought is increasingly and more
intensely manifesting that is predominantly interpreted
as an inherent aspect of climate change (e.g., Sanchez
et al. 2008; Dai 2012). Drought is typically the result of
alack of precipitation and high temperatures, especially
when these phenomena occur simultaneously during the
vegetation period (Del-Toro-Guerrero & Kretzschmar
2020). The most easily observable signs of deteriorat-
ing tree health due to stress of various origins, includ-
ing drought, are the loss or color changes of assimila-
tion organs (Cesljar et al. 2022). Due to a shortage of
soil moisture, physiological stress in tree organism

increases, potentially leading to irreversible tree mor-
tality in all major forest biome ecosystems (Hammond
et al. 2022). Such manifestations of climate change are
becoming common also in temperate forests of Central
Europe (Hlasny et al. 2014).

During the summer of 2022, extensive deterioration
of the health of deciduous forests was observed in Slova-
kia (SHMU 2022). The main symptoms were changes in
color (especially various types of browning) and defolia-
tion, which were accompanied by abundant fruiting in
beech and hornbeam stands. Although Eichhorn et al.
(2016) and Eickenscheidt et al. (2019) indicated that
higher fructification may lead to increased defoliation,
the deterioration in 2022 was primarily attributed to
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meteorological and soil drought. The whole territory
of Slovakia experienced rather extreme meteorological
conditions in 2022. A large deficit of precipitation was
recorded in March, and extremely dry conditions were in
South-West Slovakia. The situation improved in April,
and normal to moderately dry conditions prevailed until
mid-May. Above-average temperatures and very limited
precipitation occurred from the second half of May. Inthe
third decade of July, an extreme drought was observed
at approximately a half of meteorological stations. After
precipitation events in August, it was still extremely dry
in the east at the beginning of September. Soil drought
mirrored meteorological conditions but was more severe
in some areas. Critical soil drought began at the end of
June, affecting up to 55% of the territory. By the second
half of July, nearly 60% of the territory faced the extreme
drought, reaching its peak on July 24" and impacting
particularly western and central Slovakia (SHMU 2022).
Various indicators, including the climate water balance
and the soil water content, confirmed the severity of the
drought, especially in July. The analysis of water deficit,
based on the comparison of the 2022 precipitation with
the previous decadal average, revealed that in all inten-
sive monitoring plots in Slovakia, the precipitation from
May to July was less than 50% of the decadal average,
with 3 out of 7 plots experiencing less than 25% of the
average values (Pavlendaet al. 2022). The “InterSucho”
maps in our Supplementary material (Fig. S1) document
the intensity and the extent of the droughts in 2022 as
well as in 2020. We used the year 2020 as a reference to
compare the situation in 2022 (SHMU 2021a).

Considering the current millennium, the drought
experiencedin 2022 was not the sole episode with adverse
effects on Central European forests. Notably, the most
severe droughts with significant repercussions for Cen-
tral European forests were documented in the years 2003
(Rebetezetal. 2006; Burasetal. 2020),2018 (Buraset al.
2020; Rukh et al. 2023), and 2019 (Rukh et al. 2023).
The main consequences of the negative impact of drought
on forests include especially crown diebacks, early fruit
abortions (Nussbaumer et al. 2020), early leaf senes-
cence (Rohneretal. 2021), increased tree mortality rates
in stands (Senfet al. 2020), reduced growth (Scharnwe-
ber et al. 2020), and overall production (Colangelo et al.
2018) and carbon stock loss (Somogyi 2016).

Although drought affects fineroots of trees first (caus-
ing their enhanced mortality and inhibited growth; e.g.,
Konoépka & Lukac 2013) and is reflected in the crown
condition later, monitoring of tree’s rhizosphere is chal-
lenging, and therefore it ismuch more suitable to focus on
monitoring the condition of tree crowns. Ground-based
assessment is time demanding and based on the sample
survey. In contrast, satellite Earth remote sensing (ERS)
can provide extensive and up-to-date data with high reso-
lution suitable for assessing the health status of forests
(Torres et al. 2021). The integration of ERS data and
available GIS layers of natural and soil conditions with

forest monitoring is, therefore, a current research topic
forabetter understanding of forest decline processes and
changes in their structure due to drought.

The radiation reflected from leaves affected by water
deficiency (Hunt et al. 1987; Ceccato et al. 2001), by the
changes in amount of leaf biomass (Vogelmann & Rock
1988; Joria et al. 1991; Franklin et al. 2003), pigments
content (Kmet & Blaho 1996; Albrechtova et al. 2001;
Zarco-Tejada et al. 2001; Wulder et al. 2008; Song et al.
2015) or surface temperature (Farella et al. 2022) can be
utilized for remotely sensed forest damage assessment.
These relationships between forest damage and reflected
radiance have been applied to various sensors and fre-
quency bands, primarily in the optical domain of ERS,
and they are continually actualised, e.g., in the database
of remote sensing indices (Henrich et al. 2009). Newly
introduced Vegetation Indices (VI), in combination with
proper sampling procedures and advanced algorithms,
allow the identification of forest damage in the whole
range from healthy to dead stands and are practically
used for country-wise forest condition monitoring.
Improved forest damage classification involved proce-
dures using temporal spectral trajectories and analysing
Landsat time series (Joyce & Olsson 1999; Wulder et al.
20006). Alternatively, approaches based on the difference
in VI between a damaged year and a reference year were
employed, achieving nearly 90% accuracy (Townsend
et al. 2012). Similarly, changes in the Leaf Area Index,
rather than the absolute amount of leaf biomass, were
used for the country-wise bark beetle monitoring in the
Czech Republic (Lukes 2021), and changes in the Dis-
turbance index for the assessment of the canopy cover
loss after the 2018—2020 drought in Germany (Thonfeld
etal. 2022), both from the Sentinel-2 time series. A two-
phase sampling, integrating damage estimation and its
refinement, was employed for the country-wide moni-
toring of forest conditions in Slovakia (Barka & Bucha
2021). Inthe first phase, it is based on a component opti-
mized for damage estimation derived using the Gramm-
Schmidt transformation or, alternatively, using satellite-
based defoliation classifications from the previous year.
The refinement is carried out by incorporating current
field defoliation assessments on monitoring plots.

Data from field surveys are commonlyused to validate
the accuracy of forest damage assessment from satellite
images. At the European level, data are collected follow-
ing a uniform methodology as part of the pan-European
forest health monitoring (UN-ECE ICP Forests 1994).In
Slovakia, monitoring is conducted annually in a network
of 112 Level  monitoring plots systematically distributed
ina 16x16 km grid (Pavlenda et al. 2014; Pavlenda et al.
2022). According to Bucha et al. (2014), Barka et al.
(2018), and Barka & Bucha (2021), the pixel-level defo-
liation estimation error ranged from £10% to £20% for
classifications based on the ground-based refinement of
the satellite estimates from 2000 to 2020, with a 68 % con-
fidence level. Based on the analysis of the achieved accu-
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racy of forest damage classification in individual years,

it is assumed that Sentinel-2 satellite images will also be

suitable for the quantification of drought-induced forest
damage. This canbe achieved by applying achange detec-
tion analysis between years with and without drought.

The first objective of this study is to identify forest
stands across the entire territory of Slovakia that experi-
enced significant deterioration in health due to drought
in the year 2022. A specific step necessary to achieve
the first objective is to quantify the defoliation of forests
in 2022 and compare it with the reference year 2020,
during which drought did not occur. The classification
of defoliation in the reference year is essential to differ-
entiate the damage caused by drought from the damage
caused by other harmful factors (e.g., biotic pests). This
isbased on the knowledge that spectral manifestations of
damage on satellite imagery are not specific, meaning it
is usually not possible to distinguish individual harmful
factors based solely on the spectral reflectance in a given
year (Gao et al. 2020).

The need for a comprehensive classification of
drought-induced forest damage arises from the require-
ment for the most accurate identification of vulnerable
areas. Such quantificationwill enable to design and subse-
quently implement forestry and conservation measures to
minimize the risks posed by the impacts of drought on for-
est stands, their production and quality of produced wood.
Therefore, the second objective of this work is a spatial
analysis of stands identified as damaged by drought and
an exploration of main predisposing site condition factors
that contribute to drought-induced damage.

Based on the existing knowledge, the following
hypotheses were formulated:

1. The highest intensity of forest damage caused by
drought will be associated with southern exposures
due to their most intense and prolonged exposure to
solar energy.

2. Drought-induced forest damage will be most pro-
nounced in areas with worse water-holding soil prop-
erties, especially on soils with a high proportion of
coarse fragments and a coarser texture such as sand
typical with low soil moisture retention capacity and
subsequent rapid soil moisture loss.

3. Forest vegetation zones (FVZ hereinafter) at lower
elevations, particularly in regions of southern Slova-
kia, will experience higher levels of forest damage as
these areas generally receive less precipitation and
higher temperatures than those at higher altitudes.

2. Material and methods
2.1. Study area

The area of interest is the entire territory of Slovakia,
located in Central Europe. The territoryis geographically
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defined by the coordinates of 47°43"—-49°37" North lati-
tude and 16°50"-22°35" East longitude.

The forest ecosystems affected by the drought in
2022 represent the research object. The subject of the
research is the health condition of forest stands and the
factors that affect their condition. According to the Green
Report (MPRV SR 2022), forest stands, on both forest
and non-forest land, cover 2.24 million hectares (1,952
+ 288,000 ha), i.e. the country’s forest cover is 45.7%.
From the point of macroclimatic conditions, they are
coniferous and deciduous forests of the temperate zone.
Vertically, forests occur from about 100 m to 1,800 m
above sea level. The climate has a transitional charac-
ter between oceanic and continental climate with more
pronounced features of continental climate. However, an
altitude has the greatest influence on climatic conditions
(Climate Atlas of Slovakia 2015).

The territory of Slovakia belongs geomorphologically
to the sub-system of the Carpathians and the Pannonian
Basin. The geological and relief diversity of the territory
is also reflected in the soil conditions in terms of their
chemical and physical properties. The most common
soils are from the Cambisols group (almost 2/3 of the
forest area). Besides, Leptosols, Luvisols, Umbrisols,
Podzols, Arenosols, Planosols, according to World Ref-
erence Base for Soil Resources international system for
classification of soils (WRB 2015), are also significantly
represented.

Theclassification of forest geo-biocenoses in Slovakia
for forestry is based on site conditions and the relevant
forest community. Forest communities are differenti-
ated vertically (climatic dimension) according to FVZ
(Table 1) and according to edaphic-trophic conditions
(edaphic dimension). The study uses the edaphic clas-
sification according to the so-called edaphic-trophic
series and transitional series (from oligotrophic series
A to calciphilous series D) and the waterlogged azonal
geo-biocenoses with a determining influence of ground-
water or stagnating surface water.

Table 1. Basic characteristics of climatically conditioned ver-
tical distribution of forests in Slovakia expressed by forest
vegetation zones (FVZ). The dominant species in the FVZ are
listed in FVZ name in the reversed order.

Forest . Averageannual  Average amount of
. Elevation s
vegetation (masl) temperature  annual precipitation
zone o (°C) (mm)
1. Oak <300 >8.5 <600
2. Beech-oak 200-500 6.0-8.5 600-700
3. Oak-beech 300-700 5.5-7.5 700-800
4. Beech 400-800 5.0-7.0 800-900
5. Fir-beech 500-1,000 4.5-6.5 900-1,050
6. Fir-beech-spruce 900-1,300 3.5-5.0 1,000-1,300
7. Spruce 1,250-1,550 2.0-4.0 1,100-1,600
8. Dwarf pine >1,500 <25 >1,500
9. Azonal — — —

Source: Summary information on the state of forests in the Slovak Republic 2021
(MPRV SR 2022).
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2.2. Satellite images, mosaicking, calibration,
and topographic normalization

Sentinel-2A and Sentinel-2B satellite images were used
to classify forest damage in 2020 and 2022 using L1C
processing-level products. These are radiometrically and
geometrically corrected images without atmospheric
correction. The products are freely available and were
obtained from the Copernicus Open Access Hub (ESA,
n.d.). Images from the Landsat 9 satellite were used to
substitute the cloudy parts (USGS, n.d.). An overview of
the used satellite images is shown in Table 2.

Table 2. Overview of satellite images used for classification of
forest damage in 2020 and 2022.

Satellite

Sensing Sensing area

platform date and satellite product type Note
Western and central Slovakia:
Sentinel-2A 9565’3;?“ $2A_MSILIC_20200909T095031_ C'?{Ej'feree
N0209_R079 g
Central and Eastern Slovakia:
Sentinel-2B 2! Szgtze(;“ber S2B_MSIL1C_20200921T094039_ C'?{Eg'feree
N0209_R036 g
Eastern Slovakia:
Sentinel-2A 10 Szgt;(;“ber S2A_MSILIC_20200916T094041_ C';’n‘i‘;'fer“
N0209_R036 g
5 auust Western and central Slovakia: Cloud-free
Sentinel-2B 2052 $2B_MSILIC_20220805T094549_ "7
N0400_RO79 8
Eastern Slovakia:
Sentinel-2A 4‘;35‘;“ $2A MSILIC_20220804T093051 C'?n‘;‘;‘fgee
N0400_R136 8
Central and Eastern Slovakia:
Sentinel-2B 122]“2%““ $2B_MSILIC_20220812T093549._ ii;’:dg
N0400_R036 8
1 August Central and Eastern Slovakia: Cloud
Landsat9 g LC09_L2SP_187026_20220801 202 "%
2022 image

20803_02_T1

Note: When creating the 2020 mosaic, Sentinel-2 image from 14" September 2020
was used to replace small cloud spots in the images from 9 September 2020.

When creating the 2022 mosaic, Sentinel-2 images from 21 July 2022 and 27 Au-
gust 2022 were used to replace cloudy pixels in the images from 1% and 12" August
2022.

Table 3 provides a description of Sentinel-2 bands utilized
for generating the Slovak mosaic of images and, subse-
quently for the classification of forest damage. Bands 4,
8, 11, and 12 were selected due to their higher resolu-
tion, lower sensitivity to cirrus and cirrostratus clouds,
and significant spectral differences between healthy and
damaged stands (Barka & Bucha et al. 2021).

Table 3. Sentinel-2 bands selected for forest damage classifi-
cation in 2020 and 2022.

Sentinel-2 band Central Wave-  Band widths Resolution
length (nm) (nm) (m)

B4 -Red 664.6 31 10x10

B8 - Visible and Near Infrared 832.8 106 10x10

B11 - Short Wave Infrared 1,613.7 91 20%20

B12 - Short Wave Infrared 2,202.4 175 20%20

The nationwide mosaic was created by combining indi-
vidual satellite images. Before making the mosaic, we
used the relative calibration method (Olsson 1993) to
remove differences in spectral reflectance between adja-
cent images. The method is based on selecting a refer-
ence image to which other images were calibrated using
a linear regression analysis. Regression equations were
derived for each band of satellite images. We set paired
values from the overlapping parts of the images classi-
fied as forest. The scenes from 9 September 2020 and
5 August 2022 were selected as the reference because
they were cloud-free and covered the whole western and
central part of Slovakia.

The topographic effect (slopes facing away from the
sun appear darker than sun-facing slopes) was elimi-
nated by the topographical normalization of the images
using a simple statistical-empirical correction method
(Teillet et al. 1982). The shading model (for the azimuth
and elevation angle of the reference scenes) was derived
from the digital relief model DMR3.5 with a pixel resolu-
tion of 25 %25 m freely available on the Geoportal of the
Geodetic and Cartographic Institute Bratislava.

Based on the visual interpretation, we manually
masked the areas affected by clouds and shadows and
then replaced them with cloud-free images from the near-
est period (Table 2).

2.3. Estimation of forest damage from
satellite images and field assessment

Components derived from Sentinel-2 bands by Gramm-
Schmidt transformation (GST) were used for forest
damage classification (Jackson 1983). The biophysical
significance of the components is described in Bucha et
al. (2014). The first component (NSC1— New Synthetic
Component) represents the difference between conifer-
ousanddeciduoustrees. The second component of NSC2
is optimized for damage estimation. We used the NSC
approach to eliminate the differences between deciduous
and coniferous trees. When Sentinel bands were used
directly, the influence of species composition on dam-
age classification was evident from visual interpretation.
Coniferous stands had lower defoliation than deciduous
stands. Both components (NSC1, NSC2) were derived
by the linear combination of 4 bands of satellite images
described in Table 3.

The classification of forest condition in 2020 and
2022 was based on the principle of two-phase regres-
sion sampling (Scheer 1997). The goal of the first phase
was to estimate forest damage quickly and cheaply from
satellite images using the NSC2 component. The second
phase aimed to refine the estimation using the field-
based defoliation assessment. The obtained values were
then rescaled to the defoliation range from 0% (healthy
stands) to 100% (dead stands).
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The field assessment was carried out during August 2020
and on August 25—-26, 2022 in accordance with the ICP
Forests methodology (Eichhorn et al. 2016).

The parameters of the spectral reflectance models
are presented in Table 4 and Fig. 1. The model for 2020
(Fig. 1a) used 82 monitoring plots from the national
network of the ICP Forest program distributed in a grid
16 x16 km in Slovakia. For analyses, the average plot’s
defoliation was calculated from dominant or codominant
trees assessed on the plot. The set was extended by 7 plots
with standing dead trees, i.e. 100% defoliation, located
in the High Tatra Mountains.

The model for 2022 (Fig. 1b) was based on the sur-
vey of 31 plots dominated by deciduous trees. Plots were
selected in the entire range of damage, from undamaged
to heavily damaged stands, and were located southwest
of the town of Zvolen, specifically in the forest complex
in the Javorie Mountains. At each plot, defoliation, dis-
coloration and fructification were evaluated for 15 domi-
nantor codominant trees closest to the centre of the plot.
The average plot’s defoliation was calculated and used
for analyses. The set was extended by three plots with
standing dead trees located in the High Tatra Mountains.

Comparing the 2020 and 2022 models, it is evident
that the 2020 model suffers from the lack of severely dam-
aged monitoring plots, with the defoliation ranging from
50% to 95%. Additionally, the field-based defoliation of

two plots with NSC2 values around 73 (Fig. 1a) appears
to be underestimated. However, it is more likely that the
NSC2values are increased because these plots represent
pure pine stands on sandy soils with low abundance of
herbaceous vegetation. This increases the reflectance
and, thus, the values of the NSC2 component. The Dis-
cussion chapter presentsimplications formodel accuracy
and recommendations for the monitoring program.

2.4. Identification of forest damage
caused by drought in 2022

The classification of forest damage in 2022 is the starting
point forassessing the impact of drought on forest stands.
To identify drought damage, we employ an approach
based on comparing two assessments of the forest con-
dition, namely one from the year without (2020) and one
with the occurrence of drought (2022). Theyear2021was
unsuitable for the comparison because meteorological
and soil droughts were observed in the summer, signifi-
cantly affecting forest stands (SHMU 2021b). The rate
of improvement or deterioration of forest health status
was quantified in % defoliation based on the difference
indefoliation between 2022 and 2020. We chose 30% as
a threshold value for determining substantial changes.

Table 4. Spectral reflectance models for the classification of forest damage in 2020 and 2022 by two-phase regression sampling.

Year Model r S, Sample size
1% phase: Estimation of damage:
2020 NS§C2=0.376-R,,,~0.478 : IRZOI22 +0.531 : SWIRZM + 0.590 - SWIRZZO22 — — n1: all forests pixels
2" phase: Refinement of classification according to defoliation on monitoring plots
DEF,, =1.95+1.034- NSC2 0.81 +12.3 n2: 89 plots
1% phase: Estimation of damage:
2002 NS§C2=0.337-R,,,-0.371 :IRZQZZ+O.669‘~ SWIRZZO?ZJTO.SSO . SWIRZZO22 — — n1: all forests pixels
2" phase: Refinement of classification according to defoliation on monitoring plots
DEF,,,=-92.17+1.287-NSC2 0.87 +10.7 n2:33 plots*
Note: - correlation coefficient; o standard error of the regression (line); * 1 plot excluded as an outlier.
a b
110 - 110
2020 2022
100 o - o e 100 o o o .
DEF =1.954 + 1.0345 * NSC2 )% DEF = 92 17 + 12874 " NSC2 '
90 i - S0
r=081 r=087
< g
2 3
& 8
10
20 100 90 100 10 120 130 140 150

NSC2

Fig. 1. Spectral reflectance models for forest damage estimation for 2020 (a) and 2022 (b). Refinement of estimation in the 2"
phase according to field assessments of defoliation at 89 plots (2020) and 33 plots (2022).
Note: Axis x: NSC2 component; Axis y: Defoliation — field evaluation of the loss of assimilation organs at plots.
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Adifference of >30% was considered deterioration; a dif-
ference of <—30% indicated animprovement of the health
status. The difference in the range from —30% to +30%
was not considered as a change.

2.5. The relationship between forest damage
by drought and the abiotic environment

The classifications in 2020 and 2022 and the resulting
map of drought-damaged stands in 2022 were the basis
for further analyses. From the forestry point of view, it is
crucial to know the dependence of stand damage on site
conditions in which they grow. These are given:

(i) Morphometric parameters of the relief represented
in our work by exposure.

(ii) Soil environment expressed in our work by edaphic
units of forest typology (so-called edaphic-trophic
series) and soil texture.

(iii) Climatically conditioned vertical distribution of for-
est vegetation expressed in our work by FVZ.

The aspect is the direction in which the maximum slope

faces. In our paper we distinguish eight aspect categories

with a step of 45° starting from the north in a clockwise
direction. The ninth category contains areas on plains.

The whole-country exposure layer was derived in the

IDRISI TerrSet from the DMR3.5 digital relief model

with a pixel resolution of 25x25 m.

The character of the soil environment is expressed
in eight categories. According to Zlatnik (1976), it is
adivision into six edaphic-trophic series A, A/B, B, B/C,
C, D and two azonal sets — a, c. These typological units
reflectboth chemical and physical soil conditions. Series
A is oligotrophic (acid, nutrient poor soils), series B is
characterised by moderately nutrient rich soils, series C
isnitrophilous, with very stony soils and high humus and
nitrogen content and series D is calciphilous with shallow
or very stony soils. Series A/B and B/C are transitional.
Two special sets (a, ¢) are strongly influenced by stagnant
(a) or flowing (c) groundwater.

The main soil property related to its water holding
capacity is the soil texture of fine earth. Soil texture clas-
sifications are based on the content of mineral fractions:
clay, silt and sand. We used the classification based on
the clay content (fraction under 0.01 mm) with following
classes: 1 sandy, 2 loamy-sandy, 3 sandy-loamy, 4 loam,
5 clay-loamy and 6 clayey. Besides this, the content of
coarse fragments (more than 2 mm) is an important
parameter.

Forest vegetation zones are expressed by eight cat-
egories (Zlatnik 1976). Category 9 represents all azonal
communities. The basic characteristics of FVZs are
shown in Table 1.

Countrywide GIS vector layers of FVZs and soil con-
ditions were obtained from the database of the Forest

Information System (NLC 2023a, b) managed by the
National Forest Centre. Vectorlayers were rasterized and
resampled together with forest damage classifications
from Sentinel-2 to a pixel size of 30 X30 m for further
analyses. Hence, the area of 1 pixel was 0.09 ha.

2.6. Statistical evaluation of data

Assessing the relationships between forest damage by
drought and the abiotic environment was based on the
area of damaged stands and the total area of stands.
The relative share of the category (w ) was determined
as the share of drought-damaged stands in the given cat-
egory and the total area of the given category. The share
w,was calculated for all categories of Exposure, FVZ, Soil
series and sets and Soil texture according to equation [1]:

W= Lt [1]
c_all

where A, —area of the category with forest damaged by
drought,?lc .~ totalarea of the category (forest without
damage + forest damaged by drought).

The equation [2] was used to determine the sampling
error Sp (with a 95% confidence interval) for the pro-
portionw :

B w(l-w)
Sp=+1.96- 2]
where n — number of pixels i.e. sample size.

For the relative expression of Sp, the formula was
adjusted: Sp % =Sp - 100

To determine the statistical significance of the differences
in sample proportions (relative shares of the categories
w,), we established the hypothesisH : p, = p, i.e. the pro-
portions of the populations are equal, and the difference
w, —w, of the sample proportions is random. To test the
hypothesis, we used the test characteristic “z”:

W —W,

\/ w, (1 — Wl) + W, (1 _Wz) [3]
n, n.

Note: If the sample size nislarge, the conditionnw (1 -w)
> 9 applies, and the binomial distribution of the sample
proportion w can be approximated by a normal distribu-
tion (Smelko 1991; see page 154). This simplifies the con-
fidence interval calculation for the equation [2], which is
symmetric for the normal distribution.

A similar simplification also applies to hypothesis tests
according to [3], when due to the size of the sample sets,
the test characteristic “z” also has anormal distribution.
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3. Results

3.1. Classification of forest damage

The derived reflectance models (Table 4) serve as the
starting point for determining defoliation in 2020 and
2022. Weapplied the models to all pixels classified as for-
estsaccording to the study of Bucha (1999). The analysed
areawas 2,160,261 hain 2022 and 2,160,435 hain 2020
(Table5). Aslight difference of 175 ha arose from rescal-
ing data into the defoliation range of 0 — 100%. Pixels
outside the selected thresholds were excluded from analy-
ses as errors (e.g., remaining clouds, shadows, sensor
error). The national forest condition classification results
for 2020 and 2022 are presented in Fig. 2.

The accuracy of the classification can be assessed
by the achieved parameters of the regression analysis
(correlation coefficient, standard error of the regression
line). Utilizing field assessments of defoliation in 2020
and 2022, we obtained correlation coefficients between
the 1% and 2™ phases of 0.81 and 0.87, respectively. The
standard error of the regression (syx) was 12.3% in 2020
and 10.7% in 2022. This implies that if the determined
defoliationis 30%, it can range from 19.3% to 41.7% with
68% confidence (Table 4).

Table 5 shows the results of the 2020 and 2022 clas-
sifications, which allows the comparison of differences
in defoliation classes. In addition to defoliation, a forest
canopy also affects the classification of forest damage.
There is a mixture of spectral properties of different cat-
egories (forest, undergrowth, herbal community, soil) in
stands with an open canopy cover. For this reason, stands
with different damage levels can be included in the same
class of defoliation. The verbal description of the category
expresses their potential difference (Table 5). The log-
ging category in the legend represents pixels classified
with defoliation > 100%.

Table 5 shows anincrease in the share of heavily dam-
aged or dead stands with defoliation above 51% in 2022
compared to 2020. This share reached 19.3%, which is
approximately twofold of 2020, when it was 9.5%. In
terms of area, there was an increase from 206 thousand

hectares in 2020 to 417 thousand hectares in 2022. This
increase indicates drought damage caused by a lack of
atmospheric precipitation combined with exceptionally
high air temperature values in June and July.

3.2. Spatial identification of forest damage
caused by drought in 2022

The identification of stands damaged by drought was
based on comparing the classifications of the forest con-
dition in two years, one without (2020) and one with the
occurrence of drought (2022). If the defoliation differ-
ence was > 30%, it was considered a deterioration of the
health condition in 2022 compared to 2020. Such dete-
rioration was identified at 223,663 hectares of stands
(Table 6). We remark that the terms drought-damaged
stands and deterioration (by 30% and more) between
2020 and 2022 are used synonymously in the study.

Table 6. Forest condition changes between 2020—2022 due to
drought in 2022. The change is expressed based on the differ-
ence in defoliation between the two years.

. Change Change
Category Description of change in hectares in%
1 Improvement by 30% and more 33,250 1.5
2 Nochange or change within £30% 1,903,390 88.1
3 Deterioration by 30% and more 223,663 10.4

Fig. 2 (bottom) depicts stands that were affected by the
droughtin 2022 by more than30% in comparison to 2020.
The impact was not spatially uniform, the occurrence of
pixels indicating damage by drought was concentrated
in the western Slovakia and the southern part of central
Slovakia. Scattered individual pixels or smaller groups
of pixels were also clearly visible throughout Slovakia
in the image. In these cases, it mainly concerns logging
realised between 2020 and 2022. According to the Green
Reports on Forests (MPRV SR 2022), the logged area
was approximately 30,000 ha. Changes caused by other
factors, such as tending or forest fires, could also lead to

Table 5. Classification of forest damage in Slovakia according to defoliation classes — summary for 2020 and 2022.

Defoliation 2020 2022 Description of damage level in pixel
vel in pix
Area (ha) % of pixels Area (ha) % of pixels P ¢ P
0-10% 125,419 5.8 115,103 53 No or only negligible damage
11-20% 458,524 21.2 310,457 14.4 Stands with slieht damage
21-30% 718,086 333 621,686 288 S
31-40% 460,645 21.3 445,290 20.6 .
41-50% 191,389 8.9 250,656 116 Stands with moderate damage
51-60% 78,731 3.6 138,908 6.4 . .
61-70% 13.890 20 84,089 30 Stands with severe damage, disturbed areas
7 80‘; 27’463 1'3 60‘848 2.8 and forest stands in regeneration
—oU% K . , o
81-90% 17,837 0.8 38,901 1.8 . . .
91-100% 19.623 0.0 13,860 20 Dying and dead stands, disturbed areas without
— : . : . forest regeneration, logging
Logging 18,829 0.9 50,463 24
Total: 2,160,435 100.0 2,160,261 100.0
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2020-2022
deterioration

Fig. 2. Classification of forest condition in 2020 (top) and 2022 (middle) from Sentinel-2 satellite images. Bottom: Deterioration
between 2020-2022 with defoliation of 30% or more.
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differences greater than 30%. Affecting these areas by
drought is not possible to exclude. Therefore, they were
included in further analyses, in which we worked with
the entire area of 223.7 thousand hectares.

3.3. The relationship between forest
damage by drought and aspect

Aspect is a morphometric parameter of the relief that,
through the reception of solar radiation, affects the
moisture regime of soils, evapotranspiration processes
and the occurrence of drought. Fig. 3 shows the relation-
ship between the exposure of slopes divided into eight
categories (at 45° steps) and the percentage of drought-
damaged stands in the given category.

Table S2 (Supplementary material) shows that the
areas of the analysed aspects in the Slovak Republic dif-
fer. Tobe able to compare the drought damage, the share
of forest damage in the exposure category was calculated
from the total area of forests in the given exposure cat-
egory in Slovakia according to equation [1].

Werecorded a gradual increase in the share (relative
abundance) of forests damaged by drought from north-
ernto southern aspects (Fig. 3). The highest proportions
of damaged stands of 12.2% and 12.0% were observed
on southern aspects from 135° to 180°, and from 180°
to 215°. Although the occurrence of damaged stands
towards northern aspects was decreasing, it was still sub-
stantial. On slopes with north-eastern aspects (from 0°
t0 90°) it reached 18.5%, and on northwest slopes (from
270° to 360°) 17.5%.

Regarding the area, the highest occurrences of dam-
aged stands were observed on the SSW and WSW expo-
sure from 180° to 270° (Table S2, Fig. 3 — line graph).
However, the shift of the most damaged stands towards
the western exposure is visible in the column representa-
tion in Fig. 3. This shift results from a different calcula-

tion methodology. Realistically, the highest area of dam-
aged standsislocated onthe SSWand WSW exposures.
However, it is also conditioned by the fact that the total
area of the mentioned exposures is higher (Table S2).

To determine the vulnerability of stands according
to exposures, we consider the calculation based on the
ratio of the area with adamaged state of forestsin a given
exposure category to the total area of forests in a given
exposure category more suitable. When applying this
approach, the highest relative representation and, there-
fore, the most threatened by drought are the stands on
the SSE and SSW exposures from 135° to 225° (Fig. 3
—bar graph).

3.4.The relationship between forest damage
by drought and forest vegetation zones

FVZs represent changes in the composition of natural
forest communities conditioned by altitudinal changes in
climatic conditions. Table S1 (Supplementary material)
shows the areas of drought-damaged stands in FVZs and
the total area of individual FVZs in Slovakia. To mutu-
ally compare the damage to forests by drought between
FVZs, the share of damage in FVZ from the total area of
the given FVZ in Slovakia was calculated according to
equation [1]. The resulting proportion and the area of
damaged stands in FVZ are shown in Fig. 4.

The highest area representation of damaged stands
was in the 3 FVZ (69,368 hectares). This is influenced
by the fact that the 3 FVZ is the most common in Slo-
vakia (484,485 hectares). However, the highest propor-
tion of damaged stands (27.13%) was observed in the
1st FVZ, where the average annual temperature is the
highest and the amount of precipitation is the lowest
(Table S1). Fig. 4 (bar graph) shows a gradual decrease
inthe proportion of forest area damaged by drought with
increasing FVZ.

20 + % of damaged forest in category L 40,000
18 = = = Damaged area (hectares)
T 33,334 32,912 L 35,000

= 5 d 30,366 31091 _e=mm=meaaa -
R -——— ~
= 28036 _e===% ~ + 30,000
Z 44 - SN
S T P = 135 555 ~ 25,483 .
QU rd - o [ o
% 11 2077 114 11.0 Sug 25,000 <,
P -7 9.9 20,307 s
w 104 ) 9.3 b 1 20000 &
g 8.6 8.2 3
o 8 A %o
) + 15,000
o0 £
o] 1]
£ 61 a
3 r 10,000

4 4

5 + 5,000

0 t + t t t t t 0

0-45° 45-90° 90-135° 135-180°  180-225°  225-270°  270-315°  315-360°
NNE ENE ESE SSE SSW WSW WNW NNW

Aspect (in degrees)

Fig. 3. Percentage of damaged stands and their area depending on the aspect. Percentage is calculated as the acreage ratio of
damaged forest in the given aspect category to the total area of forests in the given aspect category.
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Fig. 4. Percentage of damaged stands and their area in the forest vegetation zones. FVZ: 1 — oak; 2 — beech-oak; 3 — oak-beech;
4 — Beech; 5 —fir-beech; 6 — fir-beech-spruce; 7 — Spruce; 8 — dwarf pine; 9 — azonal.

3.5.The relationship between forest damage
by drought and soil properties

Edaphic-trophic series and azonal sets (ES) compre-
hensively represent the nature of the soil environment
(soil reaction, soil humus and nutrient reserves, soil
depth, contents of coarse fragments in the soil and water
regime) and thus also determine the sensitivity of forest
stands to drought. Table S3 (Supplementary material)
shows the areas of drought-damaged stands in ES and
the total area of individual ES in Slovakia. To mutually
compare the damage to forests by drought between ES,
the share of damage in ES from the total area of the given
ES in Slovakia was calculated according to equation [1].
The shares of damaged areas and the areas of damaged
stands according to ES are shown in Fig. 5.

The highest proportion of damaged forests was detected
in series C, B, and D (Fig. 5). In series C and D, this is
apparently related to a high proportion of coarse frag-
ments in soils (gravels, stones, boulders), which causes
their faster drying out. Series “C” is represented by
strongly humic medium-deep to deep soils, which are
very stony. The soils in the “D” series are shallow car-
bonate soils formed mainly on limestones and dolomites,
usually with a high content of coarse fragments (except
areas on loess). The higher proportion of damaged for-
est stands in series “B” may be related to its incidence at
lower altitudes, which are more influenced by tempera-
ture and a lack of precipitation.

Thelower occurrence of damaged stands in the transi-
tional series A/Bis related to its occurrence only at higher
altitudes from the 5 FVZ, where the effect of drought is
not so pronounced.
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Fig. 5. Percentage of damaged stands and their area depending on the soil conditions expressed by edaphic-trophic series (A,

A/B, B, B/C and D) and sets (a, c).

A - oligotrophic; B — mesotrophic; C — nitrophilous; D — calciphilous; series A/B and B/C are transitive; a — acidophilous, influ-
enced by stagnant groundwater; ¢ — nitrophilous, affected by flowing groundwater.
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Anunexpectedly high share of drought-damaged stands
was also identified in set “c”, which is characterized
by waterlogged sites with alluvial soils at river sides.
The extreme drought caused a distinct drop of water
level in rivers as well as of the ground water table in
soils. The gravelly substrate could cause loosening the
root contact with soil water.

Even though a higher proportion of drought-dam-
aged stands was demonstrated on soils with a greater
coarse fragment content (Series C, B and D and partially
also transitional B/C), the differences between the indi-
vidual categories were not as distinct as we expected. To
better explain the differences, we extended the analysis
by another physical property of the soil, namely the influ-
ence of the granularity of the fine earth (Fig. 6; Table S4).

Fig. 6 documents a gradual decrease in the rate of for-
est deterioration from sandy to clayey soils, i.e. depend-
ing on the increasing proportion of the clay fraction and
the decreasing proportion of the sand fraction. For Cat-
egory 4, however, the proportion of deterioration was
higher than for Category 3. This discrepancy is prob-
ably related to the spatial distribution of both categories
in Slovakia. Sandy-loamy soils occur more frequently in
a greater proportion in areas naturally less threatened by
drought than loamy soils.

The analysis of the mutual interaction of the drought
damage vs. edaphic-trophic series and azonal sets and

30

soil texture showed a distinct effect of grain size on the
damage even in the sets affected by groundwater, “a” and
“c” (Table 7). In these sets, the upper horizons dry out
in summer months in the cases of insufficient capillarity
when the groundwater level drops. It is also related to
water-demanding trees growing in these communities,
which sensitively react to a substantial deviation in soil
water saturation from the normal.

4. Discussion

4.1. Classification of forest damage and
identification of drought-induced damage

The obtained forest damage classification results for
2020 and 2022 using two-stage regression sampling
(Scheer 1997) confirmed the appropriateness of apply-
ing this procedure. The attained classification accuracy,
expressed as the root mean square error (RMSE) of the
regression line S = +12.3% (2020), resp. S = +10.7%
(2022), was comparable to our previous results. Spe-
cifically, in the period from 1990 to 2021, the accuracy
ranged from £5.9% to 12.5% (Bucha et al. 2014; Barka
& Bucha 2021). Our results also correspond with simi-
lar studies focusing on the estimation of defoliation.
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Fig. 6. Percentage of stands damaged by drought in 2022 (i.e. defoliation increased by 30% or more compared to 2020) and their

area according to the granularity of forest soils.

1 - sandy soil; 2 — loamy-sandy soil; 3 — sandy-loamy soil; 4 — loamy soil; 5 — clay-loamy soil; 6 — clayey soil.

Table 7. The relative rate (%) of forest damage by drought on groundwater-affected soils in dependence to soil texture. The
percentage of deterioration is calculated as the ratio of the area of damaged stands in the given category to the total forest area

of the given category.

Texture of forest soils: sandy loamy-sandy  sandy-loamy loam clay-loam clay
Code of category: 1 2 3 4 5 6
Soil set: Percentage of stands damaged by drought (%)

a—acidophilous, influenced by stagnant groundwater 12 9 2 2 2 3

¢ - nitrophilous, affected by flowing groundwater 15 14 11 9 8 3
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For instance, Stoklasa & Fabidnek (1998) reported an
error of £10%, the errors presented by Ekstrand et al.
(1998) ranged from 3% to 11%, and Townsend et al.
(2012) achieved an RMSE estimate of defoliation equal
to £14.9%, a mean absolute error of 10.8%, and a cross-
validation R? of 0.805. These results demonstrate the
potential of satellite monitoring for long-term monitor-
ing of changes not only in cases of moderate to severe
forest damage but also in cases of slight damage.

In addition to a comparable classification accuracy
with foreign studies, the advantage of our approach is its
consistency, simplicity, and cost-effectiveness based on
the two-phase selection principle. These benefits arise in
the first phase during the damage estimation from the
unique use of GST transformation or from the national
classification of forest damage from satellite images from
the previous year (Barka & Bucha 2021). In the second
phase, annually acquired forest monitoring data or our
own ground-based assessments of defoliation are used to
refine the classification. However, the 2020 model lacked
monitoring plots with defoliation ranging from 50% to
95% (Fig. 1a). This caused alower correlation coefficient
and a greater standard error of estimates of the 2020
model. The average defoliation at monitoring plots in the
regular network 16 x16 km of the ICP Forests program
ranged from 10 to 50% in “normal” years not influenced
by the severe impact of damage agents. We partially over-
came this problem by including the plots with standing
dead stands (100% defoliation) into the model, which are
easilyidentifiable on satellite images. Anyway, we recom-
mend to extend annual monitoring surveys by minimally
five additional plots with expected defoliation between
50-95% intentionally pre-selected based on the visual
inspection of satellite images on the PC monitor to refine
the estimation of damage in the first phase.

The identification of forest damage due to drought
was based on the difference in defoliation between the
years 2020 and 2022. According to Ognjenovic et al.
(2022), a change in defoliation reflects an intense stress
and represents the current or recent status of tree vital-
ity. That is a more appropriate indicator for analysing
the impact of climate conditions on forests than defolia-
tion, which represents the accumulated impact of loca-
tion-specific stressful environmental conditions on tree
vitality. However, using a difference between two years
involves the propagation of errors from the defoliation
estimation in each year. The cumulative erroris estimated
at +15%, following the principles of error propagation
(Smelko et al. 2003). The chosen threshold value of 30%
for identifying worsening/improvement of the forest’s
health was twice the estimated error of change determi-
nation. Consequently, differences exceeding 30% can be
considered significant at a 95% level.

Fig. 2 (bottom) depicts stands most significantly
affected by the impacts of drought in 2022. From the
map, it is evident that the influence of drought was not
spatially uniform. The damage caused by drought, repre-

sented by the widespread occurrence of pixels, was con-
centrated in the western part of Slovakia and the south-
ern part of central Slovakia. Stands in eastern Slovakia
were less affected, although drought manifestations were
observed in the southern part of the Volovské, Slanské,
and Vihorlat Mountains, as well as in the Slovak Karst.
We did not detect a clustered occurrence of pixels with
damaged stands in the mountainous regions of north-
ern Slovakia. These results are consistent with the spa-
tial distribution of drought-damaged stands identified on
the basis of ground monitoring of forests ina 16x16 km
network in 2022 (Pavlenda et al. 2022).

The use of satellite data for monitoring forest dam-
age in the mountainous regions of Central Europe dur-
ing summer seasons is limited due to increased cloud
cover and associated shadows. Affected areas need to be
excluded and replaced with other available images. The
shortage of optical data can be mitigated by radar with
synthetic aperture radar (Buchaetal. 2021; Schellenberg
et al. 2023). Therefore, a challenge for further research
isto quantify the sensitivity of various microwave instru-
ments to crown damage caused by different harmful fac-
tors, including drought.

4.2.The relationship between exposure
and forest damage caused by drought

Our results confirmed the assumption of a higher occur-
rence of damaged stands on southern to western expo-
sures and adecrease in the proportion of damaged stands
towards northern exposures (Table S2). This observation
is not novel and has been mentioned in older literature.
Pfeffer et al. (1961) state that damage to stands due to
drought is most common on southern and south-western
exposures (180-270°). Konodpkaet al. (1980) specify that
the effects of drought are most pronounced on plains, on
southern and south-western slopes, on limestone, sandy,
and clayey soils at altitudes up to 400 to 500 meters. Simi-
larly, Stolina et al. (1985) and Kodrik & Hlava¢ (2013)
noted that forest stands suffer from drought especially
on southern and south-western exposures, particularly
on steep slopes with shallow soils.

Our results expand upon these findings by quantify-
ing the extent of forest damage due to drought on indi-
vidual exposures (Table S2). Such quantification would
be challenging to achieve through field assessments due
to the difficulty of obtaining a sufficiently representative
sampling set. This limitation was overcome by combining
the nationwide damage assessment from satellite images
with the GIS layer of exposures. The drought damage
of forest stands was quantified on the entire territory of
Slovakia, covering an area of 2,160,435 hectares (i.e.
24,004,833 pixels).

Thelarge extent of the dataset, even after the categori-
zation, influenced the statistical analysis of the data. The
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sampling error of determining the proportion of stands
damaged by drought (Sp) according to equation [2] was
smalland ranged from 0.03 to 0.04 (Tables S2). This had
aninfluence on the significance tests of differences in the
proportion of stands damaged by drought on individual
exposures according to equation [3]. All differences were
statistically significant at a significance level a = 0.01.
In simpler terms, if the difference in the relative share
of damaged forest on two exposures is greater than 0.1,
it will be statistically significant. This finding holds not
only for exposure categories but also for other analysed
characteristics, such as FVZ, edaphic-trophic series and
sets and soil texture (Tables S1, S3 and S4).

Although previous results reporting a higher propor-
tion of damaged stands on S and SW exposures from
180° to 270° (28.7%) were confirmed, we found a sig-
nificant level of damage on other exposures as well. On
NE exposures from 0° to 90°, the proportion of stands
damaged by drought was 21.3%. On NW slopes, expo-
sures from 270°to 360°, we found a proportion of stands
damaged by drought of 20.9%. The differences between
the exposures were thus smaller than expected, indicat-
ing the vulnerability of forests to drought damage even
on exposures less exposed to the sun.

Here, we would like to draw an attention to the dif-
ference between the results when considering exposures
with 1) the highest occurrence of stands damaged by
drought and 2) the most drought-endangered exposures.
In the first case, the calculation is based on the area of
damaged stands with a given exposure relative to the total
areaof damaged stands. The highest occurrence of stands
damaged by drought was found on SSW and WSW expo-
sures. This is partly due to the fact that the total area of
these exposure categories is higher than that of others
(Table S2). Inthe second case, the calculationisbased on
the area of damaged stands with a given exposure relative
to the total area of stands with that exposure. The high-
est risk to stands due to drought was found on SSE and
SSW exposures.

Toenhance our comprehension of drought onset, fur-
ther research should prioritize investigating interactions
between the exposure and other geomorphic properties.
The significance of slope orientation generally increases
with the steepness of the geomorphic relief (Kodrik
& Hlavac 2013). The influence of geometric forms of the
relief on the concentration or dispersion of the flow of
substances and energy is well-known (Minar & Machova
2010), butit hasnot been the subject of research in terms
of the effect of drought on forests, yet.

4.3.The relationship between forest
vegetation zones and drought damage

Following the assumption, the highest proportion of
damaged stands (27.13%) was observed in the 1% FVZ,
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where the average annual temperature is the highest, and
the total precipitation is the lowest (Table 1). The propor-
tion gradually decreased with increasing FVZ (Table S1).
The proportion of stands damaged by drought below 5%
was observed from the 5 to the 8" FVZ. The lower pro-
portion is associated with higher annual precipitation
and lower average annual temperature, attributed to an
approximate decrease of —0.65 °C per 100 meters in air
temperature in the troposphere with increasing elevation
(Bliithgen 1980). An exception is the 9" FVZ (azonal),
as forest communities in this zone are shaped by factors
other than climate and occur within the entire elevational
range. These communities include riparian forests, scree
forests, relict pine forests, and peat bogs.

Compared to earlier studies, our results suggest
a shift in drought damage up to the 4" FVZ (Fig. 4), cor-
responding to elevations up to 800 m above sea level,
where beech forests dominantly occur. (Table 1). Pfef-
fer et al. (1961) found that drought damage occurred in
Slovakia only up to 500 meters above sea level and related
it to a decrease in average annual precipitation and an
increase in average temperatures. Similarly, Konopka
et al. (1980) also mentioned that forests at elevations
up to 500 meters above sea level are sensitive to drought
damage. The newly discovered and quantified knowledge
about the upward shift of drought-induced damage to the
4" FVZissignificant because this zone is one of the three
most frequent zones in Slovakia, accounting for 21% of
the total area. This highlights the vulnerability of beech
forests to drought damage even at moderate elevations
and is one of the first confirmations of the impact of cli-
mate change scenarios in Central Europe, as described in
the study by Hlasny et al. (2014). According to the study,
a significant increase in drought intensity is expected
by the end of the 21% century. Large areas of southern
and eastern Slovakia are projected to face an increase
of 4—10 units of the Ellenberg Climatic Quotient, which
had values ranging from 5 to 30 during the 1961-1990
period. The projected future conditions could represent
critical conditions for the survival of drought-sensitive
species. For instance, Matyas et al. (2010) predict an
intensive dieback of beech forests if the Ellenberg quo-
tient increases by more than 13 units compared to the
long-term average. Although the observed proportion of
damaged stands in the 4" FVZ was not dramatically high
(7.5%), the unexpected elevation distribution of dam-
aged stands in the 4™ FVZ is noteworthy. The frequency
histogram of drought damage in the 4" FVZ, calculated
by elevations, showed that the distribution was normal
with the arithmetic mean of 617 meters above sea level,
and 5-95 percentiles equal to 400-820 meters a.s.l.
(Fig. S2 — Supplementary material). The occurrence of
damaged stands at higher elevations can be interpreted
as a signal of their potential future vulnerability.
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4.4.The relationship between soil
conditions and drought damage

Soil, as a complex medium composed of mineral and
organic solid components, water, and gases, possesses
numerous properties that influence the growing vegeta-
tioninvarious ways. To analyse the relationship between
soil properties and forest tree damage caused by drought,
we used two approaches: the classification of forest site
types based on forestry typology and the classification of
soil texture. In both cases, the analyses were performed
across the entire territory of Slovakia. The classification
of sites into edaphic-trophic series (A, A/B, B, B/C and
D) and azonal waterlogged geo-biocenoses (a, ¢) reflects
the combination of properties significantly affecting tree
growth and their production potential (soil depth, stoni-
ness, humus content, base nutrients content, nitrogen
content, water regime), and, to some extent, provides
better insights into the relationship between soil and
trees compared to soil classification units (Pavlenda
etal. 2018).

Our results confirmed the hypothesis of more pro-
nounced forest damage on sites with soil properties
(stoniness, texture, depth, humus content) that make
them more susceptible to desiccation. A higher propor-
tion of damage was found on edaphic-trophic series (B, C
and D) with a higher content of coarse fragments (Fig. 5)
and also on soils with a higher proportion of sand frac-
tion (Fig. 6). According to the quantification from the
National Forest Inventory data, the average content of
coarse fragments in series C and D is around 69% and
45%, respectively. In other edaphic-trophic series, the
average value does not exceed 33%. Soils in the series
B have a coarse fragments content of up to 50% and the
average content of coarse fragments is 22.9% (Bosela
2010). The high proportion of damaged forest stands
may alsoberelated to a higher proportion of B series com-
munities inlower forest vegetation zones, which are more
influenced by temperature and a lack of precipitation.

The soil texture had an obvious influence on the dam-
age even in sets affected by groundwater “a” and “c”
(Table 7), where higher sand and gravel content is the
cause of the insufficient capillarity when the groundwater
level drops.

The previous study on the processes leading to
drought damage in Central European forestsin 2018 was
conducted by German researchers (Schuldt et al. 2020).
Due to the extensive mortality, they hypothesized that
some beech trees had reached their limit of functioning
under these extreme drought conditions. This was linked
to highly negative water potentials leading to embolism
(Schuldt et al. 2020), which was likely the cause of a par-
tial or complete canopy dieback. Walthert et al. (2021)
found an increased stress on shallow soils with lower
water holding capacity leading to embolism, which was
also confirmed by Weithmann et al. (2022). Brun et al.
(2020) reported earlywilting and leaf shedding during the

summer of 2018 in Germany and Czechia and suggested
shallow soils and steep slopes are potential risk factors
for such a response. A study from the Pacific Northwest
USA also identified greater soil bulk density as a factor
increasing forest drought sensitivity (Cartwright et al.
2020), i.e. sensitivity to drought increases from clayey
to sandy soils. Our results confirmed the aforementioned
findings that a higher proportion of drought-damaged
stands occurs on soils more prone to drying out. At the
same time, our results quantify the influence of key site
condition drivers, thereby laying the groundwork for
their applicability in forestry practice.

The relationship between soil, topographic, and cli-
matic factors and drought-induced tree damage requires
a further analysis of their interactions to better under-
stand their impact on forest health. The ongoing synthe-
sisof knowledge is equally important for the development
of strategies to protect forest ecosystems against drought
and climate change (but see also ClimateADAPT 2024).

It is essential to emphasize that the severity of the
impact of drought on forest vegetation in Slovakia is
generally underestimated, and the information on the
drought-induced damage (or mortality) of forest stands
is partially missing from the existing forestry evidence.
This is because drought-weakened vegetation is often
attacked by biotic pests, especially insects, which are
easily identifiable. Therefore, foresters can visually rec-
ognize and record them, which overestimates the signifi-
cance of biotic pests and, conversely, underestimates the
impact of drought (Kunca et al. 2019). This is despite
the well-known fact that drought and its negative conse-
quences on temporal forests are indeed the most signifi-
cant accompanying phenomena of the ongoing climate
change (Pretzsch et al. 2022).

5. Conclusions

The presented results stem from the long-term research
focused on classifying forest damage from satellite
images. The outcome is a consistent database cover-
ing the period from 1990 to 2022, processed following
a uniform methodology. This allows the comparison of
the forest condition between individual years. Comparing
the year 2020 with the normal precipitation, and the year
2022, whichwas exceptionallywarm and dry, enabled the
identification of forest stands that were sensitive to the
manifestations of drought and extremely high air tem-
peratures in July and early August 2022.

Linking data on forest damage from satellite images
with nationwide GIS layers from the Information System
of Forest Management in Slovakia allowed the modifi-
cation of existing knowledge and deriving new insights
into the factors influencing forests due to drought. The
study analysed the rate of forest damage according to
exposure, soil and soil texture properties and climati-
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cally conditioned vertical distribution of forest vegeta-
tion. To deepen our understanding of drought-induced
damage, further research should focus on the categories
of factors where the impact was the most significant and
on analyses of their mutual interactions.

From the forestry perspective, we consider the new
findings regarding forest damage caused by drought in
2022 tobe highly significant and valuable. These outputs
canbeinstrumental in proposing changes to the compo-
sition of tree species and in planning and executing silvi-
cultural and protective measures for the management of
these forest stands. To avoid the climate change-induced
mortality, it may be necessary to use more drought-tol-
erant species for stand regeneration instead of applying
thelong-time general practice of native species (Somogyi
2016). Itis reasonable to assume that the areas with the
most extensive forest damage in 2022 are also the most
drought-sensitive regions within the territory of Slova-
kia. Consequently, future drought episodes are likely to
have the most severe impact on these areas. Therefore,
forest management should proactively take this into
account and make efforts to minimize the forest vegeta-
tion stress caused by drought. However, even within the
existing system of differentiated forest management,
which encompasses activities related to forestry plan-
ning, regeneration, silviculture, forest protection, and
potentially genetics, there are notable gaps in knowledge
that should be promptly addressed. These gaps need to be
filled with scientific findings, which should then be rig-
orously tested and subsequently integrated into forestry
practices. This will help enhance forest management
strategies and protect forests from the adverse effects of
drought and subsequent secondary (biotic) agents.
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Supplementary material

Table S1. Areal and relative proportion of health deterioration in 2022 (increase in defoliation by 30% or more compared to
2020) according to forest vegetation zones (FVZ). The relative sampling error of the proportion of deterioration corresponds to
the 95% confidence interval.

Area FVZ area with deterioration The ratio of deterioration to the area of FVZ
Forest vegetation zone of FVZ in2022 in the given category and the relative sampling error
(FVZ) A B C=B-100/A
(hectare) (hectare) (%)
1. Oak 100,434 27,245 27.1340.08
2. Beech-oak 283,484 44,513 15.70£0.04
3. Oak-beech 484,485 69,368 14.3240.03
4. Beech 427,341 31,958 7.4840.02
5. Fir-beech 441,417 20,894 4.7340.02
6. Fir-beech-spruce 185,955 6,609 3.55+0.03
7. Spruce 40,504 943 2.3340.04
8. Dwarf pine 17,973 270 1.5040.05
9. Azonal 54,520 5,161 9.4740.08
Total: 2,036,112* 206,961 10.16 £0.01

Note:* The lower acreage of the analysed stands is related to the missing data from the Military Forests in the National Forest Centre GIS layer. The lower acreage is observed
mainly in the 1 FVZ.

Table S2. Areal and relative proportion of health deterioration in 2022 (increase in defoliation by 30% or more compared to
2020) according to exposures. The relative sampling error of the proportion of deterioration corresponds to the 95% confidence
interval.

Area Area with deterioration  The ratio of deterioration to the area in the given

Exposure Description in 2022 category and the relative sampling error
. Acronym _
in degree of exposure A B C=B-100/A
(hectare) (hectare) (%)
0-45° North-North-East NNE 257,151 22,047 8.5740.03
45-90° East-North-East ENE 284,209 28,036 9.8610.03
90-135° East-South-East ESE 265,933 30,366 11.4210.04
135-180° South-South-East SSE 255,845 31,091 12.1540.04
180-225° South-South-West SSwW 276,813 33,334 12.0410.03
225-270° West-South-West wsw 299,201 32,912 11.0£0.03
270-315° West-North-West WNW 273,348 25,483 9.3240.03
315-360° North-North-West NNW 247,449 20,307 8.2140.03
Total: 2,159,950 223,578 10.3510.01

Table S3. Areal and relative proportion of health deterioration in 2022 (increase in defoliation by 30% or more compared to
2020) according to soil properties expressed by Ecological series and sets. The relative sampling error of the proportion of dete-
rioration corresponds to the 95% confidence interval.

Area Area with deterioration The ratio of deterioration to the area in the given
Edaphic-trophic series in2022 category and the relative sampling error
and azonal sets A B C=B-100/A
(hectare) (hectare) (%)

A - Acidophilous/Oligotrophic 176,957 12,004 6.7810.04

A/B —Transition from A to B 234,106 10,941 4.67+0.03

B — Medium nutrient (soils) 1,292,164 149,107 11.54£0.02

B/C - Transition from B to C 157,391 15,217 9.67 10.04

C- Nitrophilous 30,813 4228 13.7240.12

D - Alcalophilous /Calciphilous 90,158 10,302 11.4310.06
a—Acidophilous, affected by stagnant groundwater 11,207 624 5.5740.13

¢ — Nitrophilous, affected by flowing groundwater 43,318 4538 10.48 £0.09

Total: 2,036,112 206,961 10.16 £0.01
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Table S4. Areal and relative proportion of health deterioration in 2022 (increase in defoliation by 30% or more compared to 2020)
according to soil texture. The relative sampling error of the proportion of deterioration corresponds to the 95% confidence interval.

) Area Area with deterioration The ratio of deterioration to the area in the given
Granularity cod.e in2022 category and the relative sampling error
and correspoqdmg A B C=B-100/A
category of soil

(hectare) (hectare) (%)
1 - Sandy soil 20,421 3,567 17.47 £0.16
2 - Loamy-sandy soil 36,020 4,041 11.22£0.10
3 - Sandy-loamy soil 591,693 50,536 8.54£0.02
4 - Loam soil 924,334 97,789 10.58 £0.02
5— Clay-loamy soil 273,924 19,134 6.99£0.03
6 — Clay soil 6,484 428 6.60£0.18
Total: 1,852,875* 175,494 9.47 £0.01

Note:* The lower acreage of the analysed stands is related to the missing data from the Military Forests in the National Forest Centre GIS layer.

The soil saturation deviation of average condition in 1961-2010 The soil saturation deviation of average condition in 1961-2010

no drought occurence S0 lowered soil mositure stage no drought occurence S0 lowered soil masiture stage
51 starting drought 52 moderate drought @ 53 significant drought 51 starting drought 52 moderate drought g 53 significant drought
. S4 abnormal drought . 55 extreme drought [ ] 5S4 abnormal drought <] S5 extreme drought

Fig. S1. The state of drought in Slovakia on 13 September 2020 and 7 August 2022. The dates correspond to the date of satellite
image acquisitions used for forest damage classifications.

Source: Drought map 2020: Intersucho [online], [accessed on 2023-12-27] https://www.intersucho.sk/sk/?mapcountry=
sk&from=2020-09-09&t0=2020-09-16

Drought map 2022: Intersucho [online], [accessed on 2023-12-27] https://www.intersucho.sk/sk/?mapcountry=sk&from=
2022-08-01&t0=2022-08-10

241 41 441 541 841 741 B4 241 o4

Fig. S2. The frequency histogram of drought damage in the 4" Forest vegetation zone.
Arithmetic mean of 617 meters a.s.l.; Range: 250—1,050 meters a.s.l.; 5-95% percentile: 400-820 meters a.s.l.
Note: Axis x: Altitude in meter; Axis y: Number of pixel (1 pixel — 0.09 hectares).

175



