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Abstract: Forest ecosystems are faced with a variety of threats, including increasingly prolonged
droughts and other abiotic stresses such as extreme high temperatures, very strong wind,
invasive insect outbreaks, and the rapid spread of pathogens. The aim of the study was to
define crucial abiotic stressors affecting Central Europe forest ecosystems and, with regard to their
possible simultaneous effect, develop a universal method of multi-hazard evaluation. The method
was then applied to the particular area of interest represented by part of the Czech Republic with
forest land cover (12–19 ◦ E, 48–51 ◦ N). Based on National Threat Analysis, the most significant
threats of natural origin with a close relationship to forest stability were identified as drought,
high temperature, and wind gusts. Using suitable indicators, a level of their risk based on occurrence
and consequences was estimated. The resulting combined level of risk, divided into five categories,
was then spatially expressed on a grid map. The novelty of our paper lies in: (i) all relevant
climatic data were combined and evaluated simultaneously with respect to the different level of
risk, (ii) the developed methodological road map enables an application of the method for various
conditions, and (iii) multiple hazards were estimated for the case study area.
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1. Introduction

Forest ecosystems are affected by various threats, including increasingly prolonged and severe
droughts and other abiotic stresses, invasive insect outbreaks, and the rapid spread of pathogens [1].
The impact of climate change on forests is an important issue that concerns a large number of the
international scientific community [2–5].

Safety and security of ecosystems, and their fundamental functions and services, is a crucial
security issue. Serious damage to the environment has far-reaching implications, including endangered
basic functions of states, as evidenced by environmental crises that have led to conflict escalation in
the past. Environmental threats have two time horizons. Threats caused by extreme meteorological
events, such as storms and floods, constitute a sudden and intense emergency, whereas others, such as
droughts, are characterized by a slow and gradual development. A complex approach must address
not only both time dimensions but also all phases and mutual combinations. It has been proven
that environmental crises do not arise only as a consequence of particular stressors but also by their
combination and interactions. Previous events clearly indicate that environmental crises are typified by
synergic, cascade, and domino effects, when one stressor is forced or weakened by others. Several crises
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with different triggers can affect an ecosystem simultaneously and their resulting effect is much
stronger. Ref. [6] developed and tested individual and collective multi-hazard risks and noted that
natural hazards are often studied in isolation. However, there is a great need to examine hazards
holistically to better manage the complexity of threats found in a given region. Many regions of
the world have complex hazard landscapes in which risk from individual and/or multiple extreme
events is omnipresent. The issue of multiple hazards is also a subject of a UN strategy for disaster risk
reduction and part of the consecutive Sendai Framework for 2015–2030. The framework introduces
innovative risk attitudes, ranging from risk control to risk management, thus creating the opportunity
for strengthened prevention and for the application of the BBB principle—"Build Back Better”—even in
the case of the ecosystems and planting of forests. Analogously, the EU Science Hub has highlighted
the need for multi-hazard assessment when prioritizing security research for 2021–2030.

A wide range of national and international organizations and strategic documents exist, such as the
United Nations Office for Disaster Risk Reduction (UNISDR) and the consecutive Sendai Framework for
Disaster Risk Reduction 2015–2030 [7]. In addition, the European Commission’s Science and Knowledge
Service (EU Science Hub), the Internal Security Strategy for the European Union [8], Transforming Our
World, the 2030 Agenda for Sustainable Development [9], the United Nations Framework Convention
on Climate Change (UNFCCC) [10], the Strategic Concept for the Defence and Security of the Members
of the North Atlantic Treaty Organisation [11], and the Conception of Environmental Security of the
Czech Republic [12] each identify and address relevant security risks, including natural catastrophes
and risk of natural origins. At the Czech national level, the basic security document, Security Strategy of
the Czech Republic 2015 [13], includes catastrophes of natural origin with anthropological risks among
the basic security issues. A detailed classification and description of particular risks was conducted
in [12]. Coordinated by the Ministry of Defense, a complex Threat analysis for the Czech Republic was
also carried out [14]. The final report summarizes the natural abiotic threats with an unacceptable level
of risk: floods and extreme precipitation, long-term drought, extremely high temperature, and high
wind speed and gusts. These risks were amplified when combined.

1.1. High Temperature and Heat Wave and Forest

The increasing trend in the number and intensity of heat waves is likely to continue throughout
the 21st century. Heat waves are often accompanied by drought. Heat wave events affect a wide
variety of tree functions. Photosynthesis is reduced, photooxidative stress increases, leaves abscise,
and the growth rate of the remaining leaves decreases. Stomatal conductance of some species increases
at high temperatures, which may be a mechanism for leaf cooling. Heat stress reduces growth and
alters biomass allocation. When drought stress accompanies heat waves, the negative effects of heat
stress worsen and can lead to tree mortality [15–17].

Other authors [18,19] also emphasize that common temperate European forest tree species are
more vulnerable to extreme drought and heat waves. Because drought and heat events are likely to
occur more frequently due to climate change, temperate European forests might approach a point at
which a substantial ecological and economic transition is required. The study of [20] also highlights
the urgent need for a pan-European ground-based monitoring network that is suitable for monitoring
individual tree mortality.

1.2. Drought and Forest

Climate scenarios predict a rapid warming and an increase in the frequency and duration of
droughts across Europe [21]. One of Central Europe’s most severe summers, characterized by a long
drought and heat wave, was recorded in 2018. On par with that of 2003, the summer of 2018 was
classified as the most severe event in Europe of the previous 500 years. Nonetheless, the drought event
in 2018 was climatically more extreme and had a larger impact on Central Europe’s forest ecosystems
than the 2003 drought. The most ecologically and economically important tree species in the temperate
forests of Austria, Slovakia, Germany, and Switzerland showed severe symptoms of drought stress,
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such as exceptionally low foliar water potentials crossing the threshold for xylem hydraulic failure,
widespread leaf discoloration, premature leaf shedding, and drought-induced tree mortality [22].
Moreover, in the following year the forests were highly vulnerable to secondary drought impacts,
such as insect or fungal infection pressure [20,23]. Productive, hydrological, and soil protection
functions are harmed in mountain forests subject to such disasters [24,25].

According to [26], drought-induced tree mortality in Israel has been observed in diffuse patterns
in forests, typically affecting approximately 5% of the trees in each forest. “Hotter” droughts may have
more severe impacts on terrestrial vegetation than “normal” droughts (i.e., droughts that occur at lower,
more typical temperatures) [27]. Ref. [28] evaluated the consequences of the 2000 and 2012 droughts
on stands of Scots pine forest in Romania. In these two years, low precipitation and warm conditions
during the growing season significantly reduced Scots pine growth and productivity, and triggered
mortality events in some areas. The authors concluded that it is necessary to develop adaptive forest
management and mitigation strategies across drought-prone forested regions of Europe as a response
to extreme climate events.

1.3. Windstorms and Wind Gusts and Forests

Windstorms and strong winds cause major disturbances and consequent economic losses in
European forests. During the past century, in particular, forests in Europe have suffered from
windstorms and this trend is likely to continue [18,29–31]. For example, in Finland, a total of
7 million m3 of timber was damaged in 2001 in two separate storms (Pyry and Janika) in autumn,
and four strong storms caused damage in 2010 [32].

Wind damage is influenced by forest characteristics (e.g., tree species, tree height, crown and rooting
characteristics, and stand density), forest management, and the abiotic environment, particularly local
wind and soil conditions [33–35]. The mean wind speed and duration, in addition to gust level, are also
significant influences.

According to [34,36], the probability of wind damage increases with tree height and for certain
species, e.g., Norway spruces are particularly vulnerable to wind. Forest management also influences
wind damage sensitivity. Trees grown in sheltered conditions and later exposed to wind are especially
sensitive to damage [34,37,38]. Areas exposed to strong wind gusts [39] or where rooting conditions
are limited due to soil characteristics [40] are more predisposed to wind damage.

Ref. [41] studied combined information on windstorms and damage to forest stands from a
long-term perspective (1801–2015). The concentration of extremely damaging windstorms after 1950
(9 of the 14 selected) is an indication of increasing windstorm damage to forests in the Czech Republic.
This can be partly attributed to the cultivation of two tree generations of spruce monoculture in places
where diverse forests once stood, and clear-felling management of those forests.

The current study identifies key abiotic stressors affecting Central Europe forests and, with regard
to their combined effect, provides a universal method of multi-hazard evaluation. The method was
applied to a case study (Figures 1 and 2).
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2. Materials and Methods

2.1. Methodological Roadmap in Eight Steps

1. Identification of relevant threats
2. Election of suitable indicator for each threat (see Table 1)
3. Estimation of level of risk for each threat based on [14] in the Czech Republic (see Tables 2–7)
4. Calculation and spatial expression of long-term annual value of all indicators (Figures 3–5)
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5. Overlapping of three risk maps
6. Final determination of combined abiotic risk according to Table 9
7. Division of each indicator into five risk categories (Table 8, Figure 6)
8. Spatial expression of combined risk (Figure 7).

Table 1. Individual abiotic threats and their indicators.

Abiotic Threat Indicator

High temperature HT long-term annual number of tropical days TD
Drought D long-term annual water balance WB

Wind gust WG long-term annual occurrence of wind speed above 10 m s−1 (% of time) WS10

Table 2. Frequency of the threat.

Occurrence of the Threat F

Up to half a year 10
40 to 90 years 5

1000 or more months 1

Table 3. Consequence on people coefficient.

Death Cases Endangered People CP1; CP1

1–4 1–20 1
51–100 500–1000 5

more than 1000 more than 1,000,000 10

Table 4. Consequence on the environment coefficient according to the level of environmental damage.

Affected Area CEn

Water stream (up to 2 km)
1–2Water reservoirs beyond waterworks (up to 1 ha)

Non-specific natural ecosystem (up to 1 ha)

Protected hydrologic areas

3–5
Water stream (up to 5 km)
Water reservoirs beyond waterworks (above 1 ha)
Non-specific natural ecosystem (up to 3 ha)

Nature reserves, NATURA 2000 areas (up to 0.5 ha)

6–8
Non-specific natural ecosystem (up to 100 ha)
Protected hydrologic areas and waterworks
Water stream (up to 10 km)

Nature reserves, NATURA 2000 areas (above 0.5 ha)

9–10
Non-specific natural ecosystem (above 100 ha)
Protected hydrologic areas and waterworks
Water stream (above 10 km)

Table 5. Consequence on the economy coefficient.

Direct Economic Losses Including the Cost of Emergency and First Response CEc

up to 4,000,000 EUR 1
4,000,000,000 to 20,000,000,000 EUR 5

more than 40,000,000,000 EUR 10
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Table 6. Social consequences coefficient.

People Affected by
Restrictions

Duration of the
Restrictions Level of Restrictions CS1; CS2; CS3

up to 1000 several h (12) without significant restriction 1
50,000 to 125,000 several weeks public services and basic commodities failure, blackout 5

more than 5,000,000 more than 25 years complete destabilization of the state 10

Table 7. Estimation of level of risk for each threat; data source [14].

Threat F CP1 CP2 CEn CEc CS1 CS2 CS3 C R

D 7 2 6 10 5 9 6 4 5.9 41
HT 7 5 7 6 5 7 4 3 5.5 39
WG 8 2 4 8 4 5 4 4 4.5 36
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Figure 5. Categories of wind gust (WG) risk based on long-term annual occurrence of wind speeds
above 10 m s−1 (WS10).
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Table 9. Matrix of degrees of combined risk for D, HT, and WG based on their weight categories.

Weight of WG

1.000 2.000 3.000 4.000 5.000

W
ei

gh
to

f
H

T 1.083 3.222 4.222 5.222 6.222 7.222 1.139

Weight of D
2.167 5.445 6.445 7.445 8.445 9.445 2.278
3.250 7.667 8.667 9.667 10.667 11.667 3.417
4.333 9.889 10.889 11.889 12.889 13.889 4.556
5.417 12.111 13.111 14.111 15.111 16.111 5.694
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2.1.1. Steps 1 and 2: Identification of Relevant Threats and Election of Suitable Indicator for
Each Threat

Based on the reviews of the introduction and [14], the most significant abiotic threats of natural
origin with a close relationship to woodland stability were identified as drought, high temperature,
and wind gusts. Subsequently an appropriate indicator for each threat was selected (see Table 1).

2.1.2. Step 3: Estimation of Level of Risk for Each Threat

Estimation of the level of risk for each threat was conducted using the basic idea that the level
of risk is related to the frequency of occurrence and the level of consequence (Equations (1) and (2)).
The values of both F and C range from 0 to 10. The method of estimation of frequency and consequence
is described in detail by [14].

R = F × C (1)

where R is the level of risk, F is the frequency (see Table 2), and C is the consequence.

C = 0.4 × CP + 0.2 × CEn + 0.2 × CEc + 0.2 × CS (2)

where 0.4 and 0.2 are weight coefficients; CP is the consequence on people coefficient (see Equation (3)
and Table 3); CEn is the consequence on the environment coefficient (see Table 4); CEc is the consequence
on the economy coefficient (see Table 5); and CS is the social consequences coefficient (see Equation (4)
and Table 6).

CP = (CP1 + CP2)/2 (3)

where CP1 is the coefficient of mortality and CP2 is the coefficient of endangered people.

CS = (CS1 + CS2 + CS3)/3 (4)
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where CS1 is the coefficient of people affected by restrictions, CS2 is the duration of the restrictions
coefficient, and CS3 is the level of restrictions coefficient.

2.1.3. Data Source

To spatially determine the degree of abiotic risk, it was necessary to prepare raster data layers
with categorized values of individual selected indicators (tropical day, TD; water balance, WB;
WS10—see Table 1). For the preparation of raster data layers, a data set of 268 technical climatological
stations was used. A technical series of meteorological elements was created in daily intervals on
the basis of measured data of the Czech Hydrometeorological Institute (CHMI) climatological station
network. The process of creating a technical series of meteorological elements comprised a combination
of several data quality control procedures, completion of missing values, and homogenization of time
series [42–44].

2.1.4. Period of Estimation

All indicators in Table 1 were expressed as average values for the 20 year period of 2000–2019.

2.1.5. Description of Indicators

TD: A tropical day is defined as a day in which the maximum air temperature measured at a
height of 2 m above the ground reaches or exceeds 30 ◦C. The annual number of TDs thus reflects
extreme heat weather conditions of the locality.

WB: As a characteristic that indicates an increased probability of drought, the water balance
is used to analyze the moisture conditions in the landscape in a straightforward manner during a
certain period. The water balance is calculated as the difference between precipitation and potential
evapotranspiration of grassland. Evapotranspiration in its potential form is practically identical to
the maximum possible value of evaporation under optimal humidity conditions. When calculating
potential evapotranspiration, the moisture conditions of the subsoil formed by the soil horizon are
not taken into account. In essence, potential evapotranspiration expresses the influence of climatic
conditions on the water balance (and also on evaporation) while suppressing all other factors that affect
evaporation (soil moisture, etc.). This provides the scope for the concept of a climate water balance.
In this study, the agrometeorological model AVISO [45–47] based on the complete Penman–Monteith
combined equation (modified to the conditions of the Czech Republic) with correction for temperature
of the evaporating surface and calculation of the expression of air humidity using water vapor pressure,
was used to calculate grassland evapotranspiration.

WS10: To calculate the risk of wind threat, measurements of wind gusts in 15 and 10 min intervals
from a set of 210 meteorological stations during the period 2000–2019 were processed. From these
values, the percentage of total measurements with wind gusts above 10 m s−1 was calculated for the
whole year. The long-term average value of each of the 3 indicators for the period 2000–2019 was
then calculated individually for each station used. The preparation of climatic data and subsequent
statistical analysis, including interpolation, was performed using statistical tools included in the
ProClim software.

2.1.6. Software Used and Interpolation Method

The point values of long-term annual water balance, long-term annual number of tropical days,
and long-term annual occurrence of wind speed above 10 m s−1 for the period 2000–2019 were
interpolated and used to produce raster layers. The interpolation method used for raster creation was
regression kriging with residuals remaining using a set of predictors (altitude, station position, slope,
and terrain orientation). The resulting raster layers were processed in the ArcGIS 10.5 environment,
in which raster selection was performed only on areas with forest stands. Grids were reclassified into
5 categories and were assigned a risk level value according to Table 7. The division into categories was
performed according to a constructed histogram of the grid values using Sturges’ rule and maintaining
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a partially regular range of value intervals. The result of the categorization is evident from the graphs
of the percentage of raster cells in the individual classes.

The resulting raster layer of combined risk was created as the sum of reclassified raster layers
of 3 indicators. Its categorization was performed in the same way as for the input indicators,
when 5 categories with a range of intervals of 2 were determined. The individual layers of indicators,
in addition to the combined risk layers, were processed into the final map form.

2.1.7. Area of Interest

The area of interest is located in central Europe (12–19 ◦ E, 48–51 ◦ N) and represents part
of the Czech Republic, namely the area with forest land cover (see Figure 1). CHMI reports
long-term (1990–2019) average annual precipitation of 614.4 mm, average annual temperature of 9 ◦C,
annual average wind velocity in spring (March–May) of 2.5 m s−1, and annual average wind velocity
in autumn (September–November) of 2.2 m s−1. The lowest wind velocity occurs during summer,
whereas spring and autumn are windier [48].

The potential natural forest cover of the Czech Republic is 98%, whereas the present-day forested
area is 34%. Roughly half of the forests in the Czech Republic are managed by Lesy CR (a state
enterprise). Other major owners are private owners (25%), and towns and municipalities (17%) [49].
Of the total Czech territory (comprising 78,866 km2), the forested area increased from 28.9% in 1845
to 33.7% in 2010 (29.0% in 1896, 30.2% in 1948, and 33.3% in 1990). The area of the main coniferous
trees, i.e., spruce and pine, is declining, whereas the percentage of fir shows a slight, steady rise.
The proportion of deciduous trees, particularly beech and oak, is also increasing. Figure 2 presents the
species composition of forests in the Czech Republic.

3. Results

3.1. Estimation of Level of Risk for Each Threat Based on Results of the Threat Analysis for the Czech
Republic (2015)

3.1.1. Step 4: Calculation of Long-Term Annual Value of All Indicators

The greatest risk of high temperatures due to the long-term number of tropical days is in areas
with lower altitude, particularly South Moravia and central Bohemia (Figure 3). The risk based on the
long-term annual water balance largely corresponds to the risk of high temperatures. The riskiest part
of the Czech Republic is mainly South Moravia (Figure 4). The risk of wind gusts based on annual
wind speeds above 10 m s−1 is highest in mountainous areas, i.e., the areas with the highest altitude.
These mountain areas are adjacent to the borders of the Czech Republic (Figure 5).

3.1.2. Step 5: Division of Each Indicator into Five Risk Categories

According to level of risk of each threat (see Table 7), weights were assigned to indicate significance;
the threat with the lowest risk level (DG: risk level of 36) was assigned a value of 1.

Table 8 provides an overall summary of all threat categories, their weights, and the range of
relevant indicators.

In terms of drought risk, the majority of the case study area falls into category 3. In the case
of high temperatures, most areas of the case study fall into category 3. In terms of wind gust risk,
category 2 covers the majority of the area (Figure 6).

3.1.3. Steps 6–8: Overlapping of Three Risk Maps, Final Determination of Combined Abiotic Risk
(According to Table 7), and Spatial Expression of Combined Risk

The combined risk of the abiotic stressors is shown in the map in Figure 7 and Table 10. The majority
of the case study area in terms of combined risk falls into categories 2 (slight risk) and 3 (moderate risk)
(approximately 82%) (Figure 8). It might be concluded that about 10% of the area (categories 4 and 5,
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i.e., high to very high risk) require special attention in terms of landscape adjustments, more detailed
in situ measurement, or adaptive forest management to prevent ecological and economical losses
and damage.

Table 10. Characterization of categories of combined risk in terms of their degree of combined risk
(based on Table 9).

Categories of Combined Risk Degree of Combined Risk

1–low risk 4–7
2–slight risk 7.1–9

3–moderate risk 9.1–11
4–high risk 11.1–13

5–very high risk 13.1–16Water 2020, 12, x FOR PEER REVIEW 12 of 17 
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4. Discussion

Ref. [50] provided evidence of a direct link between a climate-induced increase in forest diseases
and pests, and increased tree mortality. According to [17,51,52], higher temperatures also shorten
the development cycles of disease and pest organisms. Many studies have found that increasing
temperatures can be attributed to climate change. In their review, [53] identified six key principles for
enhancing the adaptive capacity of European temperate forests in a changing climate. Climate change
causes various extreme weather events, floods, and droughts, thus leading to a reduction in water
quality and availability, frequent heat waves, etc. High temperature combined with severe drought and
strong wind creates suitable conditions for the starting and fast spread of wildfires. Burning biomass
then releases increased greenhouse gases, e.g., CO2. Ref. [54] quantified the greenhouse gas emissions
from forest fires in the European Slovak Paradise National Park, in which fire destroyed an area of
80 ha in the year 2000.

Severe and repeated droughts are currently considered one of the main factors contributing to
forest dieback in Central Europe. Under Central European climatic conditions, tree species do not have
sufficiently efficient defense mechanisms or strategies to survive severe drought periods without a
negative impact on their physiological processes and growth. This is evidenced by the drought events
in 2000, 2003, 2012, and 2018 [22,28], which had a major impact on the forest ecosystems of Central
Europe. In humid temperate conditions, intense periods of drought should not be considered isolated
extreme events, but events that can occur with increasing frequency in the near future [55].

Natural reserves in Central Europe, such as the Low Tatras National Park in Slovakia and the
Sumava National Park in Czechia, were damaged by wind and bark beetle outbreaks, which had
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a major influence on the health of the forest vegetation at the end of the 20th and beginning of the
21st century.

In November 2004, forest with an area of 12,000 ha in the Tatra National Park, Slovakia,
was seriously damaged by northern wind gusts exceeding 200 km h−1. In July 2005, a wildfire
broke out in a wind-damaged area of 220 ha [56]. The results of [57] showed that, in addition to
economic losses, the fire caused significant environmental changes to the structure and properties
of humic acid. However, [58] claimed that forest regeneration on sites cleared of windthrow is
less intensive than in those forest ecosystems which were subjected to direct human impact, i.e.,
clear cuttings.

Sufficient evidence exists that individual threats, such as drought, hot weather, and extreme
winds, represent a serious danger, not only for forest ecosystems, but for all natural and anthropogenic
ecosystems. When these influences occur at the same time or when a given area is affected by more
of them in a short time, their negative effect is considerably stronger. Although a complex analysis
of forest damage was not the goal of this paper, various data on real detrimental impacts on forests
provide a large amount of evidence that the health of forests largely reflects the zoning derived in the
current study. Monitoring of agents that cause damage to forests (e.g., recorded damage to stands by
wind; recorded damage to stands by drought; volume of spruce wood infested by bark beetles) in the
Czech Republic has been undertaken by several institutions using various methods (Forestry and Game
Management Research Institute [59], the Ministry of Agriculture of the Czech Republic [60], the Forest
Management Institute [61]). Based on this monitoring, we can conclude that the spatial expression
of combined risk in Figure 7 generally corresponds to the actual occurrence of agents causing forest
damage. This is particularly true of sector D4, which was strongly affected by severe drought and an
infestation of bark beetles in 1 ha of spruce stands; the area was classified as an area with significant
deterioration in health status between 2016 and 2019. From this perspective, we can conclude that
Figure 7 represents the potential combined risk of forest damage due to climate effects. The real impact
of these risks on the forests will only be revealed in combination with actual data on stand structure,
pests, and various diseases. This idea thus indicates a direction for future research i.e., validation of the
findings of the current study via comparison of the “potential climate-driven combined risk” with the
“real effect” of the risks on the forests.

A complex analysis of forest damage is a challenging research issue that has been addressed by a
number of authors [62–64]. These previous surveys of forest damage can be significantly enhanced by
a comprehensive analysis of multiple abiotic hazards which, combined with analysis of other relevant
stressors, might help to identify crucial causes of forest damage.

Spatial expression of the different levels of combined risk might help optimize management and
thus increase forest resilience. Theoretically, when the riskiest areas are combined with appropriate
forest management, it is possible to avoid detrimental impacts on the forest landscape.

5. Conclusions

Using [14] we identified and employed key climatic elements that pose a threat to forests,
namely drought, high temperature, and strong wind. When these elements are combined it is possible
to evaluate the resulting level of combined risk. The developed methodological road map enables an
application of the method for various conditions. We applied the method to a case study, in which
we also suggested possible indicators for each element. The elements under investigation not only
represent the current risks—their effect is expected to strengthen in the future due to climate change.

Although complex analysis of forest damage was not the goal of our paper, various data on real
detrimental impacts on forests provide a large amount of evidence that the health of forests largely
reflects the zoning derived in the current study. Biological evidence of detrimental impact is also
affected by other stressors, both abiotic (such as thick and dense snow cover, winter windstorms,
and heavy frosts) and biotic (e.g., the wide distribution of pests, gnawing of trees by animals), which are
beyond the scope of our paper.
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The potential climate-driven combined risk of forest damage might help to address the question
of how information about multiple hazards in forest ecosystems can be incorporated into management
decisions. Figure 7 represents one of the crucial conceptual tools to achieve a stable and resilient
landscape structure. To be effective, forest management research and practice requires explicit
articulation of their objectives, which should be interpreted and translated into real actions. Our results
provide a useful tool for all stakeholders, particularly communities, municipalities, and government
who are responsible for effective landscape planning and management. To do so, these stakeholders
demand high quality data and analyses that can support their decision making. Based on our method it
is possible to set threshold values that, when exceeded, trigger landscape adjustments or more detailed
in situ measurements, or indicate a need of specific management.

In addition to the conceptual dimension, it is also necessary to address the issue of the real
effect of abiotic threats on forest ecosystems. Follow-up research should thus focus on validation
of the combined risk map using: (i) identification of the most vulnerable segments from A1 to F4,
(ii) selection of appropriate data on the real occurrence of forest damage [59–61], and (iii) validation of
the potential climate-driven combined risk.
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42. Squintu, A.A.; van der Schrier, G.; Štěpánek, P.; Zahradníček, P.; Tank, A.K. Comparison of homogenization
methods for daily temperature series against an observation-based benchmark dataset. Theor. Appl. Climatol.
2020, 140, 285–301. [CrossRef]
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