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Abstract: Bioclimate alteration unquestionably poses a current but also a potential future threat
to natural and agricultural ecosystems and their services. In this scope, the present and future
bioclimatic footprint of the Central European territory is investigated and presented. For the first
time, an ultrahigh spatial resolution (<250 m) of the de Martonne index is analyzed over the entire area,
as well as for individual countries (Austria, Switzerland, Czech Republic, Hungary and Slovakia).
The research is performed for the reference period (1981–2010) and for three time series (2011–2040;
2041–2070; 2071–2100) under two emissions scenarios (SSP370 and SSP585) for the determination
of the potential short-term and distant future bioclimatic change trends. Projection results reveal
higher xerothermic trends over the lowland agricultural areas mostly in 2071–2100 and under the
extreme SSP585, with the classes’ spatial distributions going from 0.0% to 2.3% for the semi-dry class
and from 0.0% to 30.1% for the presiding Mediterranean class. Additionally, more than half of the
territory’s agricultural surface area (53.4%) is foreseen to be depending on supplementary irrigation
by 2100. Overall, more intense dry thermal conditions are expected to impact the agricultural areas
of the Czech Republic, Slovakia and Hungary with the latter emerging as particularly vulnerable.

Keywords: climate change; Austria; Switzerland; Czech Republic; Hungary; Slovakia; warmer/drier
conditions; environmental management; land use-land cover change

1. Introduction

Ecosystems and landscapes, both cultural and natural, are precious assets that safe-
guard the quality of life; however, the impact of climate change (CC) on biodiversity,
ecosystem condition and nature’s contribution to people could become one of the major
drivers over the coming years, with observed trends in natural resources exploitation,
pollution, and impact from invasive species leading to a significant decline of ecosystems
and their services, a trend that will likely continue to pose major challenges combined with
future climate change conditions [1].

In the concept of CC, extensive scientific research has been focused on the alterations
of the bioclimate and the consequent impacts of the bioclimatic change on the earth’s
biosphere [2–8].

The central part of Europe (CEu) shapes a vast sub-continental territory and comprises
six countries located in central Europe (ordered alphabetically by their ISO country codes
as AT: Austria, CH: Switzerland, CZ: Czech Republic, HU: Hungary and SK: Slovakia)
already demonstrates high climatic changes, the evolution of which is expected to keep
on pressurizing its abundant natural and anthropogenic ecosystems in the future [8–10].
A continuous warming and drying trend has been recorded in various areas of CEu
(e.g., a surface temperature rise of 0.8 ◦C and a precipitation decrease of 60–80 mm in the
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Carpathian Basin) [11]. Both the maximum and minimum temperatures have increased
over the 20th century, with a more significant summer warming manifested in the first half
of the century [12]. Increases in long-term drought occurrence have been reported in CEu
(e.g., increased dryness trend across Austria, Czech Republic, Hungary and Slovakia) as
driven by the increased evaporation demand towards the end of the 20th century and in
the early 21st century [13,14].

Projections on CEu’s climatic evolution depict future intense temperature warming.
Simulation results indicate a temperature increase of 1.4–2.6 ◦C in summer by the mid-
century and of over 4 ◦C by the end of the century. In Hungary [15], an average temperature
rise between 0.12 ◦C and 3.76 ◦C in Switzerland [16], a further increase of less than 2 ◦C to
4 ◦C in Austria until the year 2100 [17], an increase in the monthly and annual temperatures
by 1.5 ◦C to 4.7 ◦C in Slovakia [18] and a 2.7 ◦C summer temperature rise by 2070, in the
Czech Republic [19]. Projection results also suggest remarkable drying due to the tem-
perature increase and precipitation decrease and especially in the summer months [20,21]
(e.g., reduction in average summer precipitation by 5–10% and over 20%, respectively, by
the mid-century and end of the century in Hungary; total precipitation decrease by 33%
in summer, in Slovakia) [15,18], except for precipitation increases foreseen mostly during
wintertime (e.g., precipitation increase between 48.1 mm and 398.7 mm by the end of the
century in Switzerland [16], of approximately 30% in northeastern Austria [17] and from
20% to 56%, in Slovakia) [18]. Some of these facts, which are indicative of future drying,
underline the possible acceleration of the drought risk (e.g., in the Czech Republic) [22] and
desertification risk (e.g., in central Hungary) with the contribution of the frequency and
amplitude of extreme weather events [23].

The warmer and drier conditions formed due to CC over CEu, have resulted in inten-
sified weather extremes described mainly by the increasing trend in drought occurrences
(e.g., in Slovakia) [24] and more robust and prolonged drought episodes (e.g., more pro-
nounced drought waves in Hungary with a trend of 1.4% per decade and more intensified
and long-lasting dry events during the second half of the 21st century) [25,26]. Heatwave
events have become more frequent, longer, severe and intense, while cold wave events
demonstrate decreasing duration, severity, intensity [27] and occurrence [28]. Large quanti-
ties of intense precipitation are demonstrated to occur in the future, and the number of frost
days is expected to be reduced, while summer days and heatwave days will be significantly
increased (e.g., adding up to a monthly duration by the end of the century in Hungary) [15].

The up-to-present and future impacts of the bioclimatic change on the CEU’s agri-
cultural sector may involve negative effects on crop yields (yield depression and reduced
yield stability) owing to drought severity and the increased frequency of extremely high-
temperature values [29–32], product quality decline [33], prolonged periods of water
scarcity [34] and higher crop evapotranspiration [35]. Other impacts of the altered bio-
climate refer to lower water recharge rates and groundwater table [36], decreasing soil
moisture content [37], modifications of the physicochemical and biological properties
of soils [38], soil erosion and topsoil loss [39]. Study results also include the increased
occurrence and favoring of crop insect pest species and insect infestations [40] and the
expansion of invasive species and increase in generations which may induce extended crop
damage [41]. The impacts of CC in the CEu also refer to phenology advancements and
earlier harvesting [10,42], changes in the crops’ growing season period duration [10,43],
significant shifts in the agroclimatic zones [10,44], alterations to the land area suitable
for individual crop production (e.g., a substantial increase in the total area exploited for
viticultural production and grain maize) [10,45] and the dependence of crop production on
irrigation [46].

The already recorded and future potential impacts of the altered bioclimate on the in-
vestigated territory’s natural areas encompass forest cover change and forest line shifts [47],
increased risk of tree windthrow and short-term loss of timber [48], effects on tree species
composition and carbon sequestration [48,49]. Reports may also include changes in plant
diversity [50], vegetation cover and microbial biomass [51], limited tree growth and the
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decline in forest productivity [52]. Scientific research extensively outlines phenology
(e.g., flowering) advancement [53], high risk for forest fires, forest insect outbreaks and
shifts of outbreak epicenters [54,55], drought-induced tree vitality decline [56], increased
mortality rates [57], soil erosion, landslides, higher desertification sensitivity [58], de-
creased biomass production [59], lengthening of the growing season [60] and the migration
of vegetation zones [61].

The bioclimatic approach to the effects of CC is achieved by the application of nu-
merical indicators known as bioclimatic indices in an overall effort to better understand
the decisive synchronous role of altered atmospheric parameters [62]. Among several
indices, this is mathematically demonstrated by the simple de Martonne Aridity Index
(IDM), which combines air temperature and precipitation recorded data, and the resulting
values reliably assess the dryness status of an area [63]. This assessment is performed by
classifying the investigated area’s bioclimate into seven categories described as “dry” to
“extremely humid” [63].

Although a practically old bioclimatic index, the IDM is commonly and most recently
applied in scientific research [7] owing to its effectiveness and even, in some cases, distinc-
tion as a better indicator of the climate’s dryness degree [62,64], proving its broad incorpo-
ration in the sciences of, e.g., Climatology [65–67], Bioclimatology/Biometeorology [68,69],
Ecology [70,71] and in surveys on agricultural issues [72,73].

For the area in consideration, dryer climatic conditions have been projected by
Bartholy et al. [21] for Hungary by 2070–2100 compared to the reference period (1961–1990).
The implementation of a 25 km horizontal resolution under three emission scenarios (A2,
A1B, and B2) has resulted in the foreseen significant warmer and drier regime, especially
during the summer period. By assuming the A1B emission scenario and applying a similar
climatic data resolution (approximately 25 km), Blanka et al. [74] have suggested that the
frequency and duration of the drought periods will increase over the entire country by
2100, mostly in the Great Hungarian Plain, with serious impacts on the agricultural sector.
Ladányi et al. [75] have projected changes in the IDM for the 2021–2050 and 2071–2100 time
periods based on regional climate models utilizing the A1B scenario. They demonstrated
increasing drought hazards over the Kiskunság National Park (south Hungary) and its
surrounding landscapes, with the latter in the northern part of the territory being relatively
more exposed by the end of the 21st century. Gavrilov et al. [76], who examined the Central
and Southern Pannonian Basins’ annual aridity trend, demonstrated no changes for Hun-
gary during the investigated period (1949–2017). Nistor [77] has performed a projection
survey over the entire southeastern European territory for the 2011–2040 and the 2041–2070
future time periods by adopting an RCP of 4.5. Significant effects of CC on the groundwater
resources were demonstrated, among other countries, for the eastern part of Austria and
Hungary owing to the higher xerothermic trends as estimated by the IDM at a spatial
resolution of 1 km2. Cheval et al. [78] have also demonstrated more xerothermic bioclimatic
characteristics anticipated under the A1B scenario for Austria, Hungary, Slovakia and
Switzerland where higher spatial distributions of the more arid IDM classes analyzed at a
25 km spatial resolution are expected by the year 2050.

From the aforementioned documentation, it is apparent that projection outcomes
concerning the future bioclimatic footprint of CEu, as a result of the application of the IDM,
are relatively limited. Additionally, the employed emissions scenarios are characterized
by rather small variability (e.g., A2, A1B, B2 and RCP of 4.5), and the adopted spatial
resolution of the climatic data is rather coarse (e.g., 1 km and 25 km).

The CEu constitutes a climatically diverse territory, the landscape of which is de-
fined by agricultural and natural areas of paramount societal and economic significance,
constituting representative ecosystems of unique ecological and cultural importance. By
also considering the growing issue of the future CC effects in the CEu, it was regarded
as fundamental to investigate the future bioclimatic conditions over the territory’s and
individual countries’ agricultural and natural areas based on calculations performed by a
reliable index such as the IDM. For this purpose, the distribution of the IDM’s bioclimatic
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classes is investigated for the reference period (Ref: 1981–2010) and three time periods
(P1: 2011–2040; P2: 2041–2070; P3: 2071–2100). The index is computed at the horizon-
tal ultrahigh-resolution analysis of less than 250 m under the two emissions scenarios
(SSP370 and SSP585). Comparisons between the present and the future bioclimate profiles
aim for the identification of the short-term and distant future trends of the territory’s
bioclimatic change.

The innovative features of the present investigation involve the implementation of a
horizontal ultrahigh-resolution analysis of the IDM (of less than 250 m) over an extensive
area consisting of six countries of central Europe for the assessment of the whole territory’s,
but also of each individual country’s bioclimatic evolution, through illustrations of the
current and future bioclimatic status. A series of maps displaying the IDM classes’ spatial
distribution over the entire domain, accompanied by related spatial statistics focused on
each country’s natural and agricultural areas, are presented.

The demonstrated outcomes of the present study may serve as a useful and efficient
scientific information source for the proactive management and prevention of the upcoming
future impacts of CC on the CEu’s agricultural sector and natural formations, i.e., to support
scientifically based decision and policy making for rural and natural areas.

2. Materials and Methods
2.1. Study Area

The land cover features of the entire study area are illustrated in Figure 1. The Czech
(CZ) Republic is a hilly plateau almost entirely surrounded by mountain ranges. Slovakia
(SK) is characterized by its vast mountainous topography occupied by the Tatra, Fatra
and Ore Mountains. The country’s fertile lowland terrain expands to the west along
the Danube River Plain, to the south, and over the eastern Slovak Flat area. Hungary
(HU) is mainly a flat country dominated by the significant agricultural zones of the Great
Hungarian Plain, the Little Hungarian Plain, and the Transdanubia region in western
HU. The landscape of Austria (AT) is broadly mountainous, dominated by high Alpine
Mountain chains. Agricultural development is located in the eastern and southeastern
Lowlands (e.g., Burgenland, Steiermark, Kärnten, and Niederösterreich), where the country
becomes less alpine. In Switzerland (CH), agricultural practice dominates the Swiss Plateau,
which extends east to west between the Jura Mountains and the Swiss Alps.

Water 2023, 15, x FOR PEER REVIEW 4 of 25 
 

 

index such as the IDM. For this purpose, the distribution of the IDM’s bioclimatic classes 
is investigated for the reference period (Ref: 1981–2010) and three time periods (P1: 2011–
2040; P2: 2041–2070; P3: 2071–2100). The index is computed at the horizontal ultrahigh-
resolution analysis of less than 250 m under the two emissions scenarios (SSP370 and 
SSP585). Comparisons between the present and the future bioclimate profiles aim for the 
identification of the short-term and distant future trends of the territory’s bioclimatic 
change. 

The innovative features of the present investigation involve the implementation of a 
horizontal ultrahigh-resolution analysis of the IDM (of less than 250 m) over an extensive 
area consisting of six countries of central Europe for the assessment of the whole terri-
tory’s, but also of each individual country’s bioclimatic evolution, through illustrations of 
the current and future bioclimatic status. A series of maps displaying the IDM classes’ 
spatial distribution over the entire domain, accompanied by related spatial statistics fo-
cused on each country’s natural and agricultural areas, are presented. 

The demonstrated outcomes of the present study may serve as a useful and efficient 
scientific information source for the proactive management and prevention of the upcom-
ing future impacts of CC on the CEu’s agricultural sector and natural formations, i.e., to 
support scientifically based decision and policy making for rural and natural areas. 

2. Materials and Methods 
2.1. Study Area 

The land cover features of the entire study area are illustrated in Figure 1. The Czech 
(CZ) Republic is a hilly plateau almost entirely surrounded by mountain ranges. Slovakia 
(SK) is characterized by its vast mountainous topography occupied by the Tatra, Fatra and 
Ore Mountains. The country’s fertile lowland terrain expands to the west along the Dan-
ube River Plain, to the south, and over the eastern Slovak Flat area. Hungary (HU) is 
mainly a flat country dominated by the significant agricultural zones of the Great Hun-
garian Plain, the Little Hungarian Plain, and the Transdanubia region in western HU. The 
landscape of Austria (AT) is broadly mountainous, dominated by high Alpine Mountain 
chains. Agricultural development is located in the eastern and southeastern Lowlands 
(e.g., Burgenland, Steiermark, Kärnten, and Niederösterreich), where the country be-
comes less alpine. In Switzerland (CH), agricultural practice dominates the Swiss Plateau, 
which extends east to west between the Jura Mountains and the Swiss Alps. 

 
Figure 1. The generalized Corine Land Cover 2018 (CLC 2018) illustrating the studied area’s (terri-
tory’s) natural and agricultural areas (AT = Austria, CH = Switzerland, CZ = Czech Republic, HU = 
Hungary, SK = Slovakia). 
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2.2. Data and Methods
Data and Analysis Methods

The CHELSA repository [79,80] is a widely recorded database extensively applied
and used by researchers [81–84]. This database contains multiple atmospheric indices and
indicators accompanied by fundamental atmospheric parameters, including air temper-
ature and precipitation in a spatial resolution of 30 arcsecs (~1 km). The CHELSA data
corresponding to a period between 1979 and 2100 was accomplished from reanalysis and
bioclimate change projection approaches. The CHELSA atmospheric data downscaling to
a resolution of less than 250 m (the typical resolution is 238.09 m for 0.0025 degrees) was
performed by the regression process via the spatialEco [85] together with the Tidyverse [86]
and the Terra [87] R packages. The air temperature data have been downscaled by utilizing
altitude and latitude parameters accompanied by the Euclidean distance from the shoreline.
This allows very high reliability when the precipitation data have been resampled to the
desired resolution via the bilinear method. Raster algebra methods have performed the
IDM assessment for the time periods under the adopted scenarios.

Overall, the widely used De Martonne bioclimatic index was computed using a raster
method with an ultra-high geographical resolution for four climatic time periods. Two
greenhouse gas (GHG) emission scenarios were also considered. The SSP370 and SSP585
emissions scenarios, which correspond to the RCP7 and RCP8.5, respectively, are included
(Figure 2). Future increases in GHG concentrations are represented by the scenarios chosen.
While the SSP370 is used to examine the failure to take early and significant action to reduce
GHG emissions, the SSP585 is the extreme scenario with the worst effects [88–94]. The time
frames are 1981–2010 as the reference period (Ref) and 2011–2040 (P1), 2041–2070 (P2), and
2071–2100 (P3) as future periods.
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Meinshausen et al. [96] and O’Neill et al. [97].

In the present study, the bioclimatic index of De Martonne (IDM) was calculated
with an annual time step based on the application of the average precipitation (P) and
temperature (T) values as defined by the formula [63,98]:

IDM =
P

T + 10

where:
P: is the annual precipitation (mm)
T: is the annual average air temperature (◦C)
In contrast to the dry bioclimatic conditions specified by the lower values of the IDM,

the humid bioclimatic conditions are specified by the higher values of the IDM. Additionally,
the index can be calculated on more frequent timescales, such as seasonal and/or monthly.
The classification scheme in Table 1 displays the bioclimate types according to the IDM



Water 2023, 15, 2563 6 of 23

values. There are seven different bioclimate classifications, ranging from arid or dry to
excessively humid, representing the various amounts of irrigation needs [7,99].

Table 1. The De Martonne Index (IDM) categorization, according to Passarella et al. [63].

IDM Values Types of Bioclimates Description

IDM < 10 Arid or Dry Needs continuous irrigation

10 ≤ IDM < 20 Semi-dry or Semi-arid Needs irrigation

20 ≤ IDM < 24 Mediterranean Needs supplementary irrigation

24 ≤ IDM < 28 Semi-humid Needs supplementary irrigation

28 ≤ IDM < 35 Humid Needs occasional irrigation

35 ≤ IDM ≤ 55 Very humid Needs infrequent irrigation

IDM > 55 Extremely humid Water self-sufficient

The commonly applied CORINE Land Cover (CLC) dataset [100] was used to distin-
guish the investigated territory’s agricultural and natural areas. For this purpose, the 2.1,
2.2, 2.3, and 2.4 CLC classes were considered as agricultural areas and the 3.1, 3.2, and
3.3 classes as natural areas. The accuracy of the CLC exceeds 100 m, corresponding to
relatively high thematic accuracy (≥85%) in the most recent year (2018).

The exploitation of the available land cover features and country border polygons
allowed the performance of spatial statistical analysis for constructing comprehensive plots
and maps to detect the bioclimatic qualitative and quantitative evolution over the CEu.
The conducted analysis scheme is illustrated in the flowchart of Figure 3.
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3. Results and Discussion
3.1. Spatial Patterns of the De Martonne Index

As illustrated in Figure 4, the CEu’s bioclimate at the reference period (1981–2010) is
spatially distributed among 4 de Martonne bioclimatic categories defined as semi-humid,
humid, very humid, and extremely humid. Also, some black spots in the southwestern
part of Switzerland indicate the not applicable areas as an outcome of average temperature
below the threshold of −10 ◦C. The more humid bioclimatic conditions represented by
the very humid and extremely humid classes characterize the higher altitudinal terrain
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(e.g., Alpine Mountain chains of CH and AT and mountainous topography of CZ, SK, and
HU) where the latter class appears as clearly dominative in the western part of the CEu (in
CH and AT). The areas denoted as humid and semi-humid result in lower altitudes. They
constituted mostly lowland agricultural inland parts of the CEu (e.g., the Czech Republic
Moravian and Central Bohemian areas, the Slovakian and Austrian Danubian lowland and
the Great Hungarian Plain).
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Results for the 1st time period (2011–2040) under the SSP370 scenario (Figure 5A)
overall reveal minor differentiations of the CEu’s bioclimatic regime in relation to the
reference period (Figure 4). However, a slight trend towards more xerothermic conditions
is demonstrated for the southeastern part of the CEu, where the Mediterranean conditions
are expected to characterize part of the Great Hungarian Plain at the expense of the semi-
humid regime. This tendency is spatiotemporally developed under the SSP370 scenario as
illustrated for the 2nd time period (2041–2070) and for the long-term time frame (2071–2100)
(Figure 5B and (Figure 5C, respectively). A gradual expansion of the Mediterranean, semi-
humid and humid areas is foreseen over the right half of the investigated territory. As
depicted, substantial parts (mainly lowland agricultural areas) of CZ, SK and mostly of HU
will be subjected to warmer and drier conditions by 2100, with the latter expected to be
almost entirely influenced by the Mediterranean regime (Figure 5C). Furthermore, more
dry thermal conditions are projected predominately over the western CEu, as evidenced by
the progressive reduction in the extremely humid agricultural areas in favor of the very
humid areas in northern CH (Figure 5C vs. Figure 5A,B).

The employed more extreme SSP585 scenario appears in general as more impactful on
the xerothermic evolution of CEu’s bioclimatic footprint (Figure 6). Results exhibit the same
five bioclimatic classes (Mediterranean to extremely humid) as in all investigated periods
of the SSP370 scenario (Figure 5). Still, the drier semi-humid and mainly Mediterranean
conditions are projected to influence more extensive areas of the northern, central and
southeastern CEu. Regarding the third period of the SSP370 scenario (Figure 5C), it is
highlighted that an additional drier De Martone class corresponding to the semi-dry
environment is expected to characterize a substantial agricultural area of the southern
Great Hungarian Plain by 2100 under the SSP585 scenario (Figure 6C).
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3.2. The De Martonne Index Spatial Statistics

Figures 7–11 display the relative frequencies of de Martonne’s bioclimatic classes
distributed over the agricultural and natural areas of CEus’ individually investigated
countries (Austria, Switzerland, Czech Republic, Hungary and Slovakia) and Figure 12
over the entire examined area. In order to achieve a more comprehensive description of
the results, designations were employed; the reference period as Ref, the examined cases
of the first, second, and third time periods under the SSP370 scenario as P1 SSP370, P2
SSP370, and P3 SSP370, respectively, and under the extreme SSP585 scenario as P1 SSP585,
P2 SSP585, and P3 SSP585.
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3.2.1. Austria (AT)

According to the results displayed in Figure 7A, it becomes evident that in relation to
the Ref, a decreasing trend of AT’s agricultural areas falling within the very humid and ex-
tremely humid bioclimate categories is foreseen along with the concomitant spatial increase
of the semi-humid areas up to P2 SSP370 (from 5.8% to 13.1%) and the Mediterranean
areas up to P3 of both scenarios. Overall, the xerothermic trend is more evident for P3
SSP585, given the resulting higher distribution of the Mediterranean class (11.4% vs. 3.7%
in P3 SSP370). Furthermore, in this case, approximately one-fifth of the AT’s agricultural
surface area will depend on supplementary irrigation owing to a total semi-humid and
Mediterranean classes distribution of 20.5%.
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A continuous reduction in the natural areas with extremely humid conditions is
projected under both emission scenarios, as illustrated in Figure 7B. The highest frequency
reduction in the extremely humid class is demonstrated at the P3 of both scenarios, with
the SSP585 being slightly more influential (60.1% vs. 63.8% in P2 SSP370 and 74.2% in
Ref). The slight change towards warmer and drier conditions is denoted by the projected
gradual increases in all the drier categories and mostly by the highest frequency of the
Mediterranean and semi-humid class in P3 SSP585.

Nistor [79] has performed a projection survey over the entire southeastern European
territory (involving countries along the western coast from AT to Albania) for the 2011–2040
(respective P1 of the present study) and the 2041–2070 (respective P2) time periods under
a more optimistic RCP of 4.5. As estimated by the de Martonne index at a lower spatial
resolution of 1 km2, significant impacts of CC were illustrated over eastern AT. More
precisely, classifications fell within 5 categories (from Mediterranean to Extremely humid)
as in the present study for both area categories. Furthermore, according to Nistor [79], a
slight expansion of the areas influenced by the drier Mediterranean at the expense of the
semi-humid bioclimate was projected for northeastern AT in the 2041–2070 time period
(coinciding with the agricultural areas of the present study at P2, as shown in Figure 7A).
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3.2.2. Switzerland (CH)

As shown in Figure 8A, the characterization of CH’s bioclimatic regime over the
agricultural areas is mostly distributed among the very humid and extremely humid
classes, with the latter exhibiting the highest relative frequencies. The apparent effect of the
warmer and drier bioclimatic conditions in all periods of both scenarios is underlined by
the gradual expansion of the agricultural areas influenced by the very humid conditions.
The increased relative frequency of the very humid class at the expense of the extremely
humid is more pronounced in P3 SSP585 (36.6% vs. 34% in P3 SSP370 and 12.1% in Ref).
By 2100, more cropping areas will be in need of infrequent irrigation given the tripling of
the very humid class’s distribution in relation to the Ref (36.6% vs. 12.1% in Ref).
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The extremely humid conditions dominate most natural CH areas, as shown in
Figure 8B. By comparison with the Ref, the more dry-thermal transformation of the areas’
bioclimate is foreseen to take place in the future under both scenarios, with a slightly
higher reduction in the extremely humid natural areas expected to take place in P3 SSP585
(62.7% vs. 65.4% in P3 SSP370 and 87.9% in Ref). It is noted that the natural areas of CH
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characterized by a temperature value lower than −10 ◦C render the application of the IDM
impossible (“Not applicable” in Figure 8B).

3.2.3. Czech Republic (CZ)

The overall warming and drying of CZ’s agricultural areas are shown in Figure 9A,
where the decreasing frequencies of the very humid and extremely humid classes by
2100 are demonstrated under both scenarios. Higher xerothermic trends, however, result
for P3 SSP585, at which an additional drier semi-dry category (0.1%) is estimated, and
the highest relative frequencies of the Mediterranean (12.6% vs. 5.7% in P3 SSP370 and
0.0% in Ref) and semi-humid classes (25.9% vs. 18.9% in P3 SSP370 and 7.9% in Ref)
are projected. The increased xerothermic trend projected for P3 SSP585, mainly due to
the significant expansion of the agricultural areas with Mediterranean and semi-humid
bioclimatic characteristics (38.5% in total), calls attention to the potential supplementary
irrigation requirements of CZ’s future crop systems.
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The natural areas of CZ are expected to be influenced by warmer and drier bioclimatic
conditions (Figure 9B), given the future limitation of the areas influenced by the very humid
and extremely humid conditions in favor of the semi-humid and Mediterranean classes
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under both scenarios. However, higher distributions of the latter classes are projected for
the long-term time frame of the extreme SSP585 scenario (e.g., 17% vs. 11.8% in P3 SSP370
and 3% in Ref for the semi-humid class).

3.2.4. Hungary (HU)

Owing to intense xerothermic future trends, the agricultural areas of HU are foreseen
to be mostly impacted by the semi-humid and Mediterranean bioclimates at P2 and P3
of both scenarios (Figure 10A). The areas subjected to the Mediterranean conditions, in
particular, are projected to occupy significant parts under both the SSP370 and SSP585
by 2100 (52.9% and 64.9%, respectively). The more extreme SSP585 is apparently more
influential, especially at P3, where the semi-dry category is also depicted at a comparably
smaller relative frequency (7% in P3 SSP585). It should be emphasized that in the long-term
(P3) a significant part of the agricultural areas which is expected to be impacted by both the
Mediterranean and semi-humid regimes (approximately 87% under the SSP370 and over
90% under the SSP585) will demand supplementary irrigation. Additionally, the intense
dry thermal trends over a relatively small area (7%) characterized by semi-dry conditions
will force the dependency on irrigation water supply.
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A similar evolution pattern may be described for the natural areas of HU (Figure 10B),
where a consecutive increase of the semi-dry and Mediterranean classes’ relative frequencies
is projected under both scenarios. The highest distribution of the Mediterranean category
is demonstrated at P3 (43.8% vs. 30.4% in P3 SSP370 and 0.0% in Ref accompanied by a
possible limited occurrence of the semi-dry category (2.8% in P3 SSP585).

According to Nistor’s investigation [79] (see Section 3.2.1.), for both periods 2011–2040
and 2041–2070 (respective P1 and P2 periods of the present study) under the optimistic
scenario (RCP4.5), a relatively intense xerothermicity trend due to CC was displayed over
most of HU’s surface area. These impacts were demonstrated by the substantial distribution
mainly of the Mediterranean class followed by the semi-humid in both examined periods
of both scenarios, mostly over the agricultural areas (as in the present study’s findings at P1
and P2 in Figure 10A). At the long-term (2041–2070) time frame (P2 of the present survey),
more intense xerothermic trends were foreseen by the domination of the Mediterranean
conditions and the spatial existence of the even drier semi-dry category over the agricultural
areas as exhibited in the current study (Figure 10A).

3.2.5. Slovakia (SK)

Projections on the alteration of SK’s agricultural areas’ bioclimate reveal drier and
warmer conditions as generally illustrated by the increase in the Mediterranean class’
relative frequency at P2 and P3 of the SSP370 and mostly at P3 of the SSP585 (23.3% vs.
10.8% in P3 SSP370 and 0.0% in Ref) (Figure 11A). With respect to the Ref, a higher frequency
of the semi-humid category results under both scenarios, mostly peaking at P3 SSP370
(34% vs. 28.7% in P3 SSP585 and 13.2% in Ref). Concerning the Ref, a consecutive spatial
declining trend of the remaining more humid de Martonne categories is expected in all
examined cases, with the SSP585 exhibiting a more intense impact and especially at P3
(e.g., 24.8% vs. 28.6% in P3 SSP370 and 41.1% in Ref, for the humid class). The overall
substantial spatial occupation of the agricultural areas by the Mediterranean and semi-
humid classes, especially at P3 SSP585 (over 50%), indicates the need for supplementary
irrigation raised by 2100.

A relatively small expansion in the natural areas of SK is foreseen to be subjected to
more xerothermic bioclimatic conditions (Figure 11B). Increasing trends result for the
first three classifications (Mediterranean, semi-humid and humid), with the case of P3
SSP585 demonstrating a slightly higher impact (e.g., 3.7% vs. 1.1% in P3 SSP370 and 0.0%
in Ref, for the Mediterranean category). This is the situation also for the concomitant
limiting of the areas with more humid conditions mostly evidenced under the SSP585
and particularly at P3 (e.g., 44% vs. 47.3% in P3 SSP370 and 53.4% in Ref, for the very
humid class).
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3.2.6. Total Area Spatial Statistics

Results from the de Martonne classes’ spatial distribution over the entire investigated
agricultural and natural areas are illustrated in Figure 12. Overall, results show more
intense future warming up and drying of the bioclimate over the lowland agricultural
areas in contrast to the natural areas which correspond to higher altitudinal landscapes.
Both scenarios are expected to induce the bioclimatic modification of the agricultural
areas (Figure 12A) given the increase of the semi-humid and mostly of the Mediterranean
frequencies in comparison with Ref. In all cases, higher impacts are projected to occur by
the extreme scenario’s longer time frame given the higher distribution of the Mediterranean
category demonstrated at P3 SSP585 (30.1% vs. 21.1% in P3 SSP370 and 0.0% in Ref) and
the appearance of the drier semi-dry category (2.3%).

It is apparent that more than half of CEu’s agricultural surface area (total of 53.4% for
the semi-dry, Mediterranean and semi-humid classes) will be in need of supplementary
irrigation by 2100 under the extreme SSP858 scenario. Furthermore, the occurrence at P3
SSP585 of the semi-dry bioclimate raises concerns about the fate of agriculture, given the
probable subjection of agricultural productivity to severe dependence on irrigation in the
far future.
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Compared to the Ref, the increasing spatial distribution of the drier Mediterranean,
semi-humid and humid categories (at the expense of the very humid and extremely humid)
is expected over the natural areas of CEu under the SSP370 and mostly under the SSP585
(Figure 12B). A more significant influence is demonstrated by the latter scenario, especially
on the frequencies of the Mediterranean and semi-humid classes at P3 (e.g., 9.8% vs. 5.9%
in P3 SSP370 and 0.0% in Ref, for the Mediterranean class). The significant impact of the
SSP585 is further depicted by the distribution (0.5%) of the semi-dry category, which is
projected to influence a small part of CEu’s natural areas.
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3.2.7. Management and Policy Implications

The study’s results support that drastic and significant changes in bioclimatic condi-
tions will occur in the future in CEu. These findings align with the recent study conducted
by Hinze et al. [101], which suggests the possibility of drastic shifts in vegetation potentials
in Europe in the upcoming decades, especially for natural vegetation, that will directly
impact species due to suitable habitat loss. This also implies that in many areas, CC could
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drive current vegetation outside its climatic suitability long before its replacement by future,
suitable natural vegetation by means of natural dispersal and succession [101].

Considering the aforementioned conditions, conservation and resilience measures
and actions should be prioritized in highly affected areas and consider the expansion
or modification of protected areas network boundaries (e.g., for National Parks, Natura
2000 sites) in order to protect endangered or potentially endangered species, habitats,
and ecosystem services, e.g., with ex-situ species conservation, habitat restoration and
amelioration, identification and protection of climatic refugia, etc. [102]. In order to protect
future patterns of biodiversity, conservation strategies must extend their planning further
into the future [103].

Currently, the European Green Deal [104] provides the framework in which manage-
ment and policy decisions should be set and applied, following all relevant strategies for,
e.g., biodiversity, water resources, forests, and agriculture simultaneously. However, a
standardized monitoring and reporting scheme is needed to systematically assess ongo-
ing changes in order to plan and implement conservation, protection, and CC mitigation
measures. For instance, the predicted bioclimatic change will potentially provide adequate
bioclimate (mainly semi-arid and Mediterranean classes) for large wildfires, affecting pro-
tected areas, agricultural land, infrastructure, and human life. Additionally, predicted
conditions and bioclimatic zones change will set food security at stake, highlighting that
current cultivation schemes, plant species and varieties should be carefully assessed for
their resilience and productivity in the future and/or propose and prepare alternative
practices and/or species for the upcoming environmental and climate status [105].

Moreover, the study results align with the scenario-building approach for natural
resources management, which incorporates future climatic scenarios alongside current
and future demand scenarios [106]. Especially for water resources, it is highlighted that
mismanagement may lead to water body shrinkage, lakes’ deterioration, etc., an issue that
the international literature has pointed out as a new and global threat [107–110]. Smart or
precision agriculture, especially water-related implementations, could provide sustainable
solutions due to potential irrigation water scarcity [111–113].

CC significantly impacts water resources, including irrigation water, in Europe [114–116].
Rising temperatures, changing precipitation patterns, and increased frequency of extreme
weather events are altering the availability and distribution of water across the conti-
nent [117–119]. This study’s findings align with the previously published research, which
raises awareness of the consequences of higher temperatures and lower or altered precip-
itation patterns [120–122]. As presented by the maps and the bar plots, according to the
examined GHG emissions scenarios, there will be alterations to the bioclimatic status, espe-
cially in the agricultural areas of south and southeastern Hungary, in the southwestern part
of Slovakia, in the northeastern part of Austria and in the northwestern and southern part
of the Czech Republic. The impact of CC is higher in the lower areas in terms of altitude,
forming scenarios of higher irrigatable water demand in the future. This is probably a sign
of an in-depth replanning of agriculture strategies and practices from the country to the
stakeholder level concerning future water scarcity, shifts in precipitation, droughts, and
future food demands.

The emergency for local-, large-scale mitigation and adaptation strategies development
and implementation for resilient ecosystems is highlighted, which requires and should
include public awareness raising and stakeholder participation in the decision-making
process [123], in order to sustainably adapt the daily practice to future conditions, under
the framework of co-designed socio-economic and environmental resilience.

4. Conclusions

This study provides the needed fine-scale, spatially explicit information for future
conditions and can adequately support integrated spatial planning not only for rural and
natural areas but for the total territory. In fact, future projections highlight more than ever
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the need to co-design nature protection and conservation alongside rural development and
other socio-economic activities.

The main findings of the present survey may be summarized as follows:
An overall change in the bioclimatic conditions is projected to occur over the CEu

under both investigated scenarios (SSP370 and SSP585). According to the results, the
analyzed countries’ bioclimate will form a “more Mediterranean” character with related
ecological and agricultural challenges.

The extreme SSP585 scenario results as more impactful over both area categories
(agricultural and natural).

A more intense dry thermal regime is expected to impact approximately the right half
of the CEuan territory (Czech Republic, Slovakia, Hungary) and mainly the southeastern
part (Hungary).

A continuous modification/increase of the drier de Martonne classes’ spatial distri-
bution (e.g., Mediterranean, semi-humid classes) at the expense of the more humid ones
(e.g., very humid, extremely humid classes) is foreseen in most of the examined cases.

In most investigated cases, a stronger xerothermic trend is expected to be evidenced
in the long-term time frame (P3: 2071–2100).

On a country level, the majorly altered bioclimatic footprint will likely appear over
Hungary’s agricultural and natural areas, where the Mediterranean bioclimate is projected
to dominate by the end of the century.

The potential occurrence of the semi-dry bioclimate over southern Hungary pinpoints
the area most intensely impacted by the bioclimatic change, where the probable dependence
on irrigation will determine the fate of agricultural productivity in the far future.

By the end of the century, based overall on the potential evolution of the drier
bioclimatic conditions under the extreme SSP585 scenario, it becomes evident that the
water requirements for the sustainability of agriculture will increase significantly in the
long run for the Czech Republic, Slovakia and to a great degree for Hungary. These
requirements will mainly involve supplementary irrigation owing to the expansion of
the agricultural areas with Mediterranean and semi-humid bioclimates and the former’s
domination over Hungary.

The global concern, social sensitivity, and individual responsibility towards reducing
greenhouse gas emissions and promptly implementing mitigation and adaptation strategies
are of fundamental importance, principally in the most vulnerable areas (e.g., in HU).

By conceptualizing the continuous evolution of the bioclimate towards more dry
thermal regimes, the sustainability of agriculture must be prioritized and framed by the
accomplishment of effective irrigation practices to cope with the upcoming high water
demands of cultivation.

In the future, efficient irrigation tactics must be implemented over pressurized agri-
cultural areas of CEu dominated by Mediterranean and semi-dry conditions (e.g., both
over the Great Hungarian Plain) that will need supplementary irrigation or depend on
irrigation, respectively.

The demonstrated thematic mapping and representations potentially serve as ben-
eficial scientific information tools in developing public awareness and decision-making,
especially for protected areas.

The present study’s findings pinpoint and once again confirm the de Martonne index’s
functionality and capability in exhibiting bioclimatic regimes, which in the current survey
involves the bioclimatic footprint of CEu’s future natural and agricultural areas.

Future investigation planning may include more bioclimatic indices, ultra-high res-
olution mapping and spatial analysis to enrich agricultural and natural conservation
researchers’ toolbox due to climate change.
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33. Bakucs, Z.; Fertő, I.; Vígh, E. Crop Productivity and Climatic Conditions: Evidence from Hungary. Agriculture 2020, 10, 421.

[CrossRef]
34. Spinoni, J.; Vogt, J.V.; Naumann, G.; Barbosa, P.; Dosio, A. Will Drought Events Become More Frequent and Severe in Europe? Int.

J. Climatol. 2018, 38, 1718–1736. [CrossRef]
35. Nistor, M.-M.; Cheval, S.; Gualtieri, A.F.; Dumitrescu, A.; Boţan, V.E.; Berni, A.; Hognogi, G.; Irimuş, I.A.; Porumb-Ghiurco, C.G.
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