
One of the earliest attempts to classify what would 
be called "bio-climate" conditions were developed by 
the ancient Greeks (Sanderson 1999) but has received 
growing attention since the late 19th and first half of 
the 20th centuries when scientists sought to explain 

the diversity in vegetation and soils they encountered 
(e.g., Köppen 1900, Thornthwaite 1948). The clas-
sification scheme, originally developed by Wladimir 
Köppen, is used most commonly and is based on 
long-term averages of monthly values of temperature 
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and precipitation. While the Thornthwaite system 
in use since 1948 incorporates evapotranspiration 
along with temperature and precipitation informa-
tion. As Altera (2011) review points out in a global 
and continental context, the climate is the main 
determinant of the ecosystem. Environmental and 
climatically similar areas can be interpreted as hav-
ing similar potentials to support ecosystems and 
agricultural production (e.g., Metzger et al. 2005). 
Within the European Union, efforts that link climatic 
information to other environmental data have been 
used to introduce coherent policies dealing with 
climate change, nitrate pollution or biodiversity 
decline (e.g., Mooney et al. 2009, Metzger et al. 2010, 
Pereira et al. 2010). In case of the crop cultivation, 
the bio-climate zoning allows to determine an agro-
nomically possible upper limit for the production of 
individual crops under given agroclimatic, soil and 
terrain conditions for a specific level of agricultural 
inputs and management conditions (Fischer et al. 
2012). And systems for evaluating such potential 
exist on the global level, such as the agro-ecological 
zones approach (e.g., Fischer et al. 2001). However, 
global classifications provide limited regional detail 
by distinguishing only 10–30 classes globally, and 
with generally coarse spatial resolutions, and thus 
more regionalised approaches are needed (e.g., Petr 
1991). Proper agroclimatic zoning might be very 
beneficial for long-term agricultural production 
planning and risk assessment in developing countries 
and in developed countries under ongoing climate 
change (Fischer et al. 2001, 2012); additionally, this 
method can be used to develop recommendations 
of short- to mid-term adaptation options, such as 
the breeding and selection of suitable cultivars (e.g., 
State Institute for Agriculture Supervision and Testing 
2019) or investments in agricultural water manage-
ment options (e.g., investment in irrigation systems). 
For a long time, such zoning has been essential for 
the objective and socially acceptable division of the 
tax burden on farmers based on the potential revenue 
from their farms. Over the territory of the Czech 
Republic (CR), several types of agrometeorological 
zoning have been used. One of the first attempts was 
introduced by Kořistka (1860) in the northwestern 
parts of the Austrian Empire (including the cur-
rent CR). Although Kořistka’s zoning was based on 
various agroclimatic indicators (e.g., length of the 
growing season, water availability), it was subjective 
and adhered strictly to administrative borders. As 
a consequence, it was replaced in the 1920s by more 

general zoning schemes that covered a range of crops 
and followed natural rather than administrative 
boundaries. In the early 1970s, a new concept based 
on hydrothermal characteristics was applied for the 
former Czechoslovakia region (Kurpelová et al. 1975) 
and was later reviewed by Petr (1991). The CR was 
divided into ten agro-climatic zones that provided 
similar climatic patterns for the production of field 
crops (see Petr (1991) for more details). Based on 
these climatic parameters, four agro-climatic zones 
are usually defined (Němec 2001) and are named after 
the most typical crop grown in the corresponding 
region (Table 1), indicating the zone’s highest pro-
ductivity under the defined conditions. The position 
of a given area within a particular climate region is 
a key indicator in determining the official tax rate 
of the land for farmers, characterising the potential 
productivity of agricultural land and determining 
the market value of that land (e.g., Novotný et al. 
2013). In Austria, a similar concept of the same 
historical base is used for taxation (Harlfinger and 
Knees 1999). However, the basic assumption of agro-
climatic zoning, i.e., that agroclimatic conditions 
remain more or less stable over a long-term period 
has been shattered by ongoing climate change (e.g., 
Zahradníček et al. 2020). When the ongoing changes 
in local climates are not considered, the zoning bias 
will increase over time, potentially leading to mis-
interpretations or even maladaptation. While the 
risks of using inappropriate fertilisation schemes, 
crop rotations or cultivars are well known (e.g., 
Kopáček et al. 2013, Martínková et al. 2018), less 
widely acknowledged is the fact that creeping shifts 
in agroclimatic conditions can make many practices 
obsolete or even unsustainable in areas where the 
same approach would have constituted "good practice" 
just twenty years ago. The main aim of the present 
study is to test the hypothesis that changes in the 
agroclimatic conditions that have occurred over the 
past six decades can sufficiently alter the extent and 
location of traditional crop cultivation regions. If 
such changes have occurred, then the study aims to 
find which regions have been affected the most and 
whether the reported changes can inform us about 
the developments in the near future or not.

MATERIAL AND METHODS

Study area. The complex orography and various 
altitudes are geographic factors influencing the pat-
tern of agroclimatic conditions over the territory of 
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the CR, in which the climate continentality tends 
to increase eastwards. Based on 2019 data of the 
Czech Statistical Office (https://www.czso.cz/csu/
czso/13-zemedelstvi-mrtn8qi7tz), the four dominant 
annual crops covering 75% of arable land include 
wheat (mostly winter wheat with 33%), barley (mostly 
spring barely 13%), winter rape (17%) together with 
maize (both silage and grain maize being at 12%). 
None from the remaining crops, e.g., other cereals, 
forage crops (alfa-alfa, clover), sugar beet, potatoes, 
sunflowers, soybean poppy seed or flax, represent 
more than 3% of the arable land. Soybean and sunflow-
ers are grown together with perennials (e.g., grapes 
and hops) in the sunniest and warmest parts of the 
CR. Grasslands are dominant in the highlands and 
mountainous regions. In total, 268 climatological 
and 787 rain-gauge stations representing observed 
daily weather data from 1961 till 2019, which went 
through data quality control and were homogenised 
by means of the software ProClimDB (Štěpánek et al. 
2013). The missing station daily weather data were 
then interpolated using locally weighted regres-
sion that included the influence of altitude (more 
details can be found in Štěpánek et al. 2011). In the 
final step, the station daily weather data were then 
interpolated by means of regression krigging (using 
various terrain characteristics as predictors) into 
maps in 500 m spatial resolution, in daily scale, the 
information on the soil type was derived from the 
1 : 500 000 soil map of the CR (Tomášek 2000). The 
grided estimate of soil available water capacity in 
500 m resolution was based on data provided by the 
Research Institute for Soil and Water Conservation 
(Vopravil et al. 2018) and study of topsoil physical 
properties for Europe (Ballabio et al. 2016). The ter-
rain was represented by the digital elevation model 
derived from the Shuttle Radar Topography Mission 
(Farr et al. 2007). The study results are presented 
using 0.5 km × 0.5 km grids aggregated to cadaster 
units, which represent the smallest administrative 
area in the Czech Republic.

Agroclimatic zoning. The agroclimatic zoning 
scheme, according to Němec (2001) and as simpli-
fied by Trnka et al. (2009), was applied in this study. 
This adjusted scheme takes into account several 
agroclimatic indicators: the sum of daily mean tem-
peratures above 10 °C during the frost-free period 
of the year (TS10), the soil water deficit during the 
months June–August (KJJA), and information about 
the soil type and slope of agricultural land. While 
TS10 is a rather good proxy of the growing season 

duration, KJJA provides an integrated overview of 
precipitation and potential evapotranspiration during 
the summer months, which have the highest water 
demand. The calculation of potential evapotranspira-
tion was done primarily on a daily time step based 
on the Penman-Monteith method (Allen et al. 2005) 
using the SoilClim model (Hlavinka et al. 2011). 
Based on the daily inputs, the values of TS10 and 
KJJA were determined for each year during the evalu-
ated period. In the next step, the median values of 
both indices were calculated at each 0.5 km × 0.5 km 
grid and then interpolated using locally weighted 
regression that included the influence of altitude. 
The thresholds used to determine the classified types 
of production region of the given cadastre unit to 
a particular agroclimatic zone were based on the pre-
viously used values, compiled, e.g., by Němec (2001) 
and Trnka et al. (2009), with adjustment for inter-
polation errors for both TS10 and KJJA parameters. 
The adjustments were designed to prevent "wet" and 
"warm" biases in classification schemes, including 
approximately 5% higher values of TS10 and about 
5% lower water deficits compared to Trnka et al. 
(2009). Trnka et al. (2009) concluded that the set of 
original agroclimatic zones derived for the climate of 
1931–1960 and used, for example, by Němec (2001), 
would not cover the conditions expected during the 
21st century. Therefore, one additional "grapevine 
production region" was added to account for the 
warmer and drier part of the classification scheme 
based on Trnka et al. (2009), as presented in Table 1.

To test the study hypothesis, the production region 
classification was performed using 1961–2000 as 
the reference period and 2000–2019 as the period 
representative of the most recent climate.

Climatic conditions alone do not represent the 
only requirements for crop production in a given 
region because the region may have highly diverse 
soil conditions. One of the key aspects affecting 
climate-plant interaction is the available soil water-
holding capacity. This parameter, the soils in each 
500 m grid have been classified according to their 
available water capacity in 0–100 cm depth into 
three classes:
(i) subclass 1 represents soils with high available 

water-holding (water retention) capacity in the 
rooting zone higher than 200 mm;

(ii) subclass 2 represents soil with good to fair soils 
available water capacity between 140 and 200 mm;

(iii) subclass 3 includes soils of low available water 
capacity set for this study below 140 mm.
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The mean slope of agricultural land was the final 
parameter used in this classification scheme. In 
total, four classes for arable land are distinguished, 
including:
(i) flat or nearly flat areas with (slopes of 0–2°);
(ii) areas with mild slope and thus the medium risk 

of soil erosion (slopes of 2–6°);
(iii) areas in which medium slope and considerable 

soil erosion risk (slopes of 6–12°);
(iv) areas where large-scale mechanisation is very 

difficult and with a very high risk of soil erosion 
(slopes >12°).
Dynamics of agroclimatic conditions. To analyse 

the rate of the temporal change in key agrometeoro-
logical indicators, the annual means of TS10 and KJJA 
for the 1961–2019 period were evaluated together 
with the significance of the eventual change over 
the time period. In addition to the dynamics of the 
two already described indicators, five additional 
parameters were analysed:
(i) number of frost days (minimum daily temperature 

below 0 °C);
(ii) number of days with snow cover (snow depth 

at least 3 cm);

(iii) number of days with limited soil water availabil-
ity (soil water content in the top 40 cm of the soil 
below 50% of maximum water holding capacity);

(iv) number of tropical days (maximum daily tem-
perature above 30 °C);

(v) the annual sum of incident global radiation 
(MJ/m2/season).
All indicators were calculated over all 0.5 km × 0.5 km 

grids that are mostly composed of agricultural land 
(Corine, CLC2018), and then the median value for 
each year were analysed. Linear trends of indicators 
were calculated, and their statistical significance was 
evaluated (P = 0.05).

RESULTS AND DISCUSSION

Under the baseline 1961–2000 climate, the agro-
climatic zones with the highest productivity (i.e., 
sugar beet PR (production region) and grain maize 
PR on soils with high soil available water capacity) 
represented 13% and 6% of the agricultural land 
in the CR, respectively. Another 19% of the zones 
were zones of cereal and potato PR with soils with 
high available water capacity and sugar beet PR fair 

Table 1. Overview of thresholds used for agroclimatic zoning

Name of 
the zone

TS10 
(°C)

KJJA 
(mm)

Mean annual 
temperature 

(°C)

Annual 
precipitation 

total (mm)

Altitude 
(m a.s.l.)

Major crops 
grown

Potential 
productivity 

(Němec et al. 2001)

Grapevine 
production 
region

2 950–3 250 –210 to 
–140  > 10 < 600 < 140

grain maize, 
sunflower, soybean, 

grape wine, irrigated 
agriculture, vegetable, 

peaches, apricots

NA

Grain maize 
production 
region

2 800–3 100 –180 to 
–100 9–10 450–600 < 250

grain maize, sugar 
beet, grape wine, 
apples, peaches, 

apricots, high-quality 
wheat, malting barley

> 82

Sugar beet 
production 
region

2 550–2 950 –140 to 
–40 8–9 500–650 250–350

sugar beet, grain 
maize, grape, 

high-quality wheat, 
malting barley, hops

> 84

Cereal and 
potato 
production 
region

2 100–2 700 –90 to 
120 5–8.5 550–900 300–650

cereals, rape, 
technical crops 

(growing sugar beet 
is not profitable)

> 56

Forage and 
grassland 
production 
region

< 2 150 > –30 5–6 > 700 > 600
potatoes, rye, 

flax, hay, 
forage crops

> 34

KJJA – soil water deficit during the months June–August; NA – data not available
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soils (Figure 1). However, one-third of agricultural 
land during the 1961–2000 period was situated ei-
ther on soils that with low available water capacity 
and/or within forage and grassland PR where the 
agricultural land is used predominantly as meadows 
or pastures (Figure 1). Cultivation in these areas is 
further affected by complex terrain (Figure 1), which 
in many cases requires special machinery. Under 
the 1961–2000 climatic conditions, the warm and 
dry regional conditions of grapevine PR have not 
dominated any region of the CR. However, Figure 2 
indicates that in individual years, such conditions 
have occurred both in the southeastern part of the 
CR and in the River Elbe basin (northern part of the 
CR). The conditions of cereal and potato PR together 
with forage and grassland PR were most frequent 
throughout the landscape during the 1961–2000 
period.

Figure 1 illustrates the massive and evident shift 
in the agro-climatic zones across the entire CR. 
Grapevine PR is becoming dominant in the southeast 
but also in central Bohemia and accounts for 6% of 
the country’s arable land. Massive shifts in other 
regions are also obvious at the expense of the forage 
and grassland PR. The area of grain maize PR, with 
its suboptimal soil moisture regime, increased three-
fold to 18% in the 2000–2019 period, while the area 

of sugar beet PR on soils with high available water 
capacity decreased. The changes captured in Figure 1 
appear clearer in Figure 2. The extent of grapevine 
PR, at least in some seasons, is considerable, as is the 
massive increase in the likelihood of grain maize PR. 
The emergence of this grapevine PR indicates the need 
to look for new crops, such as from the Mediterranean 
area or subtropics (e.g., sorghum, millets), that can 
adapt to the regional conditions but that have differ-
ent day lengths and growing season characteristics 
from the current crops.

The combination of increased air temperature and 
changes in the annual cycle and totals of precipitation 
obviously leads to considerable shifts in the area and 
location of individual agroclimatic regions (Figure 1). 
The proportion of grassland and forage PR has di-
minished and was valued at 2% in the 2000–2019 
period compared to 25% during the 1961–2000 ref-
erence period. This particular change was driven by 
an increase in evapotranspiration combined with 
insufficient precipitation totals during the peak of 
the vegetation period from June to August. This 
change consequently led to water deficits and could 
result in yield depressions for productive grass-
lands, which were indeed observed, e.g., during 
the 2015 summer drought (Žalud et al. 2017). The 
relatively low available soil water capacity and the 

 

Figure 1. Agroclimatic zoning of the Czech Republic for the baseline 1961–2000 and the recent 2000–2019 period 
based on the classification in Table 1. Each cadaster unit fits into one agrometeorological indicator (color) with 
prevailing soil quality (depicted by the color and numbers 1–3). The accessibility of arable land is represented 
by the dominating slope of agricultural land units with three shading tones

Production regions
1961–2000 2000–2019

100 km0
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complex topography in these areas make it difficult 
to adapt alternative production systems to the cur-
rently dominant permanent grassland-based dairy 
farming. The shifts in the agroclimatic conditions of 
areas formerly belonging to the cereal and potato PR 
and forage and grassland PR have meant a general 
improvement of the agroclimatic conditions, which 
use will be hampered both by more complex terrain 
and in general shallower and lighter soils. In the 
same time, the areas that belonged to the zone with 
the best agroclimatic conditions (sugar beet PR with 
high available soil water capacity) in 1961–2000 have 
seen the biggest decline and were from over 90% 
replaced grain maize and to smaller extend grape 
vine PRs. The drop in the sugar beet PR on soils 
with high available water capacity is seemingly only 
3% (Figure 1); however, this masks the fact that the 
sugar beet PR is shifting away from Chernozems and 
from alluvial flatlands to the rolling hills areas and 
to higher elevation. The sharp increase in days with 
limited water availability and tropical days has been 
most apparent in these areas in this study and also 
documented recently by Zahradníček et al. (2020) 
drought and heat stress.

In particular, the time scale of the predicted changes 
must be underlined. Never in the recent history of 
agriculture in Central Europe have farmers been faced 
with such strong changes in agroclimatic conditions 
within just one generation or a few decades (e.g., 
Trnka et al. 2011). This change has posed and will 
continue to pose great challenges in terms of ap-
propriate farming strategies (changes in crops, crop 
rotation schemes, cultivation timing and practices, or 
even abandoning some forms of agricultural produc-
tion and/or change to different types of production). 

Figure 3 shows that less than 10% of cadasters at the 
grain maize PR and sugar beet PR remained within the 
same production region conditions in both periods 
that were analysed. Over 77% of agricultural land 
have seen a shift by at least one category between 
1961–2000 and 2000–2019, while shifts by more than 
two categories have also been relatively common 
(7% of agricultural land). The most widespread shift 
by two categories was noted in the case of cereal and 
potato PR (almost 14%).

As the analysis shown at Figure 4 indicates, both 
KJJA and TS10 have undergone marked changes in the 
past 59 years. While TS10 has been growing by almost 
100 °C per decade, KJJA decreased by approximately 
8 mm per 10 years. While the change in KJJA has not 
been statistically significant, the dip in annual values 
after 2010 is clearly visible, and a significant decrease 
can be found when the period from March to May 
is considered. The number of days with snow cover 
has been decreasing by almost six days per decade, 
while the decrease in the number of frost days has 
been significant, with a decline of approximately 
four days per decade (Figure 4). After 2000 the rates 
of change in both indicators have increased several 
times compared to the pre-2000 period (Figure 4). 
The number of tropical days has been increasing by 
almost two days per decade, while the number of days 
with soil moisture limiting growth has significantly 
increased by approximately seven days per 10 years 
over the 1961–2019 period. The rate of the change 
in both indicators doubled after 2000. This result 
means that over 40 days of less-than-optimum soil 
moisture content and 10 tropical days have been 
added since the 1960s. While total incident global 
radiation increased over the evaluated period, the 

 

Figure 3. The proportion of 
grids belonging to the par-
ticular production region 
category based on 1961–
2000 data that remained 
stable (0 – no change) or 
have shifted (color) by 1, 2 
and 3 categories during the 
2000–2019 period
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changes have been negligible both in annual (Figure 4) 
and seasonal totals. The findings also lead us to the 
conclusion that the concept of static agroclimatic 
zones as used until now must, in general, be changed 

to a more flexible and continuously adaptive system 
that would allow for updates on the scale of decades 
or even shorter time frames. While a similar asser-
tion was made by Trnka et al. (2009) based on the 

 
Figure 4. Median values of selected climatological characteristics across agricultural land grids during the 
1961–2019 period. The line is smoothed by a 10-year Gaussian filter. Values of linear trends are added for each 
characteristic for three time periods. *P ≤ 0.05; **P ≤ 0.01
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climate change scenarios for the 2020s and 2050s, the 
present study clearly comes to similar conclusions 
but is based on observed data and a more robust 
methodology. The new concept of agroclimatic zones 
presents challenges that farmers will face in finding 
new species, cultivars, and management techniques 
(agronomic practices) to ensure sustainable agricul-
ture in times of climate change.

The presented results indicate that the combina-
tion of increased air temperature and decreased 
plant-available soil water during the summer (June–
August) caused significant and widespread shifts in 
the agro-climatic zones in 2000–2019 compared to 
1961–2000. As a result, the most productive rain-fed 
crop cultivation areas (i.e., sugar beet PR) have shifted 
to having warmer and drier conditions, resulting 
in a decreasing production potential for rain-fed 
farming. On the other hand, the higher elevations 
with below-optimum temperatures in the past have 
experienced an improvement in their temperature 
profiles. However, judging on the rate of change over 
the 2000–2019 period, this improvement is likely to 
be only temporary. It is likely that with the current 
rate of change, even the areas at higher altitudes 
will experience drier and warmer-than-optimum 
conditions by the 2030s and 2040s.
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