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Abstract

An assessment of the trend in soil water dynamics in agricultural regions of Slovakia was carried out for the period
1961 -2020. Simulations of water balance and crop water stress with the DAISY model were used for the assess-
ment. Simulations were carried out for representative soil profiles of selected regions. Crop rotations including
grain maize, spring barley, winter wheat, sugar beet and potatoes were simulated. According to the simulated values
of soil water potential, in the 0 - 30 cm soil horizon thickness, according to the ecological classification of the water
regime, soil moisture occurred in the arid interval almost every year on the Podunajskd nizina in the southwest,
and on the Vychodoslovenska niZina in the southeast in four out of five years. In the long term, the lowest soil water
storage, expressed as percentage of available soil water capacity (ASWC), are in the west of the Zdhorskd nizina
in the west and in the south-east of the Podunajska nizina. Changes in climatic conditions have had an impact on
soil water storage. In the period 1991 -2020 there was a slight decrease in the average soil water content in most
of Slovakia compared to the period 1961 -1990. On the contrary, an increase in soil water storage in the period
1991 -2020 compared to the period 1961 - 1990 occurred in the south-east of the Podunajska niZina, in the Ipel
Basin, in Spi, and Sari$ regions. The soil water deficit needed to meet the crop water requirements has increased
in all southern regions except the south-east of the Podunajska nizina. The number of days with water stress can
exceed 90 days in southern areas in dry years.

Keywords: soil moisture, available soil water capacity, point of decreased availability, crop water requirements,
ecological classification of soil water regime

INTRODUCTION

Soil water balance is a key parameter of physical and physiological processes occurring in agro-eco-
logical systems. The soil water regime significantly influences the productive capacity of soils and the
formation of agricultural crop yields. Variations in the stock of available water in the soil are one of the
causes of yield variability.

In addition to temporal variability, spatial variability is a specific characteristic of the water regime.
Soil moisture is spatially heterogeneous; in addition to water uptake from atmospheric precipitation or
ground water table, it is also dependent on soil properties. Under field conditions, we observe significant
variability in the soil hydro-physical characteristics caused mainly by the heterogeneity of the soil cover.
The main cause of spatial variability in soil water reserves and crop yields is soil water holding capacity
(Cambel & Takac 2000).

Several studies confirm the trend of increasing drought incidence in Central Europe. In the Czech
Republic, a significant trend towards more intense drought episodes has been found, especially in the
south-eastern part of the country (Brazdil et al. 2009, Trnka et al. 2009). Trnka et al. (2013) point to an
increased risk of occurrence of extremely unfavourable dry years in the Czech Republic. The Sixth Na-
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tional Communication of the Slovak Republic on Climate Change (Ministry of the environment of the
Slovak republic and the Slovak Hydrometeorological institute 2013) also states the gradual desertifica-
tion of the country, especially in the south of Slovakia.

The results of the soil water dynamics simulations confirmed the trend of decreasing average soil water
content and a gradual increase in the duration of the soil moisture period between the semiarid and
arid intervals in the southern part of the Podunajska nizina (Taka¢ 1999). The trend of severe or ex-
treme drought in summer was confirmed for most of the monitored stations in lowland areas of Slovakia
(Nikolova et al. 2016).

Prolonged continuous dry periods occur regularly in the lowlands. Duration of the continuous dry
periods is shorter in the foothill areas and basins. Generally, occurrence and duration of dry periods
decreases from south to north and from west to east. Drought severity strengthens when the drought
occurred also in the previous year (Takac 2013).

Although no area in Slovakia qualifies as arid, crop water requirements are insufficient in the southern
regions, with soil water scarcity being the main limiting factor for agricultural production, particularly
in the Podunajska nizina. In dry years, the coverage of water requirement of crops grown in summer is
below 40%. As a result of climate change, water availability may fall below a critical level at which crop
production will be extremely vulnerable (Taka¢ & Ilavska 2021).

The expected increase in temperature, together with changes in precipitation distribution and precip-
itation totals, will be reflected in changes in the elements of the water balance. The value of the average
water content in the 0— 100 cm horizon will gradually decrease under selected climate change scenarios
(Takac¢ 2001). In the warm and dry climate of the Podunajska nizina, production potential will be in-
creasingly limited by decreasing crop water availability and heat (Eitzinger et al. 2013). In north-eastern
Austria bordering the Zahorie lowland, less water will be available in the soil in the future during the
summer months in a period with a negative water balance (Herceg et al. 2019).

Under climate change scenarios, soil water deficits in the Podunajska niZzina will worsen in the growing
season (Takac 2001, Takac et al. 2008). Soil water content is expected to decrease, by up to 10% in the
lowlands (Novéak 1996). The moisture security of crops with a growing season in the spring months will
improve according to the calculated average values, but the variability will increase. The moisture secu-
rity of crops with a growing season in the summer months will deteriorate (Tak4¢, Siska, Lapin 2009). A
significant part of the territory of Slovakia in the most agriculturally important areas will be character-
ised by an average water balance deficit of more than 250 mm (Siska & Taka¢ 2009).

Soil moisture modelling is considered to be one of the most appropriate methods to monitor and quan-
tify the impact of water scarcity on agricultural production, as it allows continuous data to be obtained
at a daily time step and, in combination with GIS, spatially interpreted at the necessary scale. Modelling
is a key tool for assessing the impacts of climate change on agriculture, the effectiveness of adaptation
measures and designing optimal strategies.

MATERIALS AND METHODS

The assessment of the soil water regime was based on numerical simulations with the agro-ecological
model DAISY. The DAISY model simulates those parts of the water, carbon and nitrogen cycles that are
related to agricultural soil systems. Based on management information and weather data, the DAISY
model simulates crop growth, water dynamics, heat balance, organic matter balance and nitrogen dy-
namics in agricultural soils. The water balance sub-model consists of a surface water balance and a soil
water balance. Within surface water, the processes of snowpack accumulation and melting, interception,
evapotranspiration, infiltration, ponding, and surface runoff are simulated. The soil water regime is com-
posed of water flow in the soil matrix and in the macropores. It also includes water uptake by plant roots
(Hansen et al. 1990, Abrahamsen & Hansen 2000, Hansen 2000). Modelling of water flow in a layered
soil profile including the effect of vegetation is based on the numerical solution of the Richards’s equation
(Richards 1931).
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An important condition for the use of growth models is the verification of their reliability in reproduc-
ing real processes (Addiscot et al.1995). Crop modules of the DAISY model were originally calibrated for
Slovak conditions within the project PHARE/EC/WAT/1 (Takac¢ 1994). Crop parameters of the model
were optimized for Slovak conditions and validated on the basis of experimental data from field trials
(Takac 1994, Taka¢ & Siska 2011, Taka¢ et al. 2018). Statistical comparison of the results of soil moisture
simulations by the DAISY model with measured values showed a high level of agreement between sim-
ulated and measured values (Takac et al. 2018). The reliability of the model has also been demonstrated
in several comparative studies (Diekkriiger et al. 1995, Krobel et al. 2010, Palosuo et al. 2011, Rotter et
al. 2012, Andrade et al. 2021).

A certain degree of uncertainty in the simulations is mainly associated with the input data. Model
inputs are affected by data availability, measurement errors in the observed variables, and large spatial
and temporal variability. Numerical simulations with the DAISY model were performed for the period
1961 - 2020 with a series of daily data of global radiation, air temperature, humidity, wind speed and at-
mospheric precipitation from meteorological stations representing each region. Simulations were carried
out in rotations involving grain maize, spring barley, winter wheat, sugar beet and potatoes. Simulations
were carried out for representative soil profiles of the selected regions listed in the Table 1 and 2 (Taka¢
& Ilavska 2021).

To assess the impact of soil on the soil water dynamics, additional simulations were carried out in the
Podunajska nizina for three crops, namely maize, spring barley and winter wheat. The territory of the
Podunajska nizina has been divided into four climatic regions. In each of the regions, five dominant soil
types covering 99% of the agricultural land were identified - Haplic Chernozems, Fluvic Chernozems,
Haplic Phaeozems, Haplic Fluvisols, and Cutanic Albic Luvisols as shown in the Table 3 (Takac¢ & Ilavska
2021, IUSS Working group WRB 2015). A fixed groundwater level of 170 to 250 cm depth, depending on
the soil type, was considered for the Fluvic Chernozems and Haplic Fluvisols.

The basic climatic characteristics, i.e., annual mean air temperature and annual mean precipitation,
were calculated for each site from the input meteorological data. From the model outputs, average values
of evapotranspiration characteristics were calculated.

The assessment of the soil water regime was based on the calculation of the annual and seasonal integral
water content in the 0-30 cm and 0- 100 cm soil horizons. Agronomic criteria were used for the assess-
ment, taking into account the plant-accessible water content expressed as % ASWC.

Table 1
Geographic location and altitude of simulated localities
Locality Latitude Longitude Altitude
N E m
Kuchyna 48°24° 17°09° 206
Stupava 48°17° 17°01° 179
Malacky 48°27° 17°02° 165
Holi¢ 48°49° 17°10° 178
Myjava 48°46 17°35 375
Bratislava 48°10° 17°12° 131
Hurbanovo 47°52° 18°12° 115
Krélova pri Senci 48°12° 17°28° 123
Zihdrec 48°04’ 17°52° 111
Jaslovské Bohunice 48°29° 17°40° 176
Piestany 48°37’ 17°50° 165
Podhajska 48°06° 18°20° 140
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Locality Latitude Longitude Altitude
N E m
Nitra 48°19° 18°07° 173
Mochovce 48°16° 18°27° 212
Zeliezovce 48°02° 18°38° 135
Trencin 48°52° 18°01° 205
Belusa 49°04° 18°19° 254
Topol¢any 48°34" 18°09° 174
Dudince 48°10° 18°52° 140
Dolné Plachtince 48°12° 19°19° 200
Bzovik 48°19° 19°06° 355
Ziar nad Hronom 48°35° 18°52° 250
Slia¢ 48°39° 19°08° 313
Lucenec 48°20° 19°44° 214
Rimavska Sobota 48°22° 20°01° 214
Roznava 48°39° 20°32° 289
Moldava nad Bodvou 48°37" 21°00° 210
Kosice 48°40° 21°13° 230
PreSov 49°02° 21°19° 307
Somotor 48°24° 21°49° 100
Michalovce 48°45° 21°57° 112
TrebiSov 48°40° 21°44° 104
Vysoka nad Uhom 48°37° 22°05° 105
Orechova 48°42° 22°14° 122
Kamenica nad Cirochou 48°56° 22°00° 178
Stropkov 49°13’ 21°39° 219
Spisské Vlachy 48°57° 20°48° 396
Liptovsky Hradok 49°02° 19°44° 640
Poprad 49°04° 20°15° 693
Table 2

Characteristics of the selected sites. W . - soil water content 0-100 cm at field capacity, W, - soil
water content 0 - 100 cm at wilting point and AWC - usable soil water content 0-100 cm (Takac¢ &

Ilavska 2021)
Locality (S‘(/)\;lRtng% 15) Texture [‘HI\IIIFS] [‘HIZIV;’)P] fm
Kuchyna Haplic Regosol Sandy loam 230 51 179
Stupava Haplic Phaeozems Sandy loam 244 67 177
Malacky Haplic Phaeozems Sandy loam 264 78 186
Holi¢ Haplic Phaeozems Loamic 355 158 197
Myjava Haplic Cambisols Clay loam 377 168 209
Bratislava Haplic Chernozems Loamic 359 122 237
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Locality (S\(/)\;lRtI};pzeo 15) Texture [lefﬁ] [Vn\;m’] fm
Hurbanovo Haplic Chernozems Loamic 348 124 224
Kralova pri Senci Haplic Chernozems Loamic 324 108 216
Gabcikovo Haplic Phaeozems Loamic 342 125 217
Ziharec Haplic Chernozems Loamic 349 133 216
Jaslovské Bohunice Haplic Chernozems Loamic 369 147 221
Piestany Haplic Phaeozems Clay loam 377 192 185
Podhajska Haplic Chernozem Loamic 307 91 216
Nitra Cutanic Albic Luvisols | Clay loam 369 160 208
Mochovce Haplic Planosols Clay loam 403 198 205
Zeliezovce Haplic Chernozems Clay loam 393 165 228
Trencin Cutanic Albic Luvisosl | Loamic 319 122 197
Belusa Cutanic Albic Luvisosl | Loamic 346 128 218
Topol¢any Cutanic Albic Luvisol Clay loam 376 165 211
Dudince Haplic Cambisols Clay loam 395 212 183
Dolné Plachtince Cutanic Albic Luvisols | Clay loam 390 193 197
Bzovik Haplic Cambisols Loamic 363 176 187
Ziar nad Hronom Haplic Phaeozems Sandy loam 281 92 189
Slia¢ Cutanic Albic Luvisols | Loamic 346 135 211
Lucenec Cutanic Albic Luvisols | Clay loam 387 196 191
Rimavska Sobota Cutanic Albic Luvisols | Clay loam 379 164 215
Roznava Cutanic Albic Luvisols | Loamic 353 139 214
Moldava nad Bodvou Haplic Fluvisols Loamic 324 121 213
Kosice Cutanic Albic Luvisols | Loamic 362 141 220
Presov Cutanic Albic Luvisols | Loamic 331 118 213
Tisinec Cutanic Albic Luvisols | Loamic 359 111 248
Somotor Haplic Fluvisols Sandy loam 322 113 209
Michalovce Haplic Fluvisols Clay loam 383 163 220
TrebiSov Haplic Fluvisols Clay loam 423 194 229
Vysoka nad Uhom Haplic Fluvisols Clay loam 394 173 221
Orechova Cutanic Albic Luvisols | Loamic 362 147 215
Tisinec Cutanic Albic Luvisols | Loamic 336 113 222
Kamenica nad Cirochou Haplic Fluvisols Loamic 350 139 211
Medzilaborce Haplic Cambisols Loamic 405 188 217
Stropkov Cutanic Albic Luvisols | Loamic 335 109 218
Liptovsky Hradok Cutanic Albic Luvisols | Loamic 331 90 241
Spisské Vlachy Haplic Cambisols Loamic 340 133 207
Poprad Haplic Cambisols Loamic 297 65 232
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Characteristics of Danubian lowland regions. FC - field capacity, WP - wilting point, AWC - available

water capacity (Takac¢ & Ilavska 2021)

Region /
meteorological Soil type (WRB 2015) FC [mm] WP [mm)] AWC [mm]
station
Haplic Phaeozems 420 216 204
Haplic Chernozems 408 171 237
Northwe,st . Fluvic Chernozems 387 147 240
Jaslovské Bohunice
Haplic Fluvisols 384 144 240
Cutanic Albic Luvisols 408 177 231
Haplic Phaeozems 432 228 204
Haplic Chernozems 420 171 249
lI:Iﬁc;;;heast Fluvic Chernozems 372 159 213
Haplic Fluvisols 408 159 249
Cutanic Albic Luvisols 423 195 228
Haplic Phaeozems 423 207 216
Haplic Chernozems 396 147 249
Southwest Fluvic Chernozems 384 132 252
Bratislava
Haplic Phaeozems 384 117 267
Cutanic Albic Luvisols 408 213 195
Haplic Phaeozems 423 219 204
N Haplic Chernozems 408 168 240
Southeast Fluvic Chernozems 384 147 237
Hurbanovo
Haplic Fluvisols 387 147 240
Cutanic Albic Luvisols 429 210 219
Table 4

Division of soil moisture into intervals according to the ecological classification of soil water regime
(Kutilek 1978)

Interval p?)(t)éln?i’:;eer Soil moisture interval

Aqatic <13 Above Full water capacity FWC

Uvidic 1.3-2.4 Full water capacity FWC - Field capacity FC
Sem-iuvidic 24-33 Field capacity FC- Point of decreased availability PDA
Semi-arid 3.3-4.18 Point of decreased availability PDA- Wilting point WP
Arid 4.18-4.78 | Wilting point WP - Hygroscopic coefficient H_
Hyper-arid >4.78 Less than Hygroscopic coeflicient H_

The ecological classification of the soil water regime was also used to assess the soil water regime (Ku-
tilek 1978). The criteria for the ecological classification of the water regime of soils are the degree of
moisture in the soil profile, the duration of individual moisture intervals and moisture stratification. In
this classification, it is customary to divide the soil profile into two layers: the top layer of the soil profile
(0-0.3 m) and the bottom layer of the soil profile (0.3 -1.0 m). The whole soil moisture range is divided
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into 6 intervals in the ecological classification according to the hydrological limits (Table 4). Considering
the water requirement of the crops, when assessing the soil water regime, we considered days when soil
moisture was in the semiarid and arid range as the dry season, when the crop’s water requirements are
not met (Takac¢ 1999).

RESULTS

In agricultural areas of Slovakia, according to the hydrological classification of the soil water regime,
an evaporative regime with a precipitation to evapotranspiration ratio < 1 prevails (Kutilek 1978). Over
the period 1991 -2020, there was a 1 to 1.2 “C increase in mean annual temperature at assessed sites
compared to the period 1961 - 1990. Reference evapotranspiration totals also increased as a result of the
increased temperatures. At the same time, rainfall totals also increased (Table 5). Rising temperatures
result in an increase in the crop water moisture requirements. The highest increase in crop water require-
ments in the period 1991 -2020 compared to the period 1961 — 1990 was recorded in the west and north
of the Podunajska nizina (Table 6).

Table 5
Mean annual air temperatures T [°C], precipitation totals R [mm], reference evapotranspiration totals
ET, [mm], actual evapotranspiration totals ET [mm], evapotranspiration deficit ET -ET [mm] and
relative evapotranspiration ET/ET, [%] at selected meteorological stations for the period 1961 -1990
and the period 1991 - 2020

Locality Period T R ET, ET ET -ET | ET/ET,
1961 -1990 10.0 523 787 427 360 54
Hurbanovo
1991 -2020 11.2 570 856 456 400 53
Nit 1961 -1990 9.7 536 726 440 286 61
itra
1991 -2020 10.7 559 793 459 434 51
. 1961 -1990 9.2 642 714 423 291 59
Kuchyna
1991 -2020 104 660 804 448 356 56
. 1961 -1990 8.8 565 666 426 240 64
Lucenec
1991 -2020 9.8 613 725 466 259 64
- 1961 -1990 8.3 669 598 458 140 77
Roznava
1991 -2020 9.5 701 681 490 191 71
. 1961 -1990 9.1 605 609 442 167 73
Michalovce
1991 -2020 10.3 652 692 494 198 71
» 1961 -1990 8.9 547 635 406 229 64
Trebisov
1991 -2020 10.0 579 737 432 305 59
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selected locations in the period 1961 - 1990 and in the period 1991 -2020

Locality Spring barley Winter wheat Maize
1961-1990 | 1991-2020 | 1961-1990 | 1991-2020 | 1961-1990 | 1991-2020

Malacky 437.3 453.0 594.0 613.3 613.0 667.5
Hurbanovo 446.8 464.3 593.7 601.3 659.1 697.1
Bratislava 442.0 491.8 591.4 647.2 650.7 744.6
Nitra 430.8 483.1 573.2 638.0 635.9 731.5
Topol¢any 413.9 4249 568.1 569.3 594.1 636.2
Lucenec 410.1 433.8 584.0 587.3 592.3 644.7
R. Sobota 382.2 419.9 559.6 581.5 557.8 630.4
Moldava 395.2 411.5 555.9 562.7 572.4 617.6
TrebiSov 399.8 432.1 562.1 582.2 579.4 651.1
Michalovce 378.8 419.2 533.3 560.2 556.7 634.8

1961-1990

1991-2020

Figure 1 Mean deficit of Climate water balance (R-ET,) in the period 1961 - 1990 and

1991 -2020
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As a result of increased reference evapotranspiration totals, the negative climatic water balance, char-
acterised by the difference between precipitation totals and potential evapotranspiration totals, has been
exacerbated. The deficit of climatic water balance above 200 mm in a large growing season characterized
by an average daily temperature >10°C occurred in the period 1961 -1990 in the western part of the
Zahorska nizina, in the Podunajska nizina and in the Ipel basin in the south-central Slovakia. In the pe-
riod 1991 - 2020, the area with a climatic water balance deficit above 200 mm was extended to the entire
Zahorska nizina and the Vychodoslovenska nizina (Fig. 1). A comparison of the average value of the wa-
ter balance deficit in the period 1961 - 1990 and in the period 1991 - 2020 shows that the negative water
balance widened by 10% in the main growing season. As a result of the deterioration of the climatic water
balance, there was an increase in the evapotranspiration deficit and a decrease in relative evapotranspira-
tion values during the period 1991 -2020 compared to the period 1961 -1990 (Table 5).

Table 8
Average number of days per year with soil water storage ASWC <50% in soil horizons 0-30 cm and
0-100 cm in the periods 1961 - 1990 and 1991 - 2020 at selected sites

. 1961 -1990 1991 -2020
Locality
0-30cm 0-100 cm 0-30 cm 0-100 cm

Kuchyna 165 170 163 188
Stupava 154 141 153 140
Myjava 106 49 123 64
Holi¢ 204 167 205 181
Bratislava 168 147 183 171
Hurbanovo 177 175 159 158
Zihdrec 148 133 133 121
Podhajska 187 186 167 168
Jaslovské Bohunice 159 135 171 151
Piestany 150 110 151 115
Nitra 157 137 168 155
Trencin 162 89 162 99
Belusa 48 19 85 50
Topol¢any 181 155 174 153
Dudince 138 63 125 63
Ziar nad Hronom 75 39 110 79
Sliac 60 30 82 44
Dolné Plachtince 142 71 125 60
Lucenec 178 155 168 152
Rimavska Sobota 121 80 127 87
Roznava 76 42 83 52
Moldava nad Bodvou 74 43 100 63
Kosice 128 92 157 129
Somotor 130 120 136 127
Michalovce 122 106 124 112
TrebiSov 115 97 118 102
Vysoka nad Uhom 108 58 128 80
Presov 116 87 95 59
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. 1961 -1990 1991 -2020
Locality
0-30cm 0-100 cm 0-30cm 0-100 cm

Tisinec 50 20 50 23
Kamenica nad Cirochou 50 20 64 35
Medzilaborce 27 5 33 2
Liptovsky Hradok 30 9 33 11
Spisské Vlachy 47 21 36 10

In the long term, the lowest soil water reserves, expressed as % of ASWC, are in the west of the Zahor-
skd nizina and in the south-east of the Podunajskd nizina. Changes in climatic conditions have had an
impact on soil water reserves. In the period 1991 -2020 there was a slight decrease in the average soil
water content in most of Slovakia compared to the period 1961 -1990 (Table 7). Significant reductions
of more than 5% of the ASWC occurred in the west of the Podunajska niZina, in the central Povazie, in
the central Pohronie and in the Kosice Basin. On the contrary, an increase in soil water reserves in the
period 1991 -2020 compared to the period 1961 -1990 occurred in the south-east of the Podunajska
niZina, in the Ipel Basin, in Spi§ and Saris. This slight increase of up to 5% does not represent a significant
improvement in moisture conditions.

In terms of impacts on cultivated crops, the duration of a period with soil moisture in the root zone
below 50 % ASWC at critical developmental stages of cultivated crops is considered critical in agricultur-
al practice. According to numerical simulations, in the Podunajskd nizina and Zahorska niZina, the soil
moisture drops below 50% of the ASWC on average already in June, in the south of central and eastern
Slovakia in July. In some years, this may occur as early as early spring, or may persist through autumn
and winter as a result of insufficient rainfall in the autumn and winter months.

The average number of days per year with available soil water <50% of ASWC in the 0-30 cm and
0-100 cm soil horizons at selected sites for the periods 1961 - 1990 and 1991 - 2020 is shown in Table
8. The highest number of days with soil water content below 50% was recorded in the Zahorska nizi-
na and in the southeast of the Podunajska nizina. In the period 1991 - 2020, compared to the period
1961 -1990, the most significant increase in the number of days with soil water storage below 50%
ASWC occurred in the Zahorska nizina, the west and north of the Podunajska nizina, the central Pov-
azie, the central Pohronie, the Kosice basin and the eastern part of the Vychodoslovenska nizina. On
the other hand, a significant decrease in the number of days with soil water storage below 50% ASWC
occurred in the south-east of the Podunajska niZina, in the Ipelian and Lucenec basins, in Sari$ and
Spis. This reduction in the number of days with soil water storage below 50% ASWC is a consequence
of increased rainfall due to a change in circulation patterns, with meridional air circulation becoming
more prevalent in recent years at the expense of zonal air circulation.
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Figure 2 Average annual course of soil water storage in the periods 1961 - 1990 and 1991 - 2020 in
Bratislava and Hurbanovo.

96



Pedosphere Research, vol. 2, 2022, no. 2: 86105

Original paper

Changes in the annual pattern of rainfall were also reflected in the annual pattern of soil water storage
(Figure 2). In the south-west of the Podunajska nizina (Bratislava), soil water reserves decreased by
12% in the spring, 8% in the summer, 7% in the winter and less than 1% in the autumn in the period
1991 -2020 compared to the period 1961 -1990. In the south-east of the Podunajska niZina (Hurbano-
vo), soil water reserves dropped by less than 2% in spring, while in other seasons they increased, most of
all in autumn, by 7%.

Soil moisture is spatially heterogeneous; in addition to water uptake from atmospheric precipitation
or groundwater, it also depends on soil properties. Depending on the texture, the soil can hold different
amounts of water. The same soil water content can mean plenty of available water in one soil and not
enough in another. Sandy soils have a very low value of available water capacity. Loamy soils have the
highest available water capacity.

The occurrence and duration of periods with soil water storage below 50 % of ASWC varies from region
to region. The fact that the water storage in the 0-100 cm horizon drops below 50 % of the ASWC is
common in the southern regions of Slovakia and occurs almost every year. The median number of days
with soil moisture below 50% ASWC in continuous periods is more than 150 days in the Podunajska
nizina and Zahorska nizina. Once every 4 years in these regions, a continuous period with soil moisture
less than 50 % of the ASWC reaches more than 200 days. Most of the locations in western Slovakia have
maxima above 300 days in the assessed period. Available soil water storage below 50% of the ASWC
occurred at the evaluated stations for an average of 90 days during 1961 - 1990 and for an average of 96
days during 1991 - 2020.

days
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115
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105
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Figure 3 Mean number of days with ASWC below 50% in the soil horizon 0-100 cm
under maize in Podunajska nizina

Spatial variation in this characteristic also occurs within regions, depending on soil properties and the
presence of groundwater table. As can be seen in Figure 3, the number of days with soil moisture less
than 50% ASWC varies over a wide range, from an average of 75 days to more than 120 days. The smallest
number of days with soil moisture below 50% ASWC in the Podunajska niZina was calculated for the are-
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as with the presence of the water table on the lower Zitny ostrov Island and in the vicinity of watercours-
es. The highest number of days with usable soil water supply in the Podunajska niZzina was simulated for
Luvisols and Haplic Chernozems, the lowest for Phaozems. With the exception of the South-eastern part
of lowland, the number of days with soil water storage below 50 % of the ASWC increased by an average
of 2 to 17 days, depending on crop and soil type, in the 1991 - 2020 period compared to the 1961 -1990
period.

Hurbanovo 0-30 cm

Michalovee 0-30 cm

300

P
wh
=]

m
[=]
a

number of days

w
o

100

50

[ -+ = | i ———
1960 1965 1970 1975 1980 1985 1990 1595 2000 2005 2010 2015 2020 1960 1965 1970 1975 1980 1985 1990 1995 20‘00 2005 2000 2015 2020
year year
Figure 4 Number of days with different degrees of soil profile moisture according to the ecological
classification of soil water regime in the 0-30 cm horizon in Hurbanovo and Michalovce in the period
1961 -2020
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Figure 5 Number of days with different degrees of soil profile moisture according to the ecological
classification of soil water regime in the 0 - 100 cm horizon in Hurbanovo and Michalovce in the period
1961 -2020

In addition to spatial variability, soil water storage shows considerable temporal variability. Soil water
content fluctuates significantly from year to year. The highest average annual soil water storage in the
whole territory of Slovakia was recorded in 1965 and 2010. On the other hand, the smallest average
annual available soil water supply was simulated over the entire area in 1973, 1990, 2012, and 2017. The
years 1978 and 1989 were also exceptionally dry in the western part of Slovakia.

According to the simulated values of soil water potential, in the 0-30 cm soil horizon, according to the
ecological classification of the water regime (Kutilek, 1978), soil moisture occurred in the arid interval
almost every year in Hurbanovo on the Podunajska nizina, and in Michalovce on the Vychodoslovenska
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nizina in four out of five years (Fig. 4). In the 0-100 cm soil horizon in Hurbanovo, soil moisture oc-
curred in the arid interval in two of the three years, in Michalovce only 74 days in 2015 (Fig. 5).

In both Hurbanovo and Michalovce, uvidic interval (average 108 days in Hurbanovo, 146 days in Mich-
alovce) and semiuvidic interval (average 108 days in Hurbanovo, 118 days in Michalovce) were dominat-
ed in the 0- 30 cm soil horizon. Similarly, in the 0 - 100 cm soil horizon in Michalovce were dominated
the uvidic (133 days) and semiuvidic (128 days) soil moisture interval. In Hurbanovo, in the 0-100 cm
soil horizon was dominated by the subuvidic (141 days) and semiarid (130 days) soil moisture intervals.

The driest year in Hurbanovo was 1990, when soil moisture in the arid interval in the 0- 30 cm horizon
lasted 179 days and in the 0 - 100 horizon 129 days. According to this criterion, the driest years in Mich-
alovce were 2018 and 2011, when the soil moisture in the arid interval in the 0-30 cm horizon was 111
and 103 days, respectively.
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Figure 6 Number of days with soil moisture in the arid and semiarid interval between
1961 -1990 and 1991 - 2020 at selected sites.

In terms of the annual course, the semiuvidic and uvidic interval predominates in the winter, and the
semiarid and arid interval predominates in the summer half of the year. The number of days when the
soil water supply occurs in the semiarid and arid interval, i.e., below the point of decreased availability,
was the highest in the period 1961 -1990 in the Zahorska nizina and in the south-east of the Podunajska
nizina, i.e., more than 140 days (Fig. 6). In the period 1991 - 2020, the highest number of days with soil
moisture in the semiarid and arid interval occurred in the west of the Zahorska nizina and in the south-
west of the Podunajska niZina, i.e., more than 150 days.

As can be seen in Figure 6, trends vary from region to region. The greatest increase in the number of
days with soil moisture in the semiarid and arid interval in the period 1991 - 2020 compared to the pe-
riod 1961 -1990 occurred in the west of the Zahorska nizina (19 days), the southwest of the Podunajska
nizina (28 days), the north of the Podunajska nizina (14 - 17 days), the Kosice basin (20-37 days), and
the east of the Vychodoslovenska nizina (23 days). On the contrary, a decrease in the number of days
with soil moisture in the semiarid and arid interval in the period 1991 -2020 compared to the period
1961 -1990 occurred in the southeast of the Danube Basin (26 days), in the Ipel Basin (11 days), in the
Lucenec Basin (13 days), and in the Spi$ Basin (11 days).
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Figure 7 Statistical characteristics of the number of days with soil moisture in the arid and
semiarid interval in the period 1961 - 1990 and 1991 - 2020 at selected sites.

The number of days with soil water supply at the point of decreased availability varies from year to year
(Figure 7). In 1965 there was not a single day with soil moisture in the semiarid and arid interval in any
region, in 2010 such a day occurred with soil moisture in the semiarid interval only 13 days in Bratislava
and 5 days in TrebiSov and Michalovce.

Peaks of 300 days or more below the point of decreased availability occurred in the Zahorska niZina,
the Podunajska nizina and the Lucenec basin. In Holi¢, in the western part of the Zahorska nizina, the
soil water supply was below the point of decreased availability for the whole year in 1978 and 327 days
in 1990. In Hurbanovo, in the south-east of the Podunajskd nizina, the highest maximum values of the
number of days with soil water supply below the point of decreased availability were recorded in 1978
and 1990, i.e., 361 days and 315 days, respectively. Of the regions assessed, the lowest incidence of days
with soil water supply below the point of decreased availability was recorded in the Spi§ region, where
there were 6 years of drought in the 1960s, the highest being in 1961, with 179 days. In recent decades,
this phenomenon has occurred less frequently in the Spi$ region, once or twice per decade. The median
value is equal to 0 and the upper quartile value is close to 0.

As the length of the period of low rainfall increases, so do the impacts on water availability for crops.
Meeting the water requirements of crops is limited by the water supply in the soil. As the stock of avail-
able water in the soil decreases, the coverage of crop water needs also decreases (Figure 8). If soil water
reserves are not replenished sufficiently in winter, the effects of low rainfall in the summer months are
amplified and the soil profile is almost completely drained. The reason for the low soil water storage in
1978 in western Slovakia and in 1990 and 2012 throughout the territory was not only the low rainfall in
the summer months, but also the insufficient rainfall in the preceding winter period, as a result of which
the soil water storage was not replenished in most of the territory in the way it is usually replenished in
other years.
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Figure 8 Relationship between available soil water content [% ASWC] and water requirement of
selected crops at Hurbanovo

Table 9
Average values of water requirement coverage of selected crops [%] at selected locations in the period
1961-1990 and in the period 1991 -2020

Locality Spring barley Winter wheat Maize
1961-1990 | 1991 -2020 | 1961-1990 | 1991-2020 | 1961 -1990 | 1991 -2020

Holi¢ 56 54 54 51 56 49
Hurbanovo 44 44 65 67 44 44
Bratislava 48 40 75 62 47 41
Jasl. Bohunice 65 58 61 55 61 53
Nitra 48 41 71 62 48 41
Topol¢any 52 50 70 66 53 48
Dudince 66 65 64 64 61 60
Lucenec 68 62 81 82 63 61
R. Sobota 79 67 67 62 68 62
Moldava 81 72 96 94 81 72
Trebisov 66 57 79 75 66 59
Michalovce 76 62 96 92 76 64

In all southern regions of Slovakia, with the exception of the south-eastern part of the Podunajska nizi-
na, a decrease in the coverage of the crop water moisture requirement was recorded (Table 9), with the
greatest decrease observed in the south-western part of the Podunajska nizina. Even the observed slight
increase in precipitation (Table 5) cannot meet the increasing evapotranspiration requirements. In dry
years, the water requirement of summer crops such as maize and sugar beet is below 30%.
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Figure 9 Relationship between available soil water content [% ASWC] and simulated number of days
with water stress for selected crops on Chernozem in Hurbanovo

Table 10
Average number of days with water stress for selected crops at selected sites during 1961 - 1990
and 1991-2020

Locality Spring barley Winter wheat Maize
1961-1990 | 1991-2020 | 1961-1990 | 1991-2020 | 1961 -1990 | 1991 -2020

Holi¢ 17 22 27 31 25 37
Hurbanovo 11 16 24 24 32 32
Bratislava 7 18 16 26 24 37
Jasl. Bohunice 10 19 19 27 22 34
Nitra 8 18 18 26 20 34
Topol¢any 13 16 23 21 26 31
Dudince 7 10 10 12 19 21
Lucenec 4 10 11 17 21 22
R. Sobota 2 7 3 10 9 16
Moldava 1 2 2 4 3 5
Trebisov 7 12 10 18 13 22
Michalovce 1 2 1 4 4 9

When soil moisture drops below the point of decreased availability, crops are subjected to water stress
(Figure 9). The average number of days with water stress increased in the period 1991 -2020 compared
to the period 1961 - 1990, but remained at the same level or slightly decreased in the south-east of the
Podunajska nizina for winter wheat and summer crops (Table 20). In dry years for crops grown in sum-
mer, the number of days with water stress exceeded 90. In terms of impacts on crop growth and yield
formation, it is important at which growing stage water stress occurs.

In addition to climatic and soil conditions, the effects of drought on crop growth and yield depend on the
crop itself. The effects of drought on yields can vary from year to year for different crops. As can be seen in
the Figure 10, while the roots of winter wheat sown in autumn draw water from greater depths in the spring
and the crop does not suffer from water stress, in the case of spring barley, water stress starts shortly after
emergence. Differences in spring soil water content were influenced both by the lack of winter rainfall and
by the pre-crop. Between September 1989 and March 1990, only 132 mm of precipitation fell, which was
less than 50% of normal. In the case of spring barley, the pre-crop was maize, which drained more water
from the soil profile in the previous year than spring barley, which was the pre-crop before winter wheat.
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Figures 10 Development of spring barley and winter wheat on Cutanic Albic Luvisols at Nitra in 1990

CONCLUSION

The assessment of soil water regime with emphasis on the occurrence and duration of drought in the period
1961 - 2020 was based on simulations of soil water regime by the agro-ecological model DAISY at selected
sites in agricultural regions of Slovakia. Although no area in Slovakia is classified as arid, the coverage of the
crop water requirements is insufficient in the southern regions, especially in the Podunajska nizina. Accord-
ing to the simulated values of soil water potential, in the 030 c¢m soil horizon, according to the ecological
classification of the water regime, soil moisture occurred in the arid interval almost every year in Hurbanovo
on the Podunajska nizina, and in Michalovce on the East Slovak Lowland in four out of five years.

The greatest increase in the number of days with soil moisture in the semiarid and arid interval in the
period 1991 - 2020 compared to the period 1961 - 1990 occurred in the west of the Zahorska niZina, the
southwest of the Podunajska nizina, the north of the Podunajska nizina, the Kosice basin and the east of
the Vychodoslovenska nizina. On the contrary, a decrease in the number of days with soil moisture in the
semiarid and arid interval in the period 1991 - 2020 compared to the period 1961 - 1990 occurred in the
south-east of the Podunajska nizina, in the Ipel Basin, the Lu¢enec Basin and in Spis.

In all southern regions of Slovakia, except for the south-east of the Podunajska nizina, a decrease in the
coverage of the crop water requirements was recorded. In dry years, the crop water requirements grown
in summer is below 30% and the number of days with water stress can exceed 90.
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