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Abstract. The identification of drought-sensitive areas (DSAs) in floodplain Fluvisols of high textural
pedodiversity is crucial for sustainable land management purposes. During extended drought periods
moisture replenishment is only available by capillary rise from the groundwater. However, moisture
flux is often hindered by capillary barriers in the interface between layers of contrasting textures.
The results of HYDRUS-1D simulations run on multilayered soil profiles were integrated into textur-
al maps to determine the spatial distribution of water dynamics on the floodplain of the Drava River
(SW Hungary). Model runs and field data revealed limited moisture replenishment by capillary rise
when both contrasting textural interfaces and sandy layers are present in the profile. By implement-
ing these textural and hydraulic relations, a drought vulnerability map (DSA map) of the operation-
al area of the Old Drava Programme (ODP) was developed. According to the spatial distribution of
soils of reduced capillary rise, 52% of the ODP area is likely threatened by droughts. Our model re-
sults are adaptable for optimisation of land- and water-management practices along the floodplains
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of low-energy and medium-sized rivers under humid continental and maritime climates.

Introduction

Riverine ecosystems are under great pressure from
human land use, pollution and resource exploita-
tion (European Parliament 2008; Hulisz et al. 2015;
Karasiewicz et al. 2017). Soil texture and profile tex-
tural heterogeneity may significantly influence soil
hydraulic properties (Li et al. 2013). Floodplain va-
dose-zone hydraulic processes are driven by dry and
extreme wet spells and episodic floods and droughts
(Colloft and Baldwin 2010). Water gains and loss-
es vary significantly with the types and locations of
soils in often dangerously desiccating floodplains
(Loczy 2019). The resilience along the length of the

floodplain ecosystem, however, can be significant-
ly decreased by human disturbances. Drought con-
ditions can be further exacerbated by the incision
and entrenchment of regulated rivers (Buridn et al.
2019).

Floodplains, which often have high pedodiver-
sity, typically display unique alluvial layering with
various, but identifiable, soil texture and known hy-
draulic behaviour (Vereecken et al. 2016). The spa-
tiotemporal variability of soil moisture and water
availability depends on multiple environmental fac-
tors, including topography, layering of fluvial de-
posits (Stowik et al. 2018), soil texture, land use,
elevation, soil depth and root concentration. If de-
tailed geomorphological and soil texture maps and
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data are available, areas with high drought-hazard
potential can be determined with field monitoring
and hydrologic models at a resolution of a few hect-
ares.

Although droughts must have been common
in earlier times, the available archival data on se-
vere water conditions is too limited (Kiss and Ni-
koli¢ 2015). Water stress and intensification of
drought hazard in the studied area of the Drava
River’s floodplain in SW Hungary is influenced by
several factors. The recent incision and entrench-
ment of the Drava River led to groundwater tables
dropping by 1.5-2.5 metres and an increasing wa-
ter shortage (Loczy et al. 2017; Dezs6 et al. 2018;
Burian et al. 2019). The resilience of the floodplain
was further depleted by river regulation works and
the implementation of flood control strategies. Due
to profound human interventions (enhanced water
retention in the hydroelectric dams in the Croatian
reach, construction of levees, gravel extraction from
the riverbed) mean water stages have been decreas-
ing in the river (Buridn et al. 2019). Therefore, low
water stages have been observed for a longer du-
ration over recent years, lowering the groundwater
table. The water shortage is also due to the aridifica-
tion trend related to global climate change (Loczy et
al. 2019). The flood retention role of the wetlands of
the Danube-Drava National Park in the floodplain
has also lost its resilience due to the shrinking water
surfaces of oxbow lakes (Loczy et al. 2019).

Although the floodplain of the Drava River is
apparently flat, the physical properties of soil are
controlled by ridge-and-swale topography (Hickin
1974; Leclerc and Hickin 1997; Gibling and Rust
2009). According to our field observations and sat-
ellite images, soil surface properties have changed
at a scale of a few tens of metres. Crop growth and
yield varies in bands of a 10- to 30-metre width,
which corresponds with the horizontal fluviomor-
phological structures of point bars (Lieb and Sul-
zer 2019). The mosaic pattern of floodplain Entisols
(WRB: Fluvisols) involves extreme water conditions
both spatially (contrasts in moisture contents be-
tween landforms of minimal difference in eleva-
tion) and temporally (excess and ponding water in
spring, and extreme droughts in late summer). As
a consequence, significant variations in agricultural
productivity and crop yields are observable spatial-
ly and inter-annually.
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Crops with shallow rhizospheres may experi-
ence water stress and extreme drought in years of
low precipitation at and below the permanent wilt-
ing point (PWP) while overly rainy growing sea-
sons’ excess ponding water and anoxic conditions
in the vadose zone may cause considerable yield
losses (Lizaso and Ritchie 1997; Vogt and Somma
2013; FAO 2012). The matric potential at the PWP
is commonly estimated at -15 bar. Most agricultur-
al plants will generally show signs of wilting long
before this moisture potential or water content is
reached (PWP_ . more typically at around of -2,000
to -5,000 H,0O-cm) because the rate of water move-
ment to the roots decreases and the stomata tend
to lose their turgor pressure and begin to restrict
transpiration. This water is strongly retained and
trapped in the smaller pores, and does not readi-
ly flow.

Surface and subsurface waters of floodplains
form a single system where the crucial components
are linked by infiltration, capillary rise, soil mois-
ture and groundwater flow in models (Winter et
al. 1999; Rajkai et al. 2015; Arkhangelskaya et al.
2016; Mohawesh et al. 2017). However, soil pro-
files that include a capillary barrier likely limit the
upward moisture movement. The rationale behind
this is that layering with contrasting textural chang-
es significantly hinders upward vertical flux, i.e. re-
plenishment by capillary rise (Huang et al. 2011).
Other studies, however, indicated an increase in
the water budget of the vadose zone. These contra-
dictory results may be rooted in the uncertainties
in water dynamics. Water dynamics and water re-
tention curves can be obtained from arduous mea-
surements (Varallyay és Rajkai 1987), pedotransfer
functions (Rajkai and Kabos 1999; Mako et al. 2010;
Toth et al. 2015; Karup et al. 2016; Gohardoust et al.
2017) or numeric models, e.g. the RETention Curve
computer program (RETC) (van Genuchten et al.
1991). In spite of major progress over recent de-
cades, models of soil processes are seldom related
to the delivery of ecosystem services (Vereecken et
al. 2016; Mamedov et al. 2017). Therefore, our spe-
cific goals were the following:

1. To reveal the water dynamics of the study area
by monitoring moisture content, tension and
flux changes of two profiles representative for
the Hungarian bank of the Drava floodplain.
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2. To verify whether soil profiles with a multilay-
ered character can retain more water than ho-
mogeneous profiles, as suggested by previous
studies, and whether the presence of capillary
barriers therefore results in depleted soil mois-
ture contents in the rooting zone.

3. To determine whether capillary rise can com-
pensate moisture shortage in the root zone
(upper 25 cm) of the soil at the study site: ac-
cording to our hypothesis, capillary rise con-
tributes to reducing water stress and drought
hazard in the root zone.

4. To provide additional textural details at a spa-
tial resolution of microregional scale (a few tens
of metres) for the existing soil textural map
(AGROTOPO, Varallyay et al. 1979, 1980) in
respect of its regional and site-specific re-eval-
uation and upgrade.

5. To generate and delineate a more sophisti-
cated textural and hydrodynamical map of
drought-sensitive areas (DSA) within the study
site to achieve more applicable spatial informa-
tion for stakeholders in the efficient manage-
ment of land and water.

2. Methods

2.1. Study area

The studied area is the operational area of the Old
Drava Programme (ODP, Loczy and Dezs6 2019)
that dates back to 2007 and began to be implement-
ed in 2012. The area covers a land surface of 572.14
km? and is located in SW Hungary in the floodplain
of the Drava River (Fig. 1), where ridge-and-swale
topography determines the spatial distribution of
soil texture types and pedodiversity. The studied
area has a humid continental climate with a mean
annual temperature of 11.0°C (1981 to 2010) and
a mean annual precipitation total of 680 mm with
late-spring and early-summer precipitation dom-
inance. The primary land use is arable land with
the dominance of dryland crops typical of humid
continental climates, such as corn, wheat, sunflow-
er, soy bean and sugar beet and various crops grown
in horticultures, e.g. green pepper, water melon, to-
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mato and cucumber. Wetland habitats are found in
local depressions and backswamps, where reforesta-
tion is often inhibited by falling groundwater tables.

2.2. Characterisation of morphological heter-
ogeneity and textural diversity of the stud-
ied area

The soils of the study area are generally Fluvisols of
various characters. The soil type of Cun-1 is Entisols
(suborder: Arents) according to Soil Taxonomy, and
Haplic Fluvisol (Siltic, Orthoarenic) according to
the World Reference Base for Soil Resources (IUSS
Working Group, WRB 2015) classification. Cun-2
was also characterised by Entisols (suborder: Psam-
ments) and Histic Fluvisol (Orthosiltic, Orthoaren-
ic, Endoclayic) according to the Soil Taxonomy and
WRB classification systems, respectively.

Soil samples were taken at 88 sampling sites
(Fig. 1c) by hand augering to a depth of 120 cm.
Soil samples were taken for the depths of 0 to 20
cm, 20 to 60 cm and 60 to 120 cm and, in respect
to their texture, were considered representative for
these depth ranges. Samples were then taken to the
laboratory and were oven dried at 60°C until they
reached a constant weight.

2.3. Field water balance monitoring

Two hydrometeorological monitoring stations, Ctin-
1 and Can-2, were installed on July 25 and August
8, 2013, respectively (Fig. 1). Each station included
an infiltrometer (Drain Gauge G2 Passive Capillary
Lysimeter), two water potential sensors (MPS-2)
and two soil moisture sensors (5TM). Moisture and
tension (h) values were monitored at depths of 25
cm and 70 cm. Vertical flux directions (upward or
downward) were calculated based on the difference
between the tension values at depths of 70 and 25
cm (h, - h, ). This means that negative val-
ues indicate infiltration, while positive values show
capillary rise). Precipitation was measured with an
ECRN-100 tipping-bucket rain gauge (resolution of
0.2 mm) in the village of Szaporca, located about
2 km from the monitoring sites (all sensors man-
ufactured by Decagon Devices Inc., Pullman, WA,
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Fig. 1. Location of the stations providing the data used in the article

USA). Data logging was done with Decagon (now
called Meter Group) EM50 dataloggers in 30-min-
ute intervals for all subsurface measurements and
10-minute intervals for rainfall measurements. Field
monitoring was terminated on June 4, 2014. Mea-
surement series were interrupted for technical rea-
sons (corrosion of instruments, data loss for soil
moisture at 25 cm depth at Cun-2 in April, 2014).
Groundwater table depth was monitored with Da-
taqua LB 601 pressure sensors (Dataqua Co., Bala-
tonalmadi, Hungary).

2.4. Laboratory analyses

Particle size distribution was determined for three
depths (10, 40 and 90 cm) for all 88 study sites and
then soil samples were classified texturally accord-
ing to the five textural classes of the AGROTOPO
database. Particle size analyses were performed with
a Malvern MasterSizer 3000HS (Malvern Inc., Mal-

134

- e
Car B Clin-2 .0
sile
clapey loam
=15
sty sand -35
- 50 loarmy st

=75 medium
v -85  sand
| silt
=120
’ ! r I fire sand
« 300 = 300

Legend

& sample site
natanal Border
— AL Bordr
fiver
Elewvation

= High : 128 m

Low : B4 m

Tirs sarvd

vern, England, United Kingdom) particle size ana-
lyzer. Samples were pre-treated with HCl and H,0,
for the removal of CaCO, and organic matter, re-
spectively.

To obtain water retention curves (WRCs) nine
undisturbed soil samples in brass rings of 250 cm?
and 98 mm in diameter, representative for the tex-
tural classes of the study site, were collected in three
repetitions in the field to generate WRCs. The av-
erage of the three WRCs was then used in the HY-
DRUS simulations. The bulk and particle densities
of the soil types were determined using the meth-
ods of Grossman and Reinsch (2002) and Flint and
Flint (2002), respectively.

For the determination of the drying curve of the
WRCs, soil samples were initially saturated with
water and then placed on a hotplate at a tempera-
ture of 60°C. Water loss from the brass rings was
measured on a laboratory scale (resolution of 0.01
g), while water potential was measured with Deca-
gon MPS-2 sensors. Measurements were done un-
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til the water potential fell below permanent wilting
point (PWP) or reached a relatively constant weight.

2.5. Modelling in RETC and HYDRUS-1D

Modelling of WRCs in RETC

Modelling of soil moisture content was carried out
using the van Genuchten-Mualem equation. The
water retention curve model by Mualem (1976) and
van Genuchten et al. (1980) calculates unsaturated
hydraulic conductivity K(h) from

kw=rsili-(ios7) |

where K is the saturated hydraulic conductivity (L
T"), S, is the effective saturation (m* m™), and I is
the tortuosity parameter in the conductivity func-
tion, while m can be calculated as m = 1-1/n. The
effective saturation (S) is calculated as follows (van
Genuchten et al. 1980):
5 = _r (2)
= L+ xBp)m

where a, is the inverse of the air entry pressure;
and n and m are fitting parameters in the van Ge-
nuchten-Mualem equation. The model’s fitting pa-
rameters are then used as texture-specific input
parameters for subsurface flow models, like HY-
DRUS-1D (Simtnek et al. 2008; Simiinek et al.
2016). The van Genuchten soil hydraulic parameters
were estimated with the RETC software (v.6.02) us-
ing the van Genuchten-Mualem equation (Mualem
1976; van Genuchten et al. 1991) by fitting reten-
tion data, 6(h) (water retention curve, drying curve
B

BCTIEY D

where 0, is the volumetric water content [L’ L?]
at pressure head A, 9r is the residual water content
[L? L?], a is a parameter related to the inverse of the
air entry suction, h is the suction pressure (HZO—
cm) and # is a measure of the pore-size distribu-
tion, and m = 1-1/n. 6 (saturated water content,
[L* L”]). K, were measured under laboratory con-
ditions. Data were fitted using the water retention
curves obtained from laboratory measurements de-
scribed in the subchapter “Field water balance mon-
itoring”.
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WRCs were generated and RETC simulations
were run for nine textural soil types that partly
overlapped with the USDA and the 11-class Hun-
garian textural triangle. Soils were then reclassified
for subsequent mapping into five dominant textural
types (clay, clay loam, loam, sandy loam and sand)
for the harmonisation with the five textural classes
of the Hungarian AGROTOPO soil database (Table
1). The reason for the reduction of nine soil types
to five was that the AGROTOPO Hungarian soil
database only contains the aforementioned five soil
types. Textural harmonisation of this sort has yield-
ed satisfactory spatial correlations between the 12
soil types of the USDA textural triangle and the five
types of the AGROTOPO database (Pirkhoffer et
al. 2006).

The van Genuchten-Mualem hydraulic param-
eters obtained during the RETC simulations were
then used in the HYDRUS-1D simulation runs.
However, instead of the nine soil textural types,
the obtained soil hydraulic parameters (a, n and
K) were only used for five soil types (sand, loamy
sand, loam, clay loam and clay) in the HYDRUS-1
simulation runs.

A second method for the estimation and cal-
ibration of hydraulic parameters (a, n and K))
was the use of the one-dimensional HYDRUS-1D
(4.16.0110) computer program (Simtinek et al. 2008)
for the Cun-1 and Cun-2 profiles and a theoreti-
cal multilayered profile (TML), which was the most
common profile horizonation sequence among the
88 drilling sites. The theoretical model was built up
of silty sand to a depth of 25 cm from the ground
surface, loamy sand for a depth of 25 to 50 cm and
clay loam at a depth of 50 to 320 cm (profile Cun-
1 served as a template).

The field-measured infiltration rates, pressure
heads and soil moisture contents at depths of 25
and 70 cm were used to further calibrate, control
and fine-tune the van Genuchten parameters using
an inverse solution in HYDRUS-1D. Among the
input hydraulic parameters, porosity and saturated
water content (6 ), and 0, as well as K, were mea-
sured in the laboratory; a, n and m were calculated
in RETC and were adjusted with the inverse sim-
ulations.
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Forward modelling of soil moisture

The HYDRUS-1D software was also selected to sim-
ulate water dynamics for the Cun-1, Ctin-2 and the
TML profiles at three daily evapotranspiration rates
(3,5 and 7 cm d') and initial tension gradient sce-
narios. To simulate the temporal changes of tension
at depths of 5, 10, 15 and 20 cm, simulation peri-
ods of 30 days were modelled in HYDRUS-1D (Fig.
2). Although extremely dry weather without rainfall
over a period of 30 days is rather extreme in Hun-
gary, such conditions are predicted by the REMO
and ALADIN models for the future for the low-
lands of the country, especially in its southern and
south-eastern part (Blanka et al. 2013).

Daily evapotranspiration rates of 3 and 5 mm
d"! are common values in Hungary during the sum-
mer months, but 7 mm d! is extreme and a worst-
case scenario assuming a mean daily temperature
of 30°C based on the outputs of the Thornthwaite
equation (Thornthwaite 1948) for the Drava Flood-
plain. Model runs in forward mode were parameter-
ised at initial surface pressures of (i) -330 H,0-cm
and (ii) -4,000 H,O-cm with a gradual gradient to
a depth of 320 cm (mean groundwater table depth).
An initial tension of -4,000 H,0-cm was selected
to study the effect of capillarity on the replenish-
ment of the vadose zone. A water-stress threshold
value of -2,000 was selected for the initial condi-
tions of -330 H,0-cm, when initial tension was at
-4,000 H,O-cm the conventional PWP of -15,000
H,0-cm was used.

If an initial tension of less than -4,000 H,0-cm
was used in the model runs, HYDRUS-1D failed to

execute the simulations. The upper boundary con-
dition (BC) was set to “atmospheric BC with sur-
face layer, b at surface = 0 cm’, while the lower
boundary was fixed to “constant pressure head” at
the depth of the mean groundwater table. For all
simulation scenarios, groundwater table depth was
fixed at 320 cm. Observation depths were set to 5,
10, 15 and 20 cm, which correspond with the depth
of the highest density of roots for the crops grown
in the study area (wheat, corn, sunflower, sugar beet
and soy). We assumed no precipitation for the 30-
day modelling period. The effect of hysteresis was
not activated in the simulations, while vapour and
heat transport and root uptake were all enabled.

Water stress for crops grown in the area (corn,
wheat, sunflower, beetroot, soy, and horticulture
plants such as tomato, green pepper, water melon
and cucumber) were assumed at and below the field
PWP value of -2,000 H,O-cm.

Determination of the spatial distribution of
DSAs and the development of the DSA map

The profile layering of the 88 sampling sites served
as a basis for the upscaling procedure, and also
for the determination of the drought sensitive ar-
eas (DSAs) based on HYDRUS-1D model runs.
We generated three textural maps for the depths
of 0-20 cm, 20-60 cm and 60-120 cm, based on
the data obtained by field sampling. By determin-
ing the existence of horizons of sandy texture and
the presence of textural boundaries with contrast-
ing horizons of the three maps, we generated the
drought-sensitivity map of the area, called the “DSA

Table 1. Textural harmonisation between the USDA textural triangle classes and the AGROTOPO textural classes

Textural classes used for the generation of the WRCs

AGROTOPO textural classes

Heavy clay
Clay
Clay loam
Sandy loam
Loam
Silt loam
Sandy loam
Loamy sand
Sand

Clay

Clay loam

Loam

Sandy loam

Sand

Inverse modelling of soil moisture
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map’. Polygons of high drought vulnerability in the
DSA map include both contrasting textural horizon
boundaries and at least one layer of sandy texture
among the three layers of the textural maps.

3. Results and Discussion

3.1. Results of the field monitoring

The studied period (duration: 9 months and 21
days) had higher total rainfall than the long-term
annual average of the area (680 mm). Total rainfall
reached 1,014 mm for the period between August
15, 2013 and June 4, 2014 in the village of Kémes.

In respect of its textural horizonation profile,
Cun-2 differed markedly from Cun-1, as profile
Cun-2 is built up of five layers of different textures
(loam, silt sand, loam and sand from the top to the
bottom). It contained a layer of coarse sand of 10
cm thickness (between the depths of 75 and 85 c¢cm)
which distinctly influenced local moisture dynam-

ics and presented a capillary barrier to the adjacent
layers.

Soil moisture values for the depth of 25 cm of
the Cun-1 profile ranged between 12.8 and 25.6%
over the monitored period. These values were high-
er than those measured at a depth of 70 cm (6.9
to 15.7%) (Fig. 1b). This inverse behaviour of soil
moisture as a function of depth is explained by the
vertical textural differences in the profile, as a silty
topsoil of 25 cm overlay a silty sand layer. Due to
the coarser texture in the profile below the depth of
25 cm, there was limited capillary rise in the deep-
er part of the profile (fine sand, Fig. 1b).

Over the studied period, the Ctin-2 profile had a
higher infiltration rate and retention capacity. This
result is likely explained by the multilayered char-
acter of profile Cin-2 and corresponds well with
former results (e.g. Bruch 1993; Si et al. 2011; Li et
al. 2013). Water recharge and replenishment, which
are confirmed by field monitoring, dominated the
vadose zone in autumn, winter and spring at the
Cun-2 site. Total cumulative infiltration was high-
er for profile Cin-2 (605 mm) than for Cun-1 (530
mm) over the monitored period, likely due to the
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of layering
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time series record
sensors =25, <70 cm

Laboratory investigation
determination of
water retention curves

L

Particle size distribution
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L g3
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van Genuchten parameters

of soil textural types
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Fig. 2. Flow chart diagram of the analytical procedures during the current study
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overall coarser particle fractions. Prolonged and rel-
atively consistent infiltration events were observed
in the winter season, especially for profile Cun-2,
while only short infiltration events with occasion-
al high peaks were detected in late spring and ear-
ly autumn (Fig. 3).

Vertical unsaturated and saturated flow direc-
tions (Fig. 3d) predominantly indicated infiltration
(negative values) while capillary rise (positive val-
ues) was only observed for summer, early autumn
and April (the driest month) for the Cun-2 pro-
file. Water recharge and replenishment by rainfall,
which were confirmed by field monitoring, domi-
nated the vadose zone in autumn, winter and spring
at the Cun-2 site. During the second half of August
and most of September of 2013, and April of 2014
moisture content of the vadose was replenished by
capillary rise for profile Cun-2 (Fig. 3d). Capillary
rise dominated flux in profile Cun-1 in August,
2013 and April, 2014. The pronounced late-Sep-
tember infiltration peak was caused by the lag of
infiltration and soil moisture response between the
depths of 25 and 70 cm (Fig. 3b).

3.2. Inverse HYDRUS modelling

The HYDRUS-1D model was used to simulate
pressure heads for the Cun-1 and Ctn-2 soil pro-
files. For the verification of the model and inverse
modelling of monitored data, both tension and soil
moisture data were simulated. Correlations between
the monitored and modelled data were p=0.984 and
p=0.841 for profiles Ctin-1 and Cun-2, respective-
ly. The root of mean square error between modelled
and measured data was 0.026 and 0.014 for Cun-1
and Cun-2, respectively.

3.3. Forward Simulation Runs with HY-
DRUS-1D

Initial tension (-330 and -4,000 H,O-cm) and profile
layering pattern (Ctn-1, Cun-2 and TML) signifi-
cantly influenced the temporal changes in tension
in the studied profiles. When initial tension was
set to -330 H,O-cm, final tension values reached
-2,800 to -12,500 H,O-cm on day 30 depending on
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the observation depths (5, 10, 15, 20) and the dai-
ly evaporation rates (3, 5 and 7 mm d™). Final ten-
sion values were below the tension threshold line of
-2,000 H,O-cm (initial water stress) for all observa-
tion depths in profiles Cin-1 and TML (Fig. 4). A
characteristic difference in hydraulic behaviour ex-
isted between profile Ctin-2 and the other two pro-
files at depths of 15 and 20 cm, regardless of the
daily evaporation rate. The Cun-2 tension time se-
ries reached the water-stress threshold value at the
depths of 15 cm on day 27, while tension at a depth
of 20 cm in profile Cin-2 did not reach the thresh-
old of -2,000 H,O-cm. This behaviour was likely
caused by the presence of the fine-textured topsoil
in profile Cun-2.

When initial surface tension was set to -4,000
H,0O-cm, tension time series at all depths and in
all scenarios showed decreasing tension values (Figs
4j-r). Observation depths 10, 15 and 20 cm demon-
strated a weak resistance against evapotranspiration.
This tension value may be ideal during the final rip-
ening phase of cereals (oat, wheat and rye) but in-
sufficiently low during the early phenological phases
of cereals, leguminous crops and vegetables. A ten-
sion of -15,000 H,0-cm was reached in 12 to 20
days after the onset of the simulation at a depth of
5 cm.

Final matric potential values were between
-4,800 and -18,278 H,O-cm on day 30. The driest
conditions on day 30 were reached in profile Cun-
2 at a depth of 5 cm at a daily evaporation rate of
7 mm d'. However, evapotranspiration rate had lit-
tle effect on final tension values (Fig. 4) as tension
values on day 30 at a depth of 5 cm ranged between
16,724 and 18,278 H,O-cm in profiles Cin-1 and
Cuin-2, respectively, for all three evapotranspiration
scenarios. The limited influence of evapotranspi-
ration on the temporal pattern on tension is like-
ly explained by the fine-textured topsoil of all three
simulated profiles. Secondly, the coarser texture of
the topsoil in profile TML capillary rise must have
been stopped at the boundary of the top 50 cm and
the underlying horizon of finer texture. The tension
time series therefore indicated no replenishment by
capillary rise.

Although profile Cin-2 had a more profound-
ly multilayered character than Cdn-1, in general,
moisture contents more rapidly depleted in pro-
file Ctn-1 (at the depths of 15 and 20 cm) than in
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profile Cin-2 when initial tension was set to -330
H,O-cm. This is likely explained by the character of
finer texture between 0 to 120 cm of the profile and
therefore the higher retention capacity of the top-
soil, especially due to the clay loam texture of the
top 35 cm. The multilayered structure of Ctin-2 re-
tained water more efficiently than the more homo-
geneous profile of Cun-1. However, profile Cun-1 is
less likely to be replenished by capillary rise from
groundwater in the summer, due to the underly-
ing coarse sandy layers. This observation confirms
that large textural contrasts in the multilayered pro-
file hinder upward moisture fluxes by capillary rise.

The initial tension parameter played a cru-
cial role on the outcomes of the simulation of the
30-day meteorological drought. At the same time,
evapotranspiration did not, or hardly, influenced
model results, as final tension values demonstrated
only small differences at the three input daily evap-
otranspiration rates. Similarly, the times when wa-
ter-stress condition threshold values were reached
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after the start of the simulations at the three evap-
otranspiration rates showed only minor differences.
Although the textural profiles were the opposite for
profiles Cin-1 (fine sediments underlain by coarse
sediments) and TML (coarse sediments underlain
by fine-textured material) simulation outcomes
were characterised by similar patterns, while pro-
file Cin-2 was drier than both profiles Cin-1 and
TML. In other words, the number of horizons or
layers with contrasting texture has a profound in-
fluence on the hydraulic properties of the profile of
interest (Miller and White 1998; Huang et al. 2013).

3.4. Spatial distribution of DSAs

Although the AGROTOPO soil textural map gener-
ated for the topsoil (0 to 20 cm) effectively supports
national-level decision making, it is only condition-
ally applicable to regional-scale management prob-
lems. In other words, it cannot be directly used to
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estimate the spatial distribution of drought hazard.
To overcome the limited applicability of the AGRO-
TOPO database, at least for the goals of the current
study, we aimed to delineate the spatial distribution
of drought-sensitive areas within the operational
area of the ODP. Simulation of hydraulic proper-
ties with HYDRUS-1D indicated that the presence
of contrasting textural properties and at least one
sandy horizon increases an areas drought sensitiv-
ity. To identify the spatial distribution of multilay-
ered structures, which are associated with reduced
vertical fluxes, we delineated areas where soil pro-
files are characterised by contrasting texture and in-
clude at least one sandy layer.

Sandy topsoil in the AGROTOPO database (only
available for the surface) covered an area of 76.31
km?, i.e. 12.98% of the entire studied area. For the
field-sampling-based DSA map the mean polygon
size was 6.68 km? the smallest polygon had a land
area of 0.175 km? and the largest one covered a sur-
face area of 82.6 km’. For the DSA , map, which
was generated using the textural data of the 88
field-augered samples, sand was found in 9.52 %
of the entire land area of the ODP, which corre-
sponds well with the surface percentage of sand in
the AGROTOPO database.

When sand percentage was determined for the
depths of 0-20, 20-60 and 60-120, topsoil (0 to 20
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cm) had the lowest fraction of sand. Increasing per-
centages of sand were found in layers 20-60 and
60-120. Sand was found in 24.93% and 51.72% for
the depths of 20-60 and 60-120 cm, respective-
ly. Overall, when all layers were considered in the
three textural maps between the depths of 0 and
120 cm, DSAs covered 64.78% of the studied area.

Conclusions

The current study aimed to determine the spatial
distribution of areas potentially affected by drought
in the floodplain of the River Drava, SW Hungary.
To achieve this, we modelled whether capillary rise
could contribute to the re-supply and replenishment
of soil moisture in the root zone of rain-fed crops
conventionally grown in the studied area.

As our HYDRUS-1D model simulations point-
ed out, capillary rise and upward movement of soil
moisture is limited where capillary barriers are pres-
ent at the interfaces between layers of contrasting
soil textures. Similarly, the presence of layers of
sandy texture may indicate reduced capillary rise
due to the larger fraction of macropores (Camp-
bell 1985). Infiltration and drainage processes in
multi-layered soils are complicated by the contrast-
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ing hydraulic properties (Huang et al. 2011). The

spatial heterogeneity of soil texture therefore sig-

nificantly influences water dynamics and replenish-
ment, as well as the spatial distribution of drought
hazard, even at a horizontal scale of a few metres.

Multilayered soils often demonstrate poor hydraulic

properties and weak suction due to the presence of

capillary rise barriers (Campbell 1985). Other mul-
tilayered soils, however, due to the presence of cap-
illary and hydraulic barriers, may hold more water
than non-layered soils (Zettl et al. 2011; Li et al.

2013). Layers of sandy texture may decrease capil-

lary rise (Campbell 1985), similarly to soils of very

fine, clayey texture, where upward movement of wa-
ter is retarded (Li et al. 2011). Loss of moisture may

be significant due to evaporation to a depth of 60

cm in sandy soils (Hellwig 1973).

Our results may be inspiring in terms of under-
standing water dynamics of soils of heterogeneous
hydraulic properties, but need to be handled with
extreme caution with respect to drought hazard. Ex-
treme subsurface heterogeneity was also revealed by
field borehole sampling and profile excavations. Al-
though the area has a relatively uniform macroto-
pography (slope gradients in the studied area are
less than 0.002 m m™ and relief differences are less
than +1 m km?), the fluvial processes and mean-
dering character of the Drava River give the soil
texture extreme spatial heterogeneity and, conse-
quently, create a high-level of uncertainty in the as-
sessment of rhizospheric soil moisture.

In summary, from our findings the following
specific conclusions have been drawn:

1. The physical properties of soil in the studied
floodplains are extremely heterogeneous due to
random past sedimentation dynamics. There-
fore, water availability, water retention and
capillary rise in the shallow rhizosphere are sig-
nificantly controlled by subsurface heterogenei-
ty and stratification.

2. Although profile Cin-2 has a more contrast-
ing textural character than Cuan-1, depletion of
moisture content was less pronounced in pro-
file Cin-2 than in Can-1. This was indicated
with inverse soil moisture vertical distribution
by the field data. Such an observation has al-
ready been confirmed by previous studies (e.g.
Li et al. 2011).
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3. According to HYDRUS-1D model runs, the
more complex and more contrasting the sub-
surface horizonation in terms of soil texture, the
more reduced the vertical water flux is within
the profile. Multilayered structure had a more
profound effect on the water dynamics of the
root zone than daily evaporation rates.

4. HYDRUS-1D model runs indicated that cap-
illary rise contributing to the water supply of
the topsoil is reduced when major textural dif-
ferences hinder the upward movement of soil
moisture in the profile, triggering drought risk
in the root zone.

5. Upscaling our results to floodplain scale and to
a depth of 120 cm, drought likely affects 64% of
the entire studied area.

The approach used in the current study can be
applied to areas of Fluvisols along floodplains char-
acterised by heterogeneous hydraulic properties and
contrasting vertical textural properties under hu-
mid continental and maritime climates. Nonethe-
less, here we described homogeneous flow, whereas,
in the field, preferential flow may also contribute
to subsurface moisture conditions and solute puls-
es during individual rainstorms, as indicated by past
studies, e.g. Hendrickx and Flury (2001) and Mul-
lane et al. (2015).

Based on the distribution of DSAs, recommen-
dations can be made for best farming practices.
However, water stress has not only been observed
for crops grown within the area of the ODP but
also in the forests and woodlands of the Danube-
Drava National Park, as indicated by reduced tree
and sapling growth. Hence, to increase the spatial
resolution of the moisture availability and detection
of areas of water shortage, further analyses and ad-
ditional field-collected or remotely-sensed datasets
(e.g. K, 6 and 0) are required. If a spatial resolu-
tion of a few tens of metres is achieved, that would
already reflect the vegetational and morphological
patterns of point bars and the moisture-character-
istics of ridge-and-swale topography along the left-
bank floodplain of the River Drava with sufficient
detail.

The DSA maps with the integrated textural and
model-based hydrodynamical details may provide a
more detailed picture on the water dynamics of the
Drava floodplain. The locations of DSA areas pro-
vide valuable information for stakeholders and lo-
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cal farmers to implement appropriate management.
At local levels, soil textural data derived from field
surveys and upscaled by interpolation and incorpo-
rated into the existing soil databases could also in-
crease the resolution and accuracy of national-scale
soil maps (Laborczi et al. 2016, 2018).
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