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Soil moisture retention on slopes under different agricultural land uses
in hilly regions of Southern Transdanubia
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Abstract

Increasingly severe weather extremes are predicted as one of the consequences of climate change. According
to climatic models, weather extremities induce higher risks for both flood and drought in the Carpathian
Basin. Throughout the 19" and 20* centuries, flood control relied on cost-intensive engineering structures, but
recently ecological solutions have come to the fore. Flood hazard on major rivers could be mitigated if multiple
and cumulative water retention opportunities are exploited on the upper sections of tributary catchments.
Appropriate land use and landscape pattern changes can shift the infiltration to run-off ratio to the benefit of
the former. In the Transdanubian Hills of Southwest Hungary three study areas with different agricultural
land use types had been selected and investigated for the impact of landscape micro-features on soil moisture
retention capacity with the purpose of conserving water from wet periods for the times of drought. Marked
differences in moisture dynamics have been detected between arable land, grasslands and orchards. This fact
underlines the need for integrated soil and water conservation. Drought risk was found to be the highest on
ploughland. Favourable soil water budgets have been observed in the fields as a function of land use: less
intensive types, like grazing land and orchards (particularly tree rows), were identified as places of high water
retention capacity. Although serious water stress conditions were also reached in the orchard, it markedly
mitigated drought conditions compared to the ploughland.
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Sz. et al. 2010; Loczy, D. et al. 2012). Flash floods
are disastrous rapid run-off events, which can
be generated in any season by the joint effect
of numerous local environmental factors and

Introduction

The reports of the Intergovernmental Panel on
Climate Change (IPCC) unequivocally predict

growing spatial and temporal concentrations
of precipitation for the 21 century (IPCC
2013). This trend is manifested in different
manners regionally, but for the Carpathian
Basin it involves an increase in flood hazard
(Dbovers, L et al. 2019), particularly in flash
flood hazard (FABIAN, Sz.A. et al. 2006; CziGANY,

primarily affect small mountainous or hilly
catchments of agricultural utilization, where
they cause damage comparable to that of large
river floods.

Seldom so concentrated in space and more
difficult to localize, droughts are apparently
less dangerous than floods (World Bank 2019).
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Although they develop more gradually, they
last for much longer periods than floods (often
for years). An important component of adjust-
ment to new climatic conditions could be an
integrated water management, equally direct-
ed to the prevention of floods and droughts
(Grosicki, A. et al. 2015; Ferk, M. et al. 2020).
Water retention is a crucial task here (European
Commission 2014; Ferk, M. et al. 2020). The
damage brought about by extreme weather
events always depends on the local context.
As a good example, it could be cited that in
Hungary 2010 was by far the most humid year
since the beginning of meteorological obser-
vations, while 2011 was somewhat drier than
anything observed before (KSH 2012). In most
of the mesoregions of the country, however,
thanks to the storage of surplus moisture from
the previous year in soils, the 2011 drought did
not cause remarkable losses of crop yield.

For long, throughout the 19 and 20" cen-
turies, flood control measures meant cost-in-
tensive construction of engineering structures
(primarily dykes and embankments). Only re-
cently the significance of natural processes in
flood control has been recognized. Indicators
of flood regulation demand (StUrcx, J. ef al.
2014) allow the mapping of the distribution
of areas with high flood regulation capacity,
which is mostly due to close-to-natural vegeta-
tion or extensive agricultural use. The main
limiting factor to flood regulation is the low
water retention capacity of some soil types
due to their texture, bulk density and organic
matter content (CasteLLiNi, M. and IoviNo, M.
2019). The relative weights of such parameters
can be defined through sensitivity analyses
(Baxkacsi, Zs. et al. 2019).

It had not happened before the 21* century
either that the importance of water retention
on floodplains was recognized within the
framework of ecosystem services (FisHER, B.
and Turner, K. 2008; HaiNes-Young, R. and
Porscuin, M. 2011; Dgzs6, J. et al. 2019). This
recognition induced a change of paradigm
in water management: instead of getting rid
of surplus water and conducting floods as
rapidly as possible downstream, the main
objective became the conservation of water —

primarily in floodplains (Loczy, D. 2013), but
also, in small but cumulative amounts, in the
upper sections of catchments (Himann, M.
et al. 2011). The idea is that in these sections the
rapid collection of run-off waters can be pre-
vented applying relatively simple and low-cost
investments before huge water masses could
cause disastrous floods on lowland river sec-
tions (SEEGER, M. and Ries, J.B. 2008). How can
we create conditions more favourable for slow
infiltration than for rapid run-off? Certain land
use classes as well as landscape micro-features
can be effective in this respect (Syrsg, R.-U. and
GruNEwaALD, K. 2013). Since the intensity of in-
filtration tends to decrease exponentially (or in
a power fashion) with time, the first hours after
rainfall (or sudden snowmelt) are of particular
significance.

For an integrated and sustainable water
basin management a reconsideration of the
role of landscape pattern and water retention
capacity is needed. Instead of cost-effective
engineering solutions, which are often dam-
aging to the aesthetic quality of the landscape
(JorGENsEN, D. and JorGeNsEN, F.A. 2018; PENG,
S.H. and Han, K.T. 2018), more natural, ‘eco-
logical’, interventions are required (European
Commission 2014), which also serve the goals
of the EU Water Framework Directive and
other guidelines (European Commission 2000,
2006, 2007). In the Natural Water Retention
Measures (NWRM) directive the following
goals are identified (European Commission
2014):

— parallel mitigation of flood and drought risk;

— regulation of stream flow and surface run-off
to intensify infiltration;

- enhancement of water storage in soils, stand-
ing water bodies and aquatic ecosystems;

- supporting positive natural hydrological
processes.

All these measures underpin the resilience of
ecosystem under conditions of climate change.

As conceived in the European Union,
NWRM (European Commission 2014) com-
prises both traditional (waterways, retention
ponds etc. — DECLERCK, S. ef al. 2006) and novel
solutions ("soft engineering’ such as green in-
frastructure, bio-infiltration, rain gardens etc.)
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which are relatively easy to apply in urban
(Pyxe, C. et al. 2011) as well as rural environ-
ments (Emerson, C.H. et al. 2005; Davis, A.P.
et al. 2009). The efficiency of retention measures
should be carefully monitored in the context of
the local environment (VYLETA, R. et al. 2017).

A carefully chosen type of land use on
hillslopes can be the best tool for run-off regu-
lation (LerrinGer, G. et al. 2010; Zucco, G. et al.
2014; RiBeiro, D. and Smip Hrisar, M. 2019).
The modelling of run-off generation and water
conservation under different agricultural land
uses, modified by the spatial and temporal
variability of soil physical properties, is a com-
mon topic of research in Europe (e.g. STOLTE,
J. 2003), the United States (GUERRERO, B. et al.
2017) and China (Wang, H. et al. 2013). The
findings are applied in land-use planning.

In addition to the effect of land use on run-
off, various authors have identified a range of
manmade features in traditional landscapes
(hedgerows, scarps on field margins, plough-
land terraces, riparian belts) which are in-
strumental in run-off deceleration (BAuDRY, J.
et al. 2000; Tuiem, K. and Bastian, O. 2014;
Smip Hrisar, M. et al. 2017) and have a number
of other beneficial functions (wind shelter, con-
servation of air and soil moisture, soil erosion
and pollution control etc.). In the 20* century,
the loss of traditional management practices
has led to a large-scale impoverishment of the
landscape (WEe1, W. et al. 2016) and declining
biodiversity (HaBer, W. 2014). At the same
time, some landscape elements prove to be
persistent and survive. For instance, plough-
land terraces (in German: Ackerterrassen) are
still conspicuous elements of many agricul-
tural landscapes (Loczy, D. 1998). Even relict
micro-topographic elements (occasionally with
remnant vegetation patches) can modify slope
processes (run-off, erosion, nutrient fluxes -
ZorN, M. and Komac, B. 2011; CenTer1, Cs.
et al. 2015) and are particularly highly appreci-
ated in regions where water is in short supply
(Cuen, L. et al. 2013; Niu, C.Y. et al. 2015). It
should be noted that occasionally escarpments
and terraces completely deprived from vegeta-
tion are also efficient since the slope deposits
which are often accumulated in considerable

thickness store substantial amounts of mois-
ture. Economic calculations confirm that their
conservation is profitable: it is claimed that the
expenses of conservation yield returns with
1.8-fold average profit in the future (TaiEm, K.
and Bastian, O. 2014).

Retention ponds on small watercourses help
to reduce extreme water regime (Goron, H.
et al. 2011; Ferk, M. et al. 2020) and release
floodwater gradually into major rivers (ScuoLz,
M. 2003). The return of the expenses of such
investments is also regarded favourable (IUCN
1997; Berry, P. et al. 2017). In Hungary, in the
Transdanubian Hills numerous flood retention
reservoirs (on many streams in a cascading
system) were built in the 1970s. The largest,
Lake Deseda, is capable to store 10.75 million
m? of water (Csegr, V. 2019). Although it was
built for the purposes of flood control and in-
dustrial water supply, the reservoir is of com-
plex utilization, i.e. also used for fishing and
angling, bathing, nature conservation, water
sports and other recreation activities. These
secondary functions, however, can occasion-
ally conflict with the primary one. Although
retention reservoirs are remarkable landscape
features, their landscape ecological role has not
been surveyed yet (FErk, M. et al. 2020).

The efficiency of resilient measures of flood
control is excessively analysed in water man-
agement and landscape ecological literature
(Kunpzewicz, Z.W. et al. 2018). Run-off re-
tention is one of the most important regu-
lating ecosystem services from the view-
point of water management (TEEB, 2010;
Haines-Young, R. and Potschin, M. 2011;
LATERRA, P. ef al. 2012; HoroszNE GuLYAS,
M. 2012; StUrek, J. et al. 2014). A range of
relatively easily established or maintained
landscape features, including diversion or
contour banks (DERM 2010), grassed water-
ways (FIENER, P. and AuerswaLp, K. 2003),
vegetated ditches (Coorer, C.M. ef al. 2004;
Moorg, M.T. et al. 2004; Ortrto, S. et al. 2016),
hedgerows and other buffer strips (European
Union 2014) are routinely used in landscape
planning worldwide. Historical surveys are
performed in the ongoing Hungarian na-
tional project on the mapping and evaluation
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of ecosystem services (MAES-HU — TaNAcs,
E. et al. 2019). The three services selected for
monetary evaluation also include water re-
tention capacity.

The Topographic Wetness Index (TWI) de-
veloped by Beven, K.J. and Kirksy, M.J. (1979)
and further refined by Beven, K.J. (1986), iden-
tifies sites of run-off concentration on slopes
and, thus, depicts the detailed spatial distribu-
tion of moisture storage. Plenty of experience
is available on the applicability of the TWI,
not only for run-off control (Hjerpt, K.N. et al.
2004), but, for instance, for spatial vegetation
pattern (Korecky, M. and Cizkova, S. 2010), for
delimiting inundated areas after urban flash
floods (PouraLy, S. et al. 2016) and for the spa-
tial extension of NVDI index values (SHARMA,
A. 2010). The index was found to be suitable
for hilly areas but proven to be misleading
in the case of broad floodplains and flat val-
ley bottoms with deep sediments fills where
large amounts of water are stored (AL, G. et al.
2013). No experiments of this type have been
performed so far in the Pannonian Basin.

The current paper presents the first find-
ings of a joint Hungarian-Slovenian research
project entitled “Possible ecological control of
flood hazard in the hill regions of Hungary
and Slovenia”. According to the authors’
knowledge no studies have been targeted the
analysis of the impact of linear landscape ele-
ments on moisture retention in the Pannonian
Basin. The project aims at filling in this scien-
tific gap and exploring the opportunities of
water retention in soils on hillslopes in a sus-
tainable manner and without costly invest-
ments into hard engineering structures. In
addition to the analysis of the impact of land
use change, the impact of landscape features
on water dynamics during the vegetative pe-
riod of 2019 was also studied.

Materials and methods

Study sites

The three study areas are located in the
Transdanubian Hills of Southwest Hungary

in the vicinity of the city of Pécs (Figure 1).
All three has relatively gentle slopes, similar
soil parent materials (loess) and physical soil
types. The agricultural land use types and
landscape patterns (the preservation of tra-
ditional landscape elements), however, are
different (ploughland, pasture and orchard).

Boda area (foothills of the Mecsek
Mountains)

This study area is located about 10 km West
of Pécs, in the southern foreland of the Me-
csek Mountains, gently sloping towards the
Pécs half-basin. Its elevation ranges from
172 to 182 m. Typical land use is large-scale
arable farming with conventional tillage,
with sugar-beet, cereals, sunflower, soy and
rape seed as the main crops. The prevail-
ing diagnostic soil type of the site is Haplic
Luvisol. The soil moisture monitoring sites
were placed on a slope of 4.24 per cent in-
clination. It means that this surface can be
regarded as almost horizontal, but the steep-
est slopes with southern or south-western
exposure have angles up to 10 per cent. The
distance between the upper and the lower
monitoring sites is 190 m. Erosion features
in the study area include a derasional valley
and an erosional stream with a small grove
which influences soil moisture budget in
the immediate vicinity of the valley. Heavy
rainfalls between 3 and 16 July 2018 induced
large-scale rill erosion on the surface. The
annual rainfall of the area in 2019 totalled
630 mm.

Palkonya area (northern foreland of the
Villany Hills)

The second study area lies enclosed between
the settlements of Palkonya, Ivanbattyan,
Kisjakabfalva, Villany and Villanykovesd.
The parent material is loess overlying a
Mesozoic limestone basement. The soils are
described as Chromic Cambisols. Elevation
above sea level is somewhat lower than in
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Fig. 1. Location of the study areas on the DEM generated from a LiDAR survey. a = Almamellék (meadow);
b =Boda (arable land); c = Palkonya-Villanyk&vesd (orchard)

Boda, 113-128 m, while the plot where the
monitoring equipment is placed is steep-
er, with an average slope of 8.98 per cent.
Land utilization is partly orchard and partly
grazing land. The measurement sites were
deployed at a distance of 156 m from each
other. The annual rainfall of the area in 2019
totalled 830 mm.

Almamellék area (Zselic Hills)

The study area is situated in a basin of the
Zselic Hills at an elevation of 127-142 m. Its
relief is subdued (mean slope angle is 4.24%)
but still slightly dissected. The Calcaric Phae-
ozem soils of the site are locally severely
eroded. (The Hungarian Agricultural Plot
Registration Database [MePAR] indicates

medium to severe water erosion hazard for
ca 40% of the study area.) The valleys are
used as meadows and hillslopes mostly as
grazing land. The measurement sites are lo-
cated at a distance of 167 m from each other.
The soil and water conservation measures
implemented by landowners to date have
not proved to be efficient. The most signifi-
cant rainfall event of the past decades was
observed in March 2018 with a total rainfall
of 128 mm recorded by the rain gauge of the
neighbouring Szentldszl6 which threefold ex-
ceeded the long-term March average. A rapid
and sediment-loaded run-off washed down
huge amounts of loess along dirt roads used
by agricultural vehicles into concrete-lined
water-conducting ditches even plugging cul-
verts. The annual rainfall of the area in 2019
totalled 770 mm.
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Generation of the TWI, ,maps

For a comprehensive assessment of the water
dynamics the Water Retention Index (WRI)
was employed, which is a useful tool to esti-
mate potential water retention broken down to
water storage by the various landscape com-
ponents (VANDECASTAELE, L. et al. 2016; Qru, Z.
et al. 2017; Rapura, M.V. et al. 2018). The WRI
is calculated using the following equation:

R
WRI = (w,R + wgngw +wR +w R +w,R,) (1 7%» )

where w is the weight to be assigned to each
parameter (subscript v is vegetation, gw is
groundwater, s is soil, sl is slope and wb stands
for surface water bodies), and R is the parame-
ter scores given for retention in vegetation (R ),
groundwater bodies (R ), soil (R) and sur-
face water bodies (R ,), and for slope (R ) and
soil sealing (R_). The values of the component
factors of the equation were estimated from
findings of other research projects in Hungary
(KerTESsz, A. et al. 2010; Junos, K. et al. 2019).

An indispensable precondition for the ex-
periments carried out in the study areas was
a Digital Elevation Model (DEM) of proper
resolution. While a 1-m resolution DEM
based on LiDAR survey for the territory of
Slovenia (ZVOKELJ, B.P. et al. 2015) was at the
disposal of the Slovenian partners, unfortu-
nately, for the territory of Hungary no such
suitable DEM was available. Therefore, as a
first step a LIDAR survey and the subsequent
data processing into a DEM was ordered and
carried out by the Envirosense Hungary Ltd.
The limitations of project financing only al-
lowed for the survey to cover three study
areas, 11-12 km? each.

In principle a DEM can be applied to de-
pict soil moisture conditions because water
flow tends to follow topographic gradients
and accumulate in response to gravitational
potential energy (Murrny, P.N.C. et al. 2009).
Therefore, for reconstructing the spatial dis-
tribution of moisture storage and the sites
where surface run-off is concentrated, the
Topographic Wetness Index (TWI) is widely
used (Beven, K.J. and Kirksy, M.]. 1979).

TWI is a GIS-based index which can be
derived from any grid with elevation data
and is able to indicate the soil moisture con-
ditions and water retention potential, solely
based on topography. Relying solely on the
DEM, the TWI,, only identifies the sites of
natural run-off concentration and the result-
ing distribution of soil moisture. This way
the importance of topography is exaggerated
and, at the same time, the role of land use
is disregarded. Eventually, TWI relies on a
high-resolution DEM and calculates water
and soil moisture distribution only from the
size of the catchment area and slope inclina-
tion as input parameters, using the following
equation:

TWI =In(a / tan ), (2

where a is the number of DEM pixels above
the point of observation (representing the
catchment area) and f is slope inclination
(in degrees). TWI is a dimensionless figure,
which ranges from 0 to 30. Values close to 0
indicate dry areas, while those above 20 wet
areas. In the light of previous investigations
(see e.g. Murpny, P.N.C. et al. 2009; DROVER,
D.R. et al. 2015; THOMAS, LA. et al. 2017), spe-
cial attention should be devoted to the qual-
ity of input data for TWI, primarily to their
resolution. Experiences with the application
of TWI confirmed that calculation merely
corresponds with topography and cannot
realistically reflect soil moisture conditions.
Therefore, as a further developed version,
Beven, K. and Woop, E.F. (1983) and BeveN,
KJ. (1986) suggested a Soil Topographic Wet-
ness Index (STWI), which also takes into ac-
count soil and sediment transmissivity (in the
saturated zone below the groundwater table):

STWI=1n (a/T - tan p), 3)

where T is soil and sediment transmissiv-
ity (below groundwater table) measured in
m?h. From the DEM tan § is the slope, while
the value of tan § = 0/0L is more applicable
for the evaluation of biodiversity and soil pH
(SorenseN, R. et al. 2006).
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TWI index values were calculated with
ArcGIS 10.4 software. The input model was
the DEM generated from LiDAR survey data
and the Digital Surface Model (DSM) of 1-me-
tre resolution. The latter dataset included
the first reflectance of the radar signals, and,
therefore, comprises all natural and artificial
objects (in other words, DSM represents the
elevations of the reflective surfaces [trees,
buildings and other features] which rise
above the ground surface — Zuou, Q.M. 2017).

Natural water retention potential was as-
sumed to be proportional with the difference
between the TWIs calculated from the DEM
and from the DSM. It was supposed that the
features of micro-topography with water reten-
tion potential have some (even if minimal) spa-
tial extension and, therefore, are represented in
the DSM as higher-lying surfaces. Subtracting
the elevations of pixels in the DSM-derived
TWI from the DEM-derived TWI, the difference
can be any value (negative, positive or zero). To
avoid results of negative values, the minimum
grid value (m) in the investigated area (always
negative) is subtracted from the difference of
the DEM and DSM derived TWI. The new TWI
applied for land use (TWI, ) is calculated grid
by grid using the following equation:

TWI,, = TWI,,, - TWI,,) - m, )

where TWI, , is water retention potential;
TWI,,,, is TWI grid value derived from the
DEM; TWI,,,is the TWI grid value derived
from the DSM; m = min (TWI,,,,, - TWI,, ) is
the minimum value of the difference between
TWI, ., and TWI, within the study area. The
grid values therefore can only be positive num-
bers or zero. As a consequence, values ranging
from 0 to the median value can be regarded to
indicate areas with low water retention poten-
tial, while areas with values ranging from the
median to the maximum value are designated
as areas with high water retention potential.

Field monitoring setup

To validate the soil moisture model in the
context of the local landscape pattern, soil

moisture monitoring systems were installed
for each study area in December 2018. Rain-
fall totals and intensities were collected using
tipping-bucket rain gauges (ECRN-100, Meter
Group Inc., Pullman, WA, Unites States) of
0.2 mm resolution. Rain gauges were installed
only at the top of slopes of plots. At both the
top and bottom of each monitored slopes TDR
soil moisture sensors (Meter Group Inc., Teros
12) and tensiometers (Teros 21) were horizon-
tally inserted into the soil at depths of 10 and
30 cm. All data were collected with EM-60
data logger in 15-minute time intervals.

For the spatial calibration of the model,
Volumetric Water Content (VWC) was
measured with a Fieldscout TDR-300 soil
moisture meter (Spectrum Inc., Planfield,
Illinois, United States) in June 2020, follow-
ing a dry winter and spring (184, 175, 195
and 187 mm rainfall totals between January 1
and May 31, 2020 in Pécs, Almamellék, Boda
and Palkonya, respectively). Fifty measure-
ments of three repetitions at each measure-
ment point were taken at the three sites using
20-cm long electrodes. Spearman analysis
was employed to compare TWI, ; maps with
the field measured data.

Particle size analysis of the soil samples

Soil samples were taken from the depths of
10 and 30 cm. Samples were then pre-treated
for the removal of organic matter and CaCO,
in the soil science laboratory of University of
Pécs. Textural pattern and particle size distri-
bution of the soil samples were determined
using a Malvern MasterSizer 3000 (Malvern
Inc., Malvern, England, United Kingdom)
particle size analyser.

Results and discussion
Distribution of TWI indices in the study area
According to former studies land use plays

an important role on the spatial distribution
of soil moisture. To this purpose, the DSM
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(controlled by land use) was integrated into
the DEM to create a combined DEM-DSM
(called TWI, ; in the current study), uniting
moisture dynamics (water retention) origi-
nating from topography and from land use.
Therefore, the calculated TWI, ; was used to
depict the spatial distribution of soil mois-
ture in the three study sites.

TWI, , maps showed patterns noticeably
different from those on either TWI ,  or
TWI,,, maps (Figure 2). The obtained TWI
maps indicated the potential run-off paths
which were due to the joint effect of topog-
raphy and vegetation (land use) in the three
study areas. In addition to micro-topogra-
phy, the TWI,  also indicated the influence of
landscape features, in the case of the orchard,
tree rows, on run-off reduction and mois-
ture storage (see Figure 2). TWI,  distinctly
pointed out the combined role of surface el-
evation and vegetation (elevated surfaces)
on the spatial distribution of soil moisture
in the three study areas.

The overall highest TWI value was de-
tected at the Almamellék site (28.080). The
TWI, , map indicated low TWI values at the
abrupt step (location of the top slope station)
of about two metres vertically at the top of
the Almamellék site and at the dirt road in
an upslope direction. Although enhanced
lateral evaporation was expected here in
the profile, tension did not fall below the
permanent wilting point (PWP, -1,500 kPa)
during the entire monitoring campaign. It is
likely explained by the low infiltration and
lower roughness values of the road which
enhance run-off in the direction of the step
and the tensiometers. The site of the bottom
slope station here was not properly selected
and should have been positioned in the main
stream of moisture accumulation about 65 m
to the south. However, if located closer to the
fish ponds the effect of groundwater would
be more pronounced on moisture contents.

The TWI , grid values of the Boda site
were the lowest among the three sites with
a maximum pixel value of only 17.754. Here
the TWI , map indicated pixels of high
moisture contents for both monitoring sta-

tions, due to the proximity of the hedgerow
upslope of the top slope station and the in-
fluence of the grove upslope of the bottom
slope station. Still, this site was exposed to
the greatest water stress over the monitoring
campaign with tension below PWP for the
longest period. Here, the lack of crop cover,
following the harvest, likely contributed to
the low matric potential values. However,
additional moisture and tension data were
not available to compare the two stations
with in-site moisture data where micro-fea-
tures did not influence moisture dynamics.

At the Palkonya site soil moisture showed
moderate variations (TWI values ranged be-
tween 0 and 21.53). The most prominent pat-
tern was observed at the orchard site where
the tree rows influenced soil-atmosphere in-
teractions via the differences in direct irradia-
tion and evapotranspiration. The TWI index
allowed a clear distinction between surfaces
with the predominance of run-off and those
with high water retention capacities. The lat-
ter mostly coincide with the rows of trees (see
Figure 2). Run-off in the orchard was diverted
into the alleys between tree rows, while can-
opy differentiated water retention through
interception, shading effect and evapotran-
spiration, hence modifying the infiltration/
run-off ratio. Nonetheless, in a considerable
portion of the Palkonya site, spots of high
water retention were not parallel with the
tree rows. This fact underlines the modifying
effect of natural micro-features in relief. This
heterogeneous moisture pattern is pointed
out in the TWI, ; model, however it does not
always reflect higher water retention capaci-
ties along the tree rows compared to the in-
terrows (Figure 2, i).

Soil moisture and tension distribution based on
field monitoring

Monitored matric potential (¢, ) data for the
spring period revealed that capillary rise (up-
ward water motion) was the dominant process
at the upper sites while at the footslopes infil-
tration (downward water motion) dominated
moisture dynamics (Figure 3). Matric potential
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values observed at the three study sites were
remarkably different over the investigation pe-
riod. Similarly, differences in water potentials
were striking between the spring and summer
periods of the growing season.

There was no significant difference be-
tween the fluctuation of the top-slope and
bottom-slope potential values during the
spring season at the Almamellék site. Here,
tension values did not fall below the PWP.
Prolonged periods devoid of rainfall trig-
gered the plunging of water potential from
-20 kPa to -1,300 kPa between July 1 and 13,
2019, at both the top-slope and the bottom-
slope station. However, for the rest of the
summer water potential at the top-slope site
did not fall below -250 kPa. Water potential
at the bottom-slope station fell below the
PWP twice. Former studies also concluded
that usually there are two periods of drought
hazard in Hungary (Kocsis, T. and Axpa, A.
2006). However, no rainless period exceeded
15 days over the study period.

The Boda site is utilized for dryland farm-
ing, hence it remains uncovered by crops
for a prolonged period of time between
September and April (see Figure 2). This plot
is bordered by a hedgerow to the northeast,
while a grove borders the plot to the south-
west: these features significantly mitigate
run-off at the aforementioned boundaries
of the studied plot. Mean tension values in
the spring, measured next to the hedge, were
higher (-25 kPa) than next to the grove (-65
kPa) (Figure 3, b). While tension did not fall
below the PWP during the spring, there were
no plant available water next to the grove in
the top 30 cm between March 28 and May 28.
Water potential fluctuations were an order of
magnitude higher next to the grove than at
the hedge. During this period, two rain-free
spells lasted for 10 days (March 26 to April
4) and April 15 to 24). During the summer
water potential fell below the PWP at both
the hedge and the grove. Tension remained
below the PWP for the entire summer at the
grove. Although tension also fell below PWP
at the edge of hedgerow, a major difference
was observed between the length of drought-

affected period between the top-slope and
the bottom-slope sites. The grove matric po-
tential remained below -1,500 kPa during the
entire period at a depth of 30 cm, and even
further decreased till mid-November (Figure
3, ¢). Sub-PWP tensions abruptly ceased on
October 30, 2019, at both top-slope depth
and at a depth of 10 cm at the bottom slope
(grove) when tensions increased due to a
rainfall event of 10.3 mm. However, tension
at a depth of 30 cm at the grove remained
below the PWP. At the hedgerow two dis-
tinct drought period was identified: the first
between July 8 to 27 and a second between
August 27 to September 27.

At the Palkonya site, the top-slope station is
located among the trees while the bottom-slope
station is found 8 m downhill from the base
of the orchard (see Figure 2, c). During spring
tension was never less than -25 kPa (note that
the moist-end measurement limit of Teros 21
is around 8 kPa). Fluctuation of tension was
almost negligible in the spring months. Over
the summer top-slope tension never fell below
the PWP, yet tension decreased from -33 kPa to
-1,104 kPa. Tension at the bottom-slope station,
however, reached the PWP for 3 consecutive
days between July 27 and 29, 2019.

Water stress sensitivity

Our research validated former results (Em-
ErsON, C.H. et al. 2005; Davis, A.P. et al. 2009;
LerTiNnGer, G. et al. 2010; Syrse, R.-U. and
GruNEwaALD, K. 2013; WaNg, S. et al. 2013;
Zucco, G. et al. 2014; VYLETA, R. et al. 2017),
i.e. soil moisture is closely controlled by land
use, the proximity of land features, precipi-
tation totals and intensities and soil textural
properties. During our monitoring campaign
precipitation totals of less than 1 mm per
day did not affect matric potential. In terms
of temporal variability of matric potential of
the topsoil, two significant periods, charac-
terized by large fluctuations and relatively
low tension, were observed at all three study
sites. Tension only fell below the PWP at the
ploughland and the meadow sites, while
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reached the PWP at the bottom-slope station
of the orchard. Largest variability of matric
potential was observed at the grove-plough-
land and the hedge-ploughland boundaries.
At the meadow site the bottom slope was af-
fected by medium tension fluctuation while
the orchard bottom-slope tension was only
slightly sensitive and exposed the vegetation
to only a slight water stress. Presumably, the
grove and the hedgerow functions as a wa-
ter retention barrier during run-off events,
whereas during periods of water stress they
may further decrease soil moisture contents
and the matric potential of the top 30 cm of
the soil. Although rainless periods were al-
ways shorter than 15 days, which contradicts
the findings of Kocsis, T. and ANpa, A. (2006),
agricultural an economic drought was still
extensive, especially at the tilled site. Land
use change does not actually eliminate the
appearance of drought but shortens its dura-
tion and mitigates its impact on vegetation.

In the spring period the most favourable
soil water budget was observed in the graz-
ing land of Almamellék, where average soil
moisture content was the highest in summer.
Drought risk in summer was the highest in
the Boda area. Soil moisture contents were
low on many occasions and for prolonged
periods. The longest of such periods lasted
for 46 days (between June 17 and August 2,
2019). During summer the Palkonya orchard,
a close-to-natural type of agricultural land
use, had the highest average soil moisture
content, particularly if we compare it with
the built-up area in its western neighbour-
hood. This finding confirms that even very
sparse, village-type, housing development
may have a considerable negative impact on
moisture conditions (see Figure 3). Analysing
the interrelationships between precipitation
and tension, for the Palkonya area it was
found that rainfall events above 1 mm could
cause observable changes in tension of the
upper soil horizon.

Soil moisture distribution influences
soil formation processes on the long run.
Depending on the season and the morpho-
logical position remarkable differences are

observed in the direction of water motion (in-
filtration versus capillary rise). At the meas-
urement sites water tensions at 10 and 30
cm depths as well as their temporal changes
differed conspicuously between the upper
and the lower sites of measurement. The
footslope sites invariably had less negative
matric potentials. It was found that in spring
capillary rise can alternate with infiltration
along the same slope. The limited surface
run-off observed at all the three areas can be
explained by the low rainfall intensities and
gradual snowmelt. During the summer part
of the growing season capillary rise was com-
mon for both measurement sites. Horizontal
flow (surface run-off and probably through-
flow too) has intensified in the summer com-
pared to spring. This particularly applies to
major showers (e.g. on June 18, 2019: 35.2
mm day”, on August 3, 2019: 30.4 mm day™).

Our results revealed a weak correlation
between elevation and field measured VWC
for the orchard (Palkonya site), moderate
correlation for the ploughland (Boda site)
and strong correlation for the pasture of the
Almamellék site (Table 1). TWI  performed
well pointing out spatial variation in soil
moisture conditions and dynamics at the
orchard site, as TWI  integrated both the
effects of topography and vegetation. By
accounting for the shading effect and reten-
tion of moisture under canopy, TWI  well
reflected actual moisture contents of the top
20 cm of the studied soils. When elevation
was correlated with the TWI, , the orchard
showed the highest correlation and the pas-
ture the weakest, demonstrating the adequa-
cy of TWI, , for a land use type of this sort.
When the measured VWC was correlated

with TWI, , negative correlation was found

Table 1. Correlations among elevation, VWC and
TWI, , for the three studied land use types

Parameters Ploughland | Orchard | Pasture
Elevation - VWC 0.573 0.354 0.726
Elevation - TWI, 0.357 0.790 0.087
VWC-TWI -0.438 0.412 0.139

Note: VWC was measured during an extreme dry
period in June 2020.
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for the ploughland while the best correla-
tion was observed again for the orchard site.
The negative correlation demonstrates water
retention in upslope and midslope position,
likely indicating the influence of linear ele-
ments (a grove and a hedgerow) in the inten-
sively cultivated landscape which counter-
acts and reduces the downslope movement
of soil moisture due to gravity.

According to our findings, the most fa-
vourable soil water conditions have been ob-
served in the grazing land and orchards (par-
ticularly tree rows), as they were identified
as places of high water retention capacity.
These findings have been partly corroborated
by the conclusions of Wang, H. et al. (2013)
who claim that grasslands in Eastern China
had the highest infiltration rates preceding
shrubs, subshrubs, trees and crops. However,
mean soil moisture contents were only the
second highest in their study and were low-
er than under maize canopy. According to
VYLETA, R. ef al. (2017) linear elements (e.g.
tree rows and hedgerows), perpendicular
to slopes, stabilize the surface, prevent soil
denudation and mitigate direct run-off and
water erosion, while, at the same time, con-
tribute to increased infiltration. According
to our findings, however, tree rows parallel
to the slopes also mitigate run-off, and, com-
bined with the shading effects of tree cano-
pies, induce higher soil moisture contents
compared to interrows.

Furthermore, Davis, A.P. et al. (2009) based
on the result of their case study, suggest the
strategic use of surface vegetation to divert
and reduce surface flow and to filter sedi-
ments. EMerson, C.H. et al. (2005) sound the
view that the volume control of peak run-offs
in watersheds of high relief solely by deten-
tion basin is ineffective, unless combined
with other alternative land use and run-off
management practices. In accordance with
the latter statement, Hinman, C. (2005) points
out the necessity of sustainable practices and
low-impact technologies on complex storm-
water management. Similarly to EMERsON
and his co-workers, we found that run-off
volume can be controlled by grasslands and

pastures, which contributes to increased in-
filtration and mitigate direct run-off.

LerrinGer, G. ef al. (2010) found that the
greater the initial soil moisture content,
the smaller the influence of slope gradient
on run-off and infiltration remained. This
finding was also confirmed by our results:
increased infiltration was observed at lower
initial matrix potential values. However,
LerrinGer and his colleagues attributed par-
ticular importance to the seasonal dynamics
of surface run-off and the land use type in
their experiments performed in the Stubai
Valley, Eastern Alps, Austria. Their experi-
ments, in contrast to our results, revealed
that macropore flow was inhibited on pas-
tures due to the compaction exerted by cattle.
The change in bulk density at depths of 0 and
0.2 m may have affected water holding ca-
pacities and recharge rates at the intensively
cultivated Boda study site in or experiments.
Hence, structural changes and increased soil
bulk densities reduce macropore volume,
macropore flow and soil moisture recharge.
This also suggests that trampling, treading
and mechanical load by heavy machinery
may affect soil structure, which may be
avoided by various BMPs including con-
servation tillage or no-till techniques (e.g.
FuenTEs, J.P. 2004).

In contrast to the findings of TorGyesi, C.
et al. (2020), we did not observe the desiccat-
ing effect of trees on lower soil layers. This
is partly explained by the difference in soil
textural types as the aforementioned study
found the drying effect in soils of sandy tex-
tures. On the contrary, our results revealed
that in the case of the orchard trees, canopy
and the shaded area enhances water reten-
tion and water storage during dry periods
and therefore contributes to the general
functions of natural ecosystem services. This
finding is in a good agreement with those
of Syreg, R.-U. and GrunewaLp, K. (2013),
and RiBeiro, D. and Smip Hrisag, M. (2019),
who accredit high ecological importance to
semi-natural line elements in the manage-
ment of excess storm water. According to
GUERRERO, B. et al. (2017), in harmony with
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our findings, also suggest that natural ag-
ricultural water conservation strategies are
capable to limit the decline of water and soil
moisture supplies at regional scales. In addi-
tion, and rather similarly, our results point-
ed out the importance of natural landscape
elements, providing ecosystem services, on
the spatial distribution of soil moisture and
water retention at sub-regional plot scales.

Conclusions

Our field monitoring results revealed that
soil moisture at depths of 10 and 30 cm did
not fully correspond with the spatial pattern
of neither the TWI_, nor the currently pre-
sented TWI, . Rather unexpectedly, field-
monitored data always indicated lower
(more negative) tension values for the bottom
slope sites than for the top-slope sites (see
Figure 3). Naturally, this pattern contradicts
the pattern of TWI,, and TWI,; as both
calculation algorithms assume the influence
of gravity on moisture dynamics. This dis-
crepancy can be partially explained by the
influence of linear pedological and vegeta-
tional features and landscape elements (like
in the case of the Almamellék site, with an
anthropogenic step at the top of the slope)
on the distribution of soil moisture, not fully
reflected in the TWI, ; map.

A second possible reason for the observed
discrepancy is the insufficient resolution of
field monitored data. To improve the spatial
resolution of soil moisture distribution, point
soil moisture measurements were taken us-
ing a mobile TDR device. The latter high-
resolution soil moisture measurements cor-
roborated the large spatial heterogeneity of
soil physical properties (texture, macropores,
and preferential flow paths) in the field as
well as the influence of landscape elements
on soil moisture dynamics.

A third explanation for the difference in
soil moisture pattern between the field pat-
tern and the TWI, ; map is the large spatial
heterogeneity of soil physical patterns, espe-
cially the difference in soil texture. Therefore,

the careful selection of the long-term soil
moisture and water potential monitoring sites
is essential. Alternatively, as mentioned in the
previous paragraph, mobile monitoring of
topsoil moisture conditions could provide a
substitute solution for field data acquisition.
A fourth reason for the possible deviation
between the TWI maps and the field data lies
in the relatively short equilibrium time that
was available for the sensors after deployment.
The insufficient contact between the sensors
and the presence of voids around the sensor
discs might have supplied erroneous tension
data. Therefore, longer periods of field moni-
toring, and higher cumulative infiltration totals
and the subsequent compaction of soil particles
are essential to verify and obtain an objective
overview of field soil moisture patterns.
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