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Abstract: A quantitative understanding of actual evapotranspiration (ETa) and soil–water dynamics
in a hillslope agroecosystem is vital for sustainable water resource management and soil conservation;
however, the complexity of processes and conditions involving lateral subsurface flow (LSF) can
be a limiting factor in the full comprehension of hillslope soil–water dynamics. The research was
carried out at SUPREHILL CZO located on a hillslope agroecosystem (vineyard) over a period of two
years (2021–2022) by combining soil characterization and field hydrological measurements, including
weighing lysimeters, sensor measurements, and LSF collection system measurements. Lysimeters
were placed on the hilltop and the footslope, both having a dynamic controlled bottom boundary,
which corresponded to field pressure head measurements, to mimic field soil–water dynamics.
Water balance components between the two positions on the slope were compared with the goal of
identifying differences that might reveal hydrologically driven differences due to LSF paths across
the hillslope. The usually considered limitations of these lysimeters, or the borders preventing LSF
through the domain, acted as an aid within this installation setup, as the lack of LSF was compensated
for through the pumping system at the footslope. The findings from lysimeters were compared with
LSF collection system measurements. Weighing lysimeter data indicated that LSF controlled ETa rates.
The results suggest that the onset of LSF contributes to the spatial crop productivity distribution in
hillslopes. The present approach may be useful for investigating the impact of LSF on water balance
components for similar hillslope sites and crops or other soil surface covers.

Keywords: water balance components; lysimeters; evapotranspiration; lateral subsurface flow; hillslope

1. Introduction

Hillslopes exhibit complex patterns of water storage and transport through space
and time, resulting from the interplay between various hydrological processes, including
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precipitation, infiltration, runoff, subsurface flow, and actual evapotranspiration (ETa). The
slope inclination, the soil characteristics, the vegetation cover, and the land use practices
can all influence hillslope water dynamics [1,2].

Water availability along the hillslope impacts the water status and health of vegetation
in both positive and negative ways. For example, wetter soils may support greater plant
water availability and thus growth [3]. However, if soils are saturated for extended periods,
waterlogging can reduce plant root function due to anaerobic conditions in the root zone [4].
Such conditions occur commonly in certain soil types (such as Stagnosols) [5]. The unfavor-
able air–water regime of these soils often constrains agricultural production, primarily due
to infiltrated water stagnating on or in the poorly permeable subsoil horizons [6].

Climate change is causing changes in the variability of water consumption in agroe-
cosystems, including vineyards [7]. The associated increased temporal variability of rainfall
patterns is likely to have a substantial influence on available water and grape production
in these systems [8]. Ohana-Levi et al. [9] evaluated seasonal ETa patterns using lysime-
ters with vines planted within and showcased the high variability of water consumption
throughout the growing seasons. Understanding the complex relationships between cli-
mate change, rainfall variability, and vineyard water use is crucial for sustainable viticulture
management. Climate change-affected factors, such as intense rainfall events [10], can have
significant impacts on soil–water flow dynamics [11]. In particular, higher rain intensities
may stimulate infiltration and subsoil water contents, creating conditions for lateral water
movement. As a result, variations in soil water availability across a hillslope can arise, with
the footslope position potentially exhibiting larger subsoil water amounts than a hilltop.

The plant water status and health changes, as a response to the variable soil moisture
conditions at the hillslope, will be reflected in the ETa fluxes, with ETa rates increasing with
plant water access and plant growth and decreasing where waterlogging impinges plant
growth. Thus, a better knowledge of hillslope water dynamics can support improving
the productivity of agroecosystems, helping to mitigate the impacts of land use [12] and
climate variability [13].

Unfortunately, ETa fluxes relevant to hillslope-scale water distributions can hardly be
observed because, on the one hand, ETa obtained from footprint-based techniques such
as eddy covariance [14] is difficult to downscale, while on the other hand, ETa obtained
from small-scale observation methods such as lysimeters [15] or sap flow sensing [16]
is difficult to upscale. An alternative technique could be to use weighing lysimeters,
which reproduce field conditions on scales ranging from 0.07 to several square meters
and offer high-precision evaluation of the local water balance components. Weighing
lysimeters are commonly used in hydrological experiments, but they are not often used
in hillslope hydrology research because the separation between the lysimeter and the
field soil prevents lateral in- and outflow. State-of-the-art weighing lysimeters are filled
monolithically, equipped with a pressure-controlled lower boundary, and allow high-
precision and high-temporal-resolution estimation of soil water storage changes and fluxes
at the boundaries (i.e., rainfall, drainage, ETa, or dew) [17]. The lower boundary condition
controlled by the dynamic pressure head ensures that lysimeter soil–water dynamics
closely correspond with that of the field with respect to upward and downward fluxes [18].
These kinds of lysimeters are used for studying the temporal dynamics of soil water
storage [19,20], water and matter budgeting [21–23], and determining seasonal leaching
patterns [24], among several other applications [25–30].

The precipitation rate determined by traditional rain gauges (i.e., tipping bucket
method) differs from the one obtained by weighing lysimeters and tends to have lower
accuracy [31–33]. There are multiple reasons for the deviations in precipitation measure-
ments, including the fact that weighing lysimeters can detect precipitation at the ground
surface level without any effect of deformation of the wind field and also of dew, fog, hoar
frost, and soil water vapor adsorption [34,35]. Additionally, the data from standard rain
gauges are affected by errors due to evaporation, among other factors [36]. Thus, lysimeter
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data can contribute to an improved understanding of water cycling [22], water use [37],
and the temporal variability of water balance components [38].

Importantly, lysimeters can be placed in different locations in the landscape, such
as at the hilltop and footslope of a hillslope, and offer insights into the dynamics of the
spatial variability of the water balance components and the soil water flow. Moreover, the
usually considered limitations of these lysimeters, or the borders preventing lateral flow
through the whole domain, could act as an aid in identifying the impact of hillslope lateral
subsurface flow (LSF), as even though flow within the lysimeters is restricted to vertical
flow, the controlled lower boundary condition can be influenced by the LSF, and thus by
observing the upward fluxes at the footslope, the onset of the LSF could be identified.

This study was carried out at the hilltop and footslope of a hillslope agroecosystem,
during the period of 2021–2022, using field hydrological measurements (including weighing
lysimeters, soil water content and soil water potential sensors, and LSF collection systems).
The aims of the research were (1) to investigate the soil–water dynamics in a hillslope
agroecosystem, (2) determine the impact of LSF along the horizon boundaries through
quantitative lysimeter measurements (specifically on ETa), and (3) to compare the lysimeter
findings with LSF collection system measurements.

2. Materials and Methods
2.1. Investigated Site Description

The research was carried out at the SUPREHILL Critical Zone Observatory (CZO)
(https://sites.google.com/view/suprehill/(accessed on 20 May 2023)) positioned in a hills-
lope agroecosystem (vineyard) at the experimental station Jazbina (45◦51′24” N, 16◦00′22” E)
in Zagreb, Croatia (Figure 1), with a southwest exposition. The rows are oriented downhill,
while the inter-row area is grass-covered. The investigated area had an average annual
precipitation of 857 mm during the period from 1970 to 2020, along with an air temperature
of 11.2 ◦C.
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lation positions of weighing lysimeters; (C) weighing lysimeter locations and lateral subsurface 
Figure 1. (A) Position of the SUPREHILL CZO presented within the borders of Croatia; (B) installation
positions of weighing lysimeters; (C) weighing lysimeter locations and lateral subsurface flow
collection systems displayed on a three-dimensional model of the vineyard (produced with UAV data
in Agisoft Metashape); (D) soil profiles at the installed lysimeter positions.

2.2. Soil Investigation

The disturbed soil samples were obtained at the weighing lysimeter installation po-
sition at the hilltop and footslope at 0–30, 30–60, and 60–90 cm soil depths in triplicates
to determine the soil particle size distribution and soil organic carbon content (Corg). The
method of wet sieving and sedimentation (ISO 11277:2020) was used for the soil particle dis-

https://sites.google.com/view/suprehill/(accessed
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tribution analysis, while for Corg determination, the sulfochromic oxidation (ISO 14235:1998)
method was used (Table 1).

Table 1. Average soil particle size distribution and soil organic carbon (Corg) at the hilltop and
footslope position at 0–30, 30–60, and 60–90 cm soil depths and soil type at the SUPREHILL CZO.

Position
Depth Soil Particle Size (%) [Size in mm] Corg

Soil Type
(IUSS, 2022)(cm) Sand Silt Clay (g kg−1)

[2–0.063] [0.063–0.002] [<0.002]

Hilltop 0–30 5 79 16 13.3 Dystric Luvic Stagnosol
(Aric, Humic, Endoloamic, Episiltic)lysimeter 30–60 3 73 24 5.9

60–90 6 68 26 2.6

Footslope 0–30 8 76 16 14
Dystric Stagnosol

(Aric, Colluvic, Humic, Inclinic, Siltic)
lysimeter 30–60 7 75 18 9.9

60–90 7 69 24 4.1

The average content (%) of both coarse (2–0.2 mm) and fine (0.2–0.063 mm) sand
fractions was low and ranged from 1 to 4%. Both the highest coarse (35%) and fine (44%)
silt were found at the hilltop (0–30 cm). Silt content had a decreasing trend with depth
at both hilltop and footslope positions. Clay content ranged from 16 % (both hilltop and
footslope at 0–30 cm) to 26% (hilltop at 60–90 cm). Contrary to silt, clay had an increasing
trend with depth at both hillslope positions. Corg ranged from 2.6 g kg−1 (footslope at
60–90 cm) to 14.0 g kg−1 (footslope at 0–30 cm) and decreased with depth. In this vineyard,
the soil type is classified as Dystric (Luvic) Stagnosol by the IUSS Working Group WRB
(2022) guidelines [39].

The undisturbed soil samples (soil cores—250 cm3) have been sampled at two hillslope
positions (hilltop/footslope) at weighing lysimeter installation positions in triplicates, at
depths 0–20, 20–40, 40–60, and 60–90 cm. The mentioned soil cores were utilized for the
estimation of soil hydraulic properties (SHPs) by employing the HYPROP system (the
desiccation method) (METER Group, Inc., Pullman, WA, USA) [40] and WP4C (the dew
point device) (METER Group, Inc., Pullman, WA, USA) [41]. SHPs were determined using
HYPROP-FIT application (METER Group, Inc., Pullman, WA, USA) [42].

Soil hydraulic functions were described using the van Genuchten–Mualem (VGM)
single porosity model [43]:

θ(h) =
{

θr +
θs−θr

(1+|αh|n)
m

}
for h < 0

θ(h) = θs for h ≥ 0
(1)

K(h) = KsSl
e (1− (1− S

1
m
e )

m
)

2
(2)

Se =
θ − θr

θs−θr
(3)

m = 1− 1
n

; n > 1 (4)

where θ(h) is volumetric water content [L3 L−3], K(h) is hydraulic conductivity of unsatu-
rated soil at the water pressure head of h [L], θr is residual soil water content [L3 L−3], θs is
water content at saturation [L3 L−3], Se is the effective saturation [-], Ks is the saturated
hydraulic conductivity of the soil [L T−1], α is the inverse of air entry value (bubbling
pressure) [L−1], n is the dimensionless soil pore size distribution index [-], m is the dimen-
sionless optimization coefficient [-]. The pore connectivity parameter, l, was set to of 0.5,
following the recommendations for the majority of soils [44].
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Laboratory estimation of SHPs exhibited that θs varied from 0.326 cm3 cm−3, at the
hilltop at 60–90 cm, up to 0.426 cm3 cm−3, found at the hilltop at 0–20 cm. Ks ranged
from 0.277 cm day−1, at the footslope at 40–60 cm, up to 3.86 cm day−1, at the footslope at
60–90 cm. At the hilltop, θs decreased corresponding to the soil depth, while bulk density
was increasing, which agrees with past findings at similar research sites [45,46]. Bulk
density ranged from 1.46 g cm−3 (hilltop at 0–20 cm) to 1.79 g cm−3 (hilltop at 60–90 cm).
Furthermore, the lowest θs (0.326 cm3 cm−3) corresponded with the highest bulk density at
the site. Values of RMSE (θ) were smaller than 0.02 cm3 cm−3 (Table 2). Soil water retention
curves (fitted) were presented in Figure 2.

Table 2. The VGM parameters estimated with HYPROP-FIT. The θr is the residual water content, θs is
the saturated water content, α and n are the empirical retention curve shape parameters, Ks is the
saturated hydraulic conductivity, RMSE is the root mean square error, BD is the soil bulk density, and
SD is the standard deviation.

Position Depth
[cm]

θr
[cm3 cm−3]

θs
[cm3 cm−3]

α
[cm−1]

n
[-]

Ks
[cm day−1]

RMSE (θs)
[cm3 cm−3]

RMSE (Ks)
[cm day−1]

BD
[g cm−3]

SD (BD)
[g cm−3]

Hilltop
lysimeter

0–20 0.0 * 0.426 0.00927 1.238 1.94 0.0097 0.1599 1.46 0.01
20–40 0.06 0.388 0.00426 1.321 0.982 0.0107 0.1626 1.53 0.04
40–60 0.095 0.359 0.00658 1.198 0.847 0.0086 0.3052 1.68 0.03
60–90 0.129 0.326 0.0178 1.194 1.34 0.0172 0.3257 1.79 0.03

Footslope
lysimeter

0–20 0.0 * 0.413 0.00339 1.256 0.277 0.0149 0.1927 1.52 0.07
20–40 0.0 * 0.383 0.00629 1.184 0.672 0.0089 0.2311 1.61 0.03
40–60 0.0 * 0.385 0.00831 1.179 0.608 0.012 0.2255 1.55 0.02
60–90 0.0 * 0.401 0.00718 1.169 3.86 0.0174 0.1088 1.5 0.02

Note: * model assumption was that θr values were zero.
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Figure 2. Soil water retention curves (SWRCs) obtained with HYPROP-FIT software (hilltop and
footslope positions) at four depths (0–20, 20–40, 40–60, and 60–90 cm) and three replications at the
SUPREHILL CZO.

2.3. Weighing Lysimeter Setup, Measurements, Quality Assurance, and Data Processing

At the hilltop and footslope position, high-precision weighing lysimeters (SFL 900,
METER Group, Inc., Pullman, WA, USA) [47] were set up by pushing empty lysimeter
cylinders (30 cm in diameter, 90 cm long, and with a surface area of 0.07 m2) vertically
into the vineyard cover (grassy area) ground with a centered cutting jack. After the top of
the cylinder reached the ground level, the monoliths were excavated and lifted during the
installation procedure with a tripod and lifting gear, for the necessary setup and system
connections (Figure 3).
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CZO: (A) vertical downpress of the cylinder during excavation; (B) connection of the sensors and
system parts; (C) lowering of the cylinders below ground level and placement of the drainage tank
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The cylinders were placed on continuously measured balances (PL-200, METER Group,
Inc. USA) with a measuring precision of 28 g, measuring resolution of 5 g, and high-
frequency measurement of a record per minute. Both weighing lysimeters were connected
to a central unit that automatically regulates the system and records the data. The lysimeter
bottom soil was constantly kept in hydraulic pressure equilibrium with the field soil by
using tensiometers (T8, METER Group, Inc. USA) installed in the same 90 cm depth in
the immediate surroundings of the lysimeters. Pressure head equilibrium was achieved
through a bi-directional pumping system, connected to a pump controller that adjusts the
condition at the lysimeter bottom based on the real-time field tensiometer readings. The
pressure head in the weighing lysimeter was measured by a pressure sensor in the sensor
distribution box, which is connected via a tube to the ceramic surface implemented at the
lysimeter bottom. The water from each lysimeter was collected in an external drainage
tank, which was placed on a balance (PL-10, METER Group, Inc. USA), with a measuring
precision of 1 g, measuring resolution of 0.5 g, and the weight was recorded every minute.
Additional sensors were installed inside the lysimeters, measuring soil water content
(5TE, METER Group, Inc. USA) and soil matric potential (TEROS 21, METER Group, Inc.,
Pullman, WA, USA) at 5, 45, and 85 cm soil depth (Figure 4).
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To ensure the continuity of the high-interval data records, the operational status
of the weighing lysimeters was monitored daily. The screening and examination were
conducted in the web application Grafana [48] through automatically transferred data or
with examination using daily transferred data on an FTP server. The daily measurements
were continuously checked for abnormalities and deviations, to promptly rectify the field
causes. Additionally, on a weekly basis, a lysimeter site inspection was carried out.

The collected raw data entries went through manual and automatic plausibility checks.
The manual plausibility control was achieved through the procedure of data flagging in
DIAdem software (NI, Austin, TX, USA). Flagged data were removed and consequently
replaced with an appropriate method specific for the error to compensate for any values
that were missing [29,49]. For the gap-filling procedure of ETa, grass reference evapotran-
spiration (ET0) was used. In order to improve the reliability of the data and to smooth
the noise, the AWAT filter was employed [50–52]. The AWAT filter applies an adaptive
smoothing window size and an adaptive threshold value to lysimeter mass data. The filter
has shown to be able to identify even small water fluxes, such as low rates of ETa or dew
formation [52].

The data that were processed were then used to determine ETa and P from lysimeter
weight or mass changes. It was assumed that during each 1 min measurement interval, any
lysimeter mass decrease or increase could be attributed to either ETa or P.

Meteorological data, including air temperature, solar radiation, relative humidity,
wind speed, and vapor and air pressure, were derived from a meteo station (ATMOS41,
METER Group, Inc., Pullman, WA, USA) set up between the two hillslope positions.

ET0 was calculated using data from the nearby installed meteorological station and
the Penman–Monteith equation [53]:

ET0 =
0.408∆(Rn − G) + γ Cn

T+273 u2(es − ea)

∆ + γ(1 + Cdu2)
(5)

where G is the soil heat flux (MJ m−2 h−1), Rn is the net radiation (MJ m−2 h−1), ∆ is the
increase in the saturation vapor pressure (MJ m−2 h−1), Cd and Cn are constants, γ is the
psychrometric constant (kPa C−1), u2 is the mean hourly wind speed at 2 m height (m s−1),
T is the mean hourly temperature (◦C), ea is the mean actual vapor pressure (kPa), and es is
the saturation vapor pressure (kPa).

Based on the weighing lysimeter data, water storage change (WSC) (mm month−1)
was calculated as

WSC = P − ETa − D + CR (6)

where P is precipitation, including water from rainfall and non-rainfall events (here mainly
from dew formation), ETa is actual evapotranspiration, D is the seepage water, and CR is
capillary rise or the upward-directed water from the deeper soil layer (Figure 5).

2.4. Lateral Subsurface Flow Measurements

Self-constructed LSF collection systems were implemented at a soil depth of 60 cm,
below the vineyard cover (grassy area), in three vineyard rows closest to the weighing
lysimeter (with buffer rows in between) at the identified soil layering transition at the
footslope. The collection system was placed on an inclined (2◦) aluminum sheet, which
served as a water diverter at the installed depth. The diverted water passed through a
perforated pipe, coated with a filter net. An upper guard was additionally installed on the
instrument, allowing only passing laterally moving water to be collected by the system.
Measurements were collected manually on a 14-day basis by pumping out collected soil
water through a vertically placed tube from the tank to which the system was connected
(Figure 6).
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Figure 6. Lateral subsurface flow collection system (A) with its cross-section (B) installed at the
footslope position of the SUPREHILL CZO.

3. Results and Discussion
3.1. Water Balance Components and Change in the Soil Water Storage

Higher average annual precipitation was observed in 2022 (971 mm) than in 2021
(773 mm). The lowest determined monthly precipitation in 2021 was 4.8 mm at the hilltop
and 6.7 mm at the footslope in June, while the highest was in May, with 150 mm at the
hilltop and 170 mm at the footslope. In 2022, the lowest monthly precipitation was 23.4 mm
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at the hilltop and 23.0 mm at the footslope in October, while the highest was in May, with
302 mm at the hilltop and 307 mm at the footslope.

The highest positive water storage changes in 2021 were observed in November,
for both hilltop (80.0 mm) and footslope (83.2 mm) following soil rewetting. Moreover,
the highest negative water storage changes (hilltop: −165 mm; footslope: −156 mm)
were observed in June, the same month with the lowest monthly precipitation (4.8 and
6.7 mm, respectively) and highest monthly ETa (hilltop: 174; footslope: 199 mm). In
2022, the highest positive water storage changes were observed in September, for both
hilltop (198 mm) and footslope (213 mm), the month with the highest precipitation (302
and 307 mm, respectively), while at the hilltop, the highest seepage (64.8 mm) occurred
simultaneously. The highest negative water storage change (−60.9 mm) in 2022 occurred in
May at the hilltop, while in June of 2022, the highest negative water storage change was
observed at the footslope (−99.9 mm), concurrently with the highest ETa (174 mm) of 2022
for both positions.

In 2021, the highest amount of upward-directed water (53.1 mm) at the footslope
occurred in June, while the highest one at the hilltop (39.8 mm) occurred in May. Fur-
thermore, in 2021, the highest seepage at the footslope (37.6 mm) occurred in December,
following soil rewetting, while the highest seepage at the hilltop (56.1 mm) occurred in
May, concurrently with the highest recorded monthly precipitation (150 mm) in 2021, at the
hilltop. For the whole investigated period (2021–2022), the highest upward-directed water
amount (75.9 mm) was observed in August of 2022 at the footslope, while the highest case
at the hilltop in 2022 (22.2 mm) occurred in April. The highest seepage of 2022 at the hilltop
(197.6 mm) was followed by the highest precipitation (302 mm) in September, while the
highest seepage at the footslope (72.2 mm) corresponding with the lowest ETa (36.1 mm) in
November (Table 3).

Table 3. Monthly rates of water storage change (WSC), precipitation (P), actual evapotranspiration
(ETa), downward-directed water or seepage (D), and the upward-directed water or capillary rise
(CR) calculated for the hilltop and footslope positions in the investigated period (2021–2022) at the
SUPREHILL CZO.

Year Position [mm] Jan. Feb. Mar. Apr. May June July Aug. Sep. Oct. Nov. Dec.

20
21

H
il

lt
op

ly
si

m
et

er

P 60.8 31.8 47.2 72.4 150 4.8 49.5 44.4 26.7 81.2 107 65.5
ETa 39.3 52.9 68.5 91.8 134 174 92.7 73.7 52.2 44.3 22.3 25.3
D 0.0 0.0 0.0 2.9 56.1 7.4 9.1 0.6 0.0 0.0 4.9 37.3

CR 0.0 0.0 0.0 11.8 39.8 12.1 0.3 0.0 0.0 0.0 0.0 8.2
WSC 21.6 −21.1 −21.3 −10.5 −0.3 −165 −52.0 −29.9 −25.5 36.9 79.5 11.0

Fo
ot

sl
op

e
ly

si
m

et
er

P 61.1 24.9 48.6 71.8 170 6.7 54.3 51.5 43.8 92.4 112.7 67.5
ETa 42.7 61.5 81.5 116 164 199 130 116 88.5 64.7 29.5 30.5
D 0.0 0.0 26.9 11.2 18.7 16.5 6.4 1.8 0.0 0.0 0.0 37.6

CR 0.0 0.0 13.5 11.6 42.2 53.1 32.5 7.9 0.0 0.0 0.0 47.1
WSC 18.4 −36.6 −46.2 −43.5 29.5 −156 −50.0 −58.4 −44.7 27.7 83.2 46.5

20
22

H
il

lt
op

ly
si

m
et

er

P 44.4 42.0 54.5 81.3 49.3 65.6 59.9 31.3 302 23.4 122.2 104
ETa 33.6 41.2 67.5 85.2 115 120 71.2 47.4 42.0 50.7 24.4 27.6
D 7.8 18.6 14.5 45.0 0.5 2.0 0.0 0.0 64.8 16.9 63.0 45.5

CR 3.5 12.3 14.5 22.2 4.9 3.6 0.0 0.0 2.8 8.2 20.8 0.7
WSC 6.4 −5.4 −12.9 −26.8 −60.9 −53.1 −11.3 −16.1 198 −35.9 55.6 31.4

Fo
ot

sl
op

e
ly

si
m

et
er

P 42.2 37.3 50.1 73.8 48.4 65.4 59.4 30.3 307 23.0 121 106
ETa 48.8 60.9 90.8 88.0 133 174 149 128 93.4 76.0 36.1 38.7
D 21.4 16.9 27.0 40.3 30.1 1.2 0.0 9.5 1.8 23.4 72.2 17.0

CR 13.4 6.0 40.9 23.8 21.5 9.7 38.4 75.9 1.0 56.1 39.2 35.2
WSC −14.5 −34.5 −26.8 −30.6 −92.6 −99.9 −50.5 −31.1 213 −20.4 51.6 85.2

The highest lysimeter mass measured at the hilltop was 163.5 kg, while the highest
at the footslope was 146.6 kg. The range of mass change for both lysimeters was 22.4 kg.
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In 2022, a rapid soil rewetting process is apparent for both lysimeters, as high-volume
precipitation events occurred in September, contrary to the prolonged soil rewetting of 2021
(Figure 7).
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Figure 7. Measured hilltop (blue) and footslope (red) lysimeter mass [kg] and total daily precipitation
[mm] in the investigated period (2021–2022) at the SUPREHILL CZO.

3.2. Field Hydrological Measurements

During high-volume rainfall events, differences in fluxes at the bottom of the lysimeter
can be observed in the form of an oppositional pattern, characterized by a downward
flux at the hilltop and an upward flux at the footslope. During such events, water was
commonly pumped back into the lysimeter at the footslope position, as the pressure head
at the lysimeter bottom was drier compared to the field. The larger difference during
such events can be explained by the missing lateral component in the lysimeter. Thus, to
compensate for the lack of subsurface lateral inflow across the soil profile at the depth of
the lysimeter bottom, water was pumped back into the domain until the lysimeter bottom
pressure head was equal to the one in the surrounding field soil (Figure 8).
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(downward [-] representing out; upward [+] representing in) (B) at the lysimeter bottom in 2021–
2022 at the hilltop (blue) and footslope (red) positions in the investigated period (2021–2022) at the
SUPREHILL CZO.

The differences in the lysimeter pumping dynamics between hilltop and footslope can
be influenced by LSF. During high-intensity rainfall events (Figure 9A), LSF could lead to
increased field soil water potential as compared to the lysimeter bottom at the footslope
position (Figure 9B), leading to different mass changes in the drainage tank. Miyazaki [54]
demonstrated that LSF can take place at textural boundaries within unsaturated soils that
are layered, sloped, and artificially compacted. During high-intensity rainfall events, the
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LSF flow rate can increase significantly due to vertically infiltrating water that moves
laterally through the soil layers [55] at increased soil moisture. The amount and velocity
of LSF are largely determined by the soil’s hydraulic properties, such as permeability and
water holding capacity, which are in turn influenced by the soil texture differences across
the hillslope [6]. Moreover, Montgomery and Dietrich [56] concluded that even though
subsurface water saturation can influence LSF routing, the hydrologic response of the
steep catchments appeared insensitive to the sloping due to controlling vertically oriented
unsaturated flow.
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Figure 9. Exemplary changes in lysimeter and drainage tank mass during a rainfall event with field
(A) and lysimeter bottom soil water potential (SWP) [kPa] (B) for the hilltop (blue) and footslope
(red) positions measured at the SUPREHILL CZO on 13 May (during the highest-intensity rainfall
event recorded in 2021). The mass changes are representative for the 0.07 m2 of the weighing
lysimeter surface.

The onset of LSF was further confirmed by the collection system measurements, in-
stalled at the footslope. LSF was generated during or near saturation conditions. During the
drying-out phases in both years and until soil rewetting, no LSF was observed. The highest
volume of LSF (77.2 L) was captured during prolonged rainfall events in November 2022
during saturated conditions. At the end of the first soil rewetting (December 2021), even
though low-rainfall events occurred, the findings suggest that saturated conditions were
determinative in LSF onset. These kinds of measurements should be used as means of
detecting the signal of flow onset, rather than quantification, due to the difficulties in
spatial dimensioning of the captured hillslope flow, in which laboratory experiments and
numerical simulations could be more useful. In Figure 10, upward-directed fluxes at the
footslope were highlighted (red) in cases of full saturation, showing similar dynamics
to those captured by LSF in collection systems, with the exception of periods of pump
disengagement due to freezing conditions in the first winter season. If soil water potential
reaches a state of zero, the onset of gravitationally driven LSF may occur as the capillary
forces become insignificant [57,58]. Furthermore, when observing the whole field soil water
potential measurement dataset, dryer soil conditions were apparent in 2021. For the whole
investigated period, the correlation between the observed field soil water potential and cap-
tured flow was 0.53 (p-value < 0.001), contributing to the hypothesis of the LSF onset, while
it is suspected that an even better correlation would have been found if the measurements
had a higher temporal resolution, as there was often a delay between field measurements
from the collection system and saturated conditions (Figure 10). Ehrhardt et al. (2021) [59]
compared soil moisture and pressure head observations in the field and within the lysime-
ter, with a focus on identifying deviations between them. Their analysis revealed that
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the field sensors generally responded quicker to rainfall events compared to those in the
lysimeter, suggesting the presence of LSF, generated from upper hillslope positions.
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Figure 10. Field soil water potential (SWP) [kPa] (grey), mean captured lateral subsurface flow (LSF)
(dark blue) [L], upward flux [mm] (above 0 kPa—red; below 0 kPa—light blue) at the lysimeter bottom,
and total daily precipitation (black) measured at the footslope in 2021-2022 at the SUPREHILL CZO.

The soil moisture and soil water potential data demonstrated that higher content
of soil water was found at the footslope (Figures 11 and 12). The critical factor of the
soil–plant–atmosphere continuum [60] is the availability of water in the soil for plant roots.
Root uptake is affected by soil properties [61], soil structure [62], soil organic content [63],
and root distribution [64], among other factors. The plant water demand depends on
environmental factors such as temperature, humidity, insolation, and wind, which influence
ETa rates [65]. In our case, it is evident that ETa rates were affected by available soil water.
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Figure 11. Observed soil water content (SWC) [cm3 cm−3] at the soil depth of 5 cm (A) and 45 cm
(B) for the hilltop (blue) and footslope (red) position and total daily precipitation [mm] (blue) in the
investigated period (2021–2022) at the SUPREHILL CZO.
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SUPREHILL CZO.
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Long-term and high-precision monitoring is necessary to produce accurate estimations
of water balance components [19]. An insight into the impact of LSF-induced soil moisture
variations and its effects on the ETa at varying hillslope positions is valuable information
that leads to an improved understanding of hillslope water dynamics. This information
can support the productivity of agroecosystems, contributing to sustainable water resource
management and conservation [65–67].

4. Conclusions

The high-resolution weighing lysimeters were able to produce reliable data that
could be used to identify the effects of lateral subsurface flow (LSF) on the water balance
components. The usually considered limitations of these lysimeters (borders preventing
lateral flow through the whole domain), within this installation setup acted as an aid in
identifying the impact of hillslope LSF. Weighing lysimeter measurement results indicated
that the position on the hillslope was determinant in differences caused in water balance
components. Moreover, measurements from the LSF collection system helped to confirm
this hypothesis.

During high-volume rainfall events, water flux across the lysimeter bottom was often
oppositely directed between hilltop (drainage) and footslope (upward-directed water flow).
The latter was related to LSF, which ultimately contributed to increased actual evapo-
transpiration (ETa) rates. The results suggest that such flow in these periods contributes
to the spatial crop productivity distribution in hillslopes. This hypothesis derived from
lysimeters at two slope positions should be tested further and compared by more detailed
crop observations and modeling tools, using the hillslope as the domain while including
field data from outside the lysimeters and in soils along the hillslope.

The results of the water balance components of a hillslope vineyard confirmed that this
lysimeter-based approach is transferable to similar hillslope agroecosystems. Long-term
and high-precision monitoring of water balance components and state variables is crucial to
increase the accuracy of the estimates. Understanding the factors that influence ETa in the
(agro-)ecosystem is crucial for sustainable water resource management and conservation.
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