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Abstract: Major losses of agricultural production and soils are caused by erosion, which is especially
pronounced on hillslopes due to specific hydrological processes and heterogeneity. Therefore, the
aim of this study was to assess the impact of agricultural management on the compaction, infiltration,
and seasonal water content dynamics of the hillslope. Measurements were made at the hilltop and
footslope, i.e., soil water content and potential were measured using sensors, wick lysimeters were
used to quantify water flux, while a mini-disk infiltrometer was used to measure the infiltration
rate and calculate the unsaturated hydraulic conductivity (K_unsat). Soil texture showed differences
between hillslope positions, i.e., at the hilltop after 50 cm depth, the soil is classified as silty clay
loam, and from 75 cm onward, the soil is silty clay, while at the footslope, the soil is silt loam even
at the deeper depths. The results show a higher K_unsat at the footslope as well as higher average
water volumes collected in wick lysimeters compared to the hilltop. Average water volumes showed
a statistically significant difference at p < 0.01 between the hilltop and the footslope. The soil water
content and water potential sensors showed higher values at the footslope at all depths, i.e., 8.0%
at 15 cm, 8.4% at 30 cm, and 27.3% at 45 cm. The results show that, even though the vineyard is
located in a relatively small area, soil heterogeneity is present, affecting the water flow along the
hillslope. This suggests the importance of observing water movement in the soil, especially today
when facing extreme weather (e.g., short-term high-intensity rainfall events) in order to protect soil
and water resources.

Keywords: hillslope; infiltration; sensors; wick lysimeters; compaction
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1. Introduction

Agricultural production on hillslopes is challenging due to land degradation caused by
tillage and soil erosion, which accordingly leads to soil heterogeneity and various specific
hydrological processes, e.g., surface runoff, subsurface preferential and lateral flows, and
chemical processes caused by a change in the equilibrium state [1–4]. However, such
locations are frequently used for horticultural production, e.g., vineyards, because of their
favorable properties, like sun exposure and the lack of waterlogging or mist formation.

The complexity of hillslope soils is noticeable in the additional processes that occur
compared to plain soils, such as soil erosion, subsurface preferential lateral flow, surface
runoff, etc. These processes affect water flow, and thus the transport of pollutants (fertil-
izers, pesticides, etc.) and water balance on the hillslope. Therefore, the knowledge of
hydrological processes in such soils is essential for sustainable water and soil management.
Furthermore, soil erosion on the hillslope is caused by surface runoff, soil tillage, as well as
trafficking in general, resulting in subsurface compaction causing increased soil strength,
which consequently has negative impacts on root development, plant nutrient uptake,
and reduced soil aeration and hydraulic conductivity [5–7]. These processes also lead to a
greater soil physical heterogeneity along the hillslope. As a result, upper positions have a
less permeable layer closer to the surface compared to the lower ones, eventually affecting
the water balance and resulting in a reduced hydraulic conductivity that can lead either to
lateral subsurface flow or surface runoff. Subsequently, lateral subsurface flow can occur in
arable soils at the tillage depth where a compacted horizon (e.g., plow pan or hard pan) is
present [8].

The presence and volume of lateral subsurface flow firstly depend on the precipita-
tion intensity and amount. Furthermore, differences in hydraulic properties, especially
hydraulic conductivity, can appear as a result of various soil layers and impact lateral
subsurface flow. Additionally, other characteristics influencing lateral subsurface flow are
soil depth, hillslope angle, antecedent moisture condition, and the physical characteristics
of the preferential flow network [9,10]. As a result, preferential flow occurs bypassing most
of the soil solid phase and causing relatively faster fluxes compared to the other types of
flow in the vadose zone [11]. Previous studies [12] suggested that pedologically identical
soil horizons do not always have identical soil hydraulic properties as a result of a different
slope position, depth of soil development, and parent material. On the other hand, it is
important to consider the soil infiltration rate as one of the factors that has a direct impact
on runoff [13], leaching, and crop water availability, leading to an easier prediction of
surface runoff [14].

Understanding the soil infiltration rate is important for sustainable management.
While it must be considered when draining and/or irrigating, it affects solutes’ transport,
groundwater recharge, and ecosystem sustainability. According to Morbidelli et al. [15],
the infiltration rate decreases as the slope increases as a result of a reduced available time
for rainfall infiltration. In spite of the larger complexity and less predictability compared to
the flow under saturated conditions, unsaturated hydraulic conductivity can be calculated
using infiltration rates measured by a mini-disk infiltrometer (MDI), among other methods.
An MDI is based on the principle of a tension infiltrometer, where the macropores with an air
entry value smaller than the suction of the infiltrometer are eliminated. The applied water
under tension or suction does not enter into the macropores, e.g., cracks and wormholes,
but it is affected by hydraulic forces in the soil and is drawn through the finer pores of the
soil [16]. The MDI is a widely used method for the determination of infiltration rates and
hydraulic conductivity both in the field (e.g., [17–19]) and in the laboratory (e.g., [20,21]).

The objective of this study was to (i) assess the effect of agricultural management
(i.e., trafficking) on compaction, infiltration, and seasonal water content dynamics along
the hillslope and (ii) to determine if there are any differences between the hilltop and the
footslope. Therefore, to determine the water flow behavior on the hillslope, we combined
several methods, i.e., the estimation of soil hydraulic parameters (SHPs), sensor-based
measurement of soil water content and water potential, quantifying water flux using



Land 2024, 13, 588 3 of 17

wick lysimeters, measuring infiltration using a MDI, and calculating the water potential-
associated unsaturated hydraulic conductivity. The research was conducted at the hilltop
and the footslope, and the results collected at these positions are compared. Combining
several methods, this study aimed to gain more precise insights into hillslope hydrology
and the effect of compaction closer to the surface on the upper position compared to the
lower ones as a result of soil erosion. Since the study was conducted during summer
months, the effects of short-term high-intensity rainfall events were also investigated.
Understanding these processes will consequently lead to better agricultural practices in
the future.

2. Materials and Methods
2.1. Study Location and Soil Properties

The study was conducted at the Experimental Station Jazbina (45◦51′21.1′′ N, 16◦00′10.0′′ E;
Figure 1) in Zagreb, Croatia, as a preliminary study for the first Croatian critical zone obser-
vatory (Suprehill). Ploughing, pesticides and fertilizer application, as well as the collection
of the grapes are managed by the Department of Viticulture and Enology, UNIZG-AGR.
The vineyard soil is affected by these trafficking practices as the passing lines are on a
downslope and are repeated every year.
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Figure 1. Study location in Croatia and positions of lysimeters (red), infiltration measurements
(green), and sensors (blue) set on the hilltop and the footslope with a slope angle of 20%.

According to the world reference base for soil resources, the soil at Jazbina is classified
as a Luvic Stagnosol (IUSS Working Group WRB, 2022) [22]. The vineyard is located on a
slope of 20% and the interrow area is grassed. The long-term (50 years) average annual
temperature is 11.2 ◦C, while the average annual precipitation is 856.5 mm. Figure 2
shows the precipitation (a) and temperature (b) measured at the investigated hillslope from
December 2017 to December 2018.
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tion [27]. 

2.2. Soil Hydraulic Parameters’ Estimation 
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evaporation method [28] and the HYPROP automated system, which is applicable to most 
soil types [29]. Two tensiometers were placed at predefined positions inside the undis-
turbed soil samples at two depths to measure the soil water tension during the drying 
process [30]. The analysis based on the Wind’s method uses the water suctions measure-
ments to derive the hydrological parameters. The fitting quality for the soil hydraulic pa-
rameters estimation is expressed in terms of the root-mean-square error (RMSE), which 
indicates the mean distance between a data point and the fitted function [31]. R2 is a coef-
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Figure 2. (a) Precipitation (mm) and (b) daily air temperature (◦C) measured by the meteorological
station at the investigated site from December 2017 to December 2018.

Disturbed soil samples were taken at the hilltop and the footslope of the investigated
location at five depths (0–15, 15–30, 30–50, 50–75, and 75–100 cm) in three replicates.
Samples were analyzed for texture, pH, electrical conductivity (E.C.), and organic carbon
(Corg). Disturbed sample preparation was performed by the standardized method [23].
Soil particle size distribution was determined by sieving and sedimentation [24], and
texture classes were determined according to USDA. Furthermore, the soil pH and E.C.
were determined by the standardized method [25,26], and organic carbon by sulfochromic
oxidation [27].

2.2. Soil Hydraulic Parameters’ Estimation

Undisturbed soil cores (250 cm3) were taken in three replicates at the hilltop and the
footslope at a depth ranging from 5 to 10 cm. At the footslope, one replicate was excluded
due to the large macropores present inside the cylinder. The soil hydraulic parameters
(SHPs) were estimated using the undisturbed soil cores (250 cm3) using the simplified evap-
oration method [28] and the HYPROP automated system, which is applicable to most soil
types [29]. Two tensiometers were placed at predefined positions inside the undisturbed
soil samples at two depths to measure the soil water tension during the drying process [30].
The analysis based on the Wind’s method uses the water suctions measurements to de-
rive the hydrological parameters. The fitting quality for the soil hydraulic parameters
estimation is expressed in terms of the root-mean-square error (RMSE), which indicates
the mean distance between a data point and the fitted function [31]. R2 is a coefficient of
determination used as a fitting parameter for soil hydraulic parameters as well.

SHPs were derived using the van Genuchten model (vG) [32]:

θ(h) = θr +
θs−θr

(1+|αh|n)
m for h < 0

θ(h) = θs for h ≥ 0
(1)
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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 θr and θs denote the residual and saturated volumetric water contents (cm3 cm−3),
respectively; h is the pressure head; Se is the effective saturation (−); α (cm−1) and n (−)
are the shape parameters; and l (−) is a pore connectivity parameter. The pore connectivity
parameter, l, was fixed to a value of 0.5, as recommended for most soils [33].

2.3. Infiltration Measurements

The soil infiltration rates were measured on the field using a MDI. Figure 3 shows the
infiltration rate measurement using the MDI at the hilltop and its features. The unsaturated
hydraulic conductivity was calculated via a Microsoft Excel spreadsheet provided by
the manufacturer Decagon (Decagon Devices, Pullman, WA, USA). The soil infiltration
measurements were conducted at two depths, i.e., 5 and 25 cm, in three replicates (one
replicate per row) and at the hilltop and the footslope using the MDI with a suction head
varying from 1 to 5 cm. The SWC was measured at the hilltop and the footslope right
before the infiltration measurements close to the MDI. The infiltration measurements were
performed between May and June 2018.
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at the hilltop of the investigated location, with applied quartz sand on the soil surface to ensure
better contact.

At the beginning of the infiltration measurements, the grass was removed from the soil
surface and quartz sand was applied to ensure a better contact between the infiltrometer
and the soil. Briefly, when the infiltrometer is placed on the soil surface, water from the
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lower chamber begins to flow and infiltrate into the soil, which is related to the hydraulic
properties of the soil [16].

The infiltration is calculated according to the equation proposed by Zhang et al. [34],
which requires measuring the cumulative infiltration versus time and fitting the results
with the function:

I = C1t + C2
√

t (5)

where C1 (m s–1) and C2 (m s−1/2) are parameters. C1 is related to hydraulic conductivity,
and C2 is the soil sorptivity. The hydraulic conductivity of the soil (k) is then computed from:

k =
C1

A
(6)

where C1 is the slope of the curve of the cumulative infiltration vs. the square root of time,
and A is a value relating the van Genuchten parameters for a given soil type to the suction
rate and radius of the infiltrometer disk. A is computed from:

A =
11.65

(
n0.1 − 1

)
exp[2.92(n − 1.9)αh0]

(αr0)
0.91 n ≥ 1.9 (7)

A =
11.65

(
n0.1 − 1

)
exp[7.5(n − 1.9)αh0]

(αr0)
0.91 n < 1.9 (8)

where n and α are the van Genuchten parameters for the soil, r0 is the disk radius, and h0 is
the suction at the disk surface.

2.4. Determination of the Water Flow Using Lysimeters and Sensors

Zero tension lysimeters were set up at the field (Figure 4), three at the top of the
hillslope and three at the footslope. The lysimeters were round with 50 cm in diameter, and
inserted into the soil at a 40 cm depth with disturbed soil from the same location within.
The bottom of the lysimeter was connected via a rubber tube to a container in which the
leachate was collected and sampled after rainfall events during the period from December
2017 to July 2018. The statistical analysis of collected data was performed using the SAS
software (Statistical Analysis Software, SAS Institute Inc., Cary, NC, USA, Version 4.3, 2006).
For the water volume, an analysis of variance was performed using a one-way ANOVA
with the lysimeter position as the independent variable only, and also with data grouping
according to the sampling date. Significant differences between the means were determined
using Tukey’s HSD (honestly significant difference) test at p < 0.01.
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Soil water content (SWC) sensors (GS-1, METER) were installed at two depths—15
and 30 cm—while soil water potential (SWP) sensors (MPS-6, METER) were installed at a
45 cm depth. Both GS-1 and MPS-6 sensors were set at the hilltop and the footslope. SWC
and SWP measurements were taken from 16 May 2018 to 13 December 2018.

3. Results
3.1. Physical and Chemical Characteristics

Table 1 shows the soil physical and chemical characteristics of the investigated loca-
tion. Figure 5 shows the particle size distribution at the hilltop and the footslope of the
investigated location. The less permeable layer occurs at 50 cm at the hilltop, where the
texture class changes from silt loam to silty clay loam. The clay content also increased,
and at a 75–100 cm depth, it is 40%, changing the texture class to silty clay. Furthermore,
it can be seen that Corg is higher at the hilltop compared to the footslope at the first two
depths, while at 30–50 cm, it is the same. At a 50 cm depth, Corg is higher at the footslope
compared to the hilltop. Also, at a 50 cm depth, differences in the soil particle size are more
pronounced, not only for the clay but also for the sand and silt.

Table 1. Physical and chemical characteristics at the hilltop and the footslope of the investigated
location at depths of 0–15, 15–30, 30–50, 50–75, and 75–100 cm.

Position Depth (cm)
Soil Particle Size Distribution (%) Texture Classes

(USDA)
pH (H2O) E.C.

(dS m−3)
Corg

(g kg−1)Sand Silt Clay

Hilltop

0–15 12 69 19 Silt loam 6.56 0.054 17.29
15–30 10 68 22 Silt loam 6.18 0.041 11.72
30–50 11 64 25 Silt loam 5.97 0.047 8.06
50–75 12 55 33 Silty clay loam 5.79 0.058 5.80

75–100 18 42 40 Silty clay 5.60 0.083 3.07

Footslope

0–15 7 68 25 Silt loam 6.94 0.049 12.18
15–30 9 64 27 Silty clay loam 7.07 0.048 8.70
30–50 8 69 23 Silt loam 6.87 0.038 8.06
50–75 7 70 23 Silt loam 6.51 0.051 7.89

75–100 6 69 25 Silt loam 5.09 0.058 4.93
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3.2. Soil Hydraulic Parameters’ Estimation

SHPs (Table 2) as well as soil water retention curves (Figure 6) were estimated and
obtained using the HYPROP-FIT program [31]. The estimated water content in the soil
under fully saturated conditions (θs) was higher at the top of the hillslope. Saturated
hydraulic conductivity (Ks) was slightly higher at the hilltop; however, it was very low
at both positions. The estimated bulk density and porosity were 1.3 g cm−1 and 51%,
respectively, at the hilltop and 1.22 g cm−1 and 54%, respectively, at the footslope.

Table 2. van Genuchten (vG) hydraulic parameters calculated by HYPROP-FIT for the hilltop and the
footslope. The θ value represents the water content, α and n are shape parameters, and K represents
the hydraulic conductivity. RMSE and R2 indicate the van Genuchten (vG) model fit with the
measured data.

Hillslope
Position

Sampling
Depth
(cm)

θr
(cm3 cm−3)

θs
(cm3 cm−3)

α
(1 cm−1) n Ks

(cm day−1) RMSE_θ RMSE_K R2_θ R2_K

Hilltop 5–10 0.000 * 0.491 0.0078 1.15 1.82 0.0379 0.6646 0.9953 0.9994
Footslope 5–10 0.000 * 0.302 0.0061 1.22 0.457 0.0212 0.4061 0.9924 0.9993

* model assumption; θr values are close to 0.
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3.3. Infiltration Measurements

The unsaturated hydraulic conductivity (K_unsat) was measured at the hilltop and the
footslope at the two depths of −5 and 25 cm. Table 3 and Figures A1–A4 show K_unsat at
different suctions obtained using the provided Microsoft Excel spreadsheet (by the MDI
manufacturer Decagon). K_unsat varied at each position depending on the applied suction
rate (from −1 to −5 cm). At the hilltop, the values ranged from 7.85 to 42.26 cm day−1, and
at the depth of 25 cm, from 2.58 to 9.75 cm day−1. The values at the footslope were higher
and ranged from 8.89 to 47.33 cm day−1, and at a 25 cm depth, from 4.40 to 18.85 cm day−1.
The water content values before the infiltration measurement at the 5 cm depth were 13.41%
for the hilltop and 14.24% for the footslope. At a 25 cm depth, these values were 19.43% for
the hilltop and 31.81% for the footslope. Even though the SWC was not the same at the
hilltop and the footslope, infiltration measurements were conducted because these were
real field conditions and the goal was to investigate how the water infiltrates into the soil if
precipitation occurs.
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Table 3. Soil hydraulic conductivity (K_unsat) at different suction rates measured using the mini-disk
infiltrometer (MDI) at the hilltop and footslope at 5 and 25 cm depths in three replicates.

Hillslope
Position

Depth (cm)
Suction Rate (cm)

−1 −2 −3 −4 −5

Hydraulic Conductivity (cm day−1)

Hilltop 5 42.26 33.24 14.89 18.30 7.85
25 9.75 6.83 4.94 3.60 2.58

Footslope 5 47.33 39.58 23.02 19.56 8.89
25 18.85 13.01 9.56 8.80 4.40

3.4. Determination of the Water Flow Using Lysimeters and Sensors

The precipitation and water volumes for each sampling date are shown in Figure 7. For
the period from 7 December 2017 to 23 July 2018, the average water volume at the hilltop
was 1.7 L and, at the footslope, 4.0 L, which shows a statistically significant difference at
p < 0.01.
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Figure 7. Water volume collected in the wick lysimeter at the hilltop and the footslope on different
sampling dates during the period from December 2017 to July 2018 with the precipitation rate.

The water volumes collected with the footslope lysimeter are higher compared to the
volumes collected with the hilltop lysimeter on almost every sampling date (it was the
same on 2 July and 16 July, and negligibly lower on 23 July 2018). From 7 December 2017
to 18 April 2018 and on 15 May 2018, the water volume at the footslope was significantly
higher compared to that at the hilltop.

The SWC was measured at two depths (15 and 30 cm) at the hilltop and the footslope
and is shown in Figures 8 and 9, depending on the precipitation. At the top of the hillslope
at a depth of 15 cm, the SWC varied from 0.150 to 0.359 m3 m−3, with average values of
0.266 m3 m−3. At the same position but at a 30 cm depth, the SWC varied from 0.218 to
0.399 m3 m−3 (average of 0.308 m3 m−3), which presents on average a 13.64% increase.
Furthermore, the SWP (Figure 10) at a 45 cm depth varied from −9.79 to −5164 kPa. On the
other hand, at the footslope at a depth of 15 cm, the SWC varied from 0.181 to 0.399 m3 m−3,
with average values of 0.289 m3 m−3, and at a 30 cm depth, from 0.285 to 0.392 m3 m−3

(average 0.336 m3 m−3), which present on average an increase of 13.99%. Moreover, at a
45 cm depth, the SWP (Figure 10) varied from −10.40 to −2846 kPa. On average, the SWC
on the footslope was 8.0% (15 cm), i.e., 8.4% (30 cm) greater than at the hilltop, and the
SWP was also on average 27.3% greater at the footslope.
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Figure 10. Soil water potential (SWP) measurements depending on the precipitation on the hilltop
and the footslope of the investigated hillslope at a 45 cm depth.

It can be seen from Figures 8–10 that the largest response was obtained with sensors
at a 15 cm depth. This was expected since it is the shallowest depth and it is under the
influence of most factors (i.e., air temperature, wind, etc.). Sensors at a 15 cm depth
also showed that the SWC was higher at the footslope for most of the year, except in the
period from the end of August to the middle of September and then again from the end of
September to the start of October. On the other hand, differences in the SWC at a depth of
30 cm between the hilltop and footslope were not that pronounced as well as differences
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between drying and rewetting. Furthermore, according to SWP measurements, the soil was
drying during the summer months, since there was not considerable precipitation, except
for a few rainfall events, which were not enough to drastically rewet the soil, especially
not at 45 cm. The SWP measurements showed that the soil was mostly drier at the hilltop
compared to the footslope during the summer months and early autumn. On the contrary,
during autumn, when the temperature and evaporation rate were lower, both hilltop and
footslope SWP values were close to saturation.

4. Discussion
4.1. Physical, Chemical, and Hydraulic Characteristics

The topsoil had a better soil structure in general with a higher Corg content, lower
bulk density, and higher porosity, resulting in more aerated conditions [35]. However,
according to Figure 5, at the hilltop, the soil texture changes to a heavier silty clay loam and
silty clay in the deeper layers (50–100 cm). This results in more pronounced compaction
effects compared to the footslope. Additionally, the higher clay content in these layers
exacerbates compaction, affecting the water flow in the subsurface and thus influencing the
preferential flow and transport of applied chemicals, but also root penetration. Conversely,
in the footslope, the soil remains predominantly as silt loam, even in the deeper layers.
While compaction effects are still present, they are comparatively less severe than on the
hilltop. Thus, in terms of agriculture, it can be assumed that roots in the footslope position
may encounter less resistance, allowing for a relatively better penetration and exploration
of the soil profile for water and nutrients. Furthermore, subsurface preferential lateral flow
will not be that pronounced and more water will be present. The lower clay content in the
deeper layers contributes to reduced compaction pressure compared to the hilltop. On
the other hand, Corg is higher at a depth of 50–100 cm on the footslope, which also has
decreasing effects on soil compaction [36]. Soil compaction poses distinct challenges to
root growth and vegetation [37], but also changes water flow pathways in both hilltop and
footslope positions, albeit with some differences based on the soil characteristics. Generally,
a higher clay content typically leads to a greater compaction susceptibility.

The estimated bulk density was slightly higher on the hilltop compared to the foots-
lope, while the porosity was slightly higher on the footslope. Furthermore, due to a low
estimated Ks (HYPROP-FIT), surface runoff will occur, especially during high-intensity
rainfall events, which are common in the summer.

4.2. Infiltration Measurements

The results show that, with the proximity to the less permeable layer, differences in
K_unsat (MDI) between the hilltop and the footslope are more pronounced (2.58–9.75 cm day−1

at the hilltop and 4.40–18.85 cm day−1 at the footslope). This is a consequence of the change
in texture class between the two hillslope positions. However, the footslope is silt loam even
at the deeper depths; at the hilltop this changes at a depth of 50 cm. As mentioned above, at a
depth of 50–75 cm at the hilltop, the soil texture changes to a heavier silty clay loam, and at
a depth of 75–100 cm, to even heavier silty clay. This will result in surface runoff and thus
soil erosion, which can eventually lead to the shallower depth of the less permeable layer at
the hilltop. The differences are not that pronounced for the 5 cm depth measurements, due
to the impact of more uniform conditions caused by grass cover and root activity (e.g., [38]).
Roots modify the soil matrix and thus consequently influence the soil hydraulic conductivity,
soil water storage, pore size distribution, and the connectivity between pores [39]. However,
the topsoil is more exposed to the soil erosion caused by surface runoff, especially in the
summer months with high-intensity rainfall events. These results are in line with those of
other findings [40], which suggested that the surface layer was more affected by the slope
gradient compared to the deeper layer since the slope gradient will determine the amount
of surface runoff and the infiltration rate. Furthermore, although the depth distinction was
only 20 cm, the differences between K_unsat measured with the MDI at a 5 and 25 cm depth
were pronounced, suggesting soil heterogeneity and the impact of the proximity of the less
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permeable layer, even in an arable horizon. In addition, the SWC before the infiltration
measurement showed greater differences and higher values at the footslope (14.24% at a
depth of 5 cm and 31.81% at a depth of 25 cm) compared to the hilltop (13.41% at a depth of
5 cm and 19.43% at a depth of 25 cm), especially at a depth of 25 cm. Since the measurements
showed that the footslope had a higher SWC, this means that the slope position has an indirect
impact on the infiltration measurements. This could be a result of soil erosion and a slightly
higher amount of clay and a lower amount of sand compared to the top of the hillslope [41].
Additionally, the soil water repellency could be another reason for the higher K_unsat values at
the footslope. Corg was higher at the hilltop position at a 0–30 cm depth (Table 1), which could
cause higher water repellence and thus a lower infiltration rate [39,42]. Moreover, trafficking
has a negative impact on the surface soil structural stability, which will be more pronounced
on the hilltop due to the effects of the slope and thus soil erosion, causing less favorable soil
water properties (e.g., [14]). This is also in line with the bulk density and porosity, where it
is estimated that, at the footslope, the bulk density is slightly lower, while the porosity was
slightly higher. Previous studies (e.g., [43,44]) suggest that the higher the bulk density, and
the lower the porosity and the higher the soil compaction, which will affect the infiltration
rate, i.e., it will be lower.

4.3. Determination of the Water Flow Using Lysimeters and Sensors

The significant differences in collected water volumes in the lysimeters between the
hillslope and the footslope were in line with most of the obtained results. Although
HYPROP measurements showed that Ks was smaller at the footslope, the SWC and SWP
showed that the footslope was wetter compared to the hilltop. Furthermore, the MDI
showed that K_unsat was higher at the footslope, both at 5 and 25 cm depths. The estimated
bulk density was lower at the footslope, and the total porosity was slightly higher. In the
winter season, precipitation events are more long-lasting compared to those in the summer
months, and the temperatures and the evapotranspiration rate are lower. Additionally,
the soil hydrology is more favorable due to more frequent low-intensity precipitation,
resulting in a higher soil water content. On the other hand, during the summer months, the
temperatures and evapotranspiration rates are higher, and most of the precipitation is in
the form of short-duration high-intensity rainfall events. These conditions would cause a
lower SWC and soil water repellency, causing lower infiltration rates [45]. Since the study
was conducted on the hillslope, this would cause less available time for infiltration [15],
consequently causing a lower infiltration rate and thus higher surface runoff [46], nutrient
losses, and preferential flow [45]. It can be seen from Figure 7 that the highest collected
water volume was on the 15 May 2018, which was a result of the high-intensity rainfall
events in that period causing a greater runoff. Güntner et al. [47] mentioned that the surface
runoff formed at the hilltop positions could re-infiltrate in parts of the hillslope, in our
case, at the footslope. Moreover, it is possible that, at the footslope, more biopores are
present, resulting in a greater preferential flow. Due to soil erosion, a less permeable layer
at the hilltop is closer to the surface, leading to a lower K_unsat at the upper positions and
thus resulting in subsurface preferential lateral flow (e.g., [48]), resulting in more water at
the footslope.

It is clear from Figures 8 and 9 that the SWC had a greater oscillation near the soil
surface due to the faster sensors’ response to the rainfall events as well as more intense
drying by evaporation. Furthermore, an expected increase in the SWC can be noticed
shortly after precipitation. On the other hand, at a 30 cm depth, oscillations in the SWC
are less noticeable, especially in the summer period with a higher temperature and more
drought events. Similarly, in terms of the SWC at a depth of 30 cm, the effect of a higher
temperature and more high-intensity rainfall events resulted in surface runoff and caused
a drastic decrease in the SWP values at a depth of 45 cm (Figure 10). As a result of the
specified conditions in the summer months, which can cause soil water repellence (e.g., [49])
or soil crusting (e.g., [50]), it takes a longer time for the soil to infiltrate water, which can
be seen as a lagged sensor’s response after precipitation compared to the rainfall events
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in other seasons. Additionally, in the deeper horizons, the sensors’ response could be a
result of subsurface runoff at the hillslope, especially when there is a less permeable layer
(e.g., [8,11,51]). At the hilltop, oscillations at a 45 cm depth were greater compared to those
at the footslope, and both drying and wetting were more pronounced. Figures 8–10 indicate
that the first rainfall event that caused a greater sensors’ response after the summer months
was 28 October 2018. At a 15 cm depth, the sensors responded on the same day shortly after
the rainfall; however, at a 45 cm depth, the sensors’ response had the largest time delay.

A more pronounced water movement was observed at the footslope owing to the
slight differences in the bulk density and total porosity, which can lead to differences in the
water flow, i.e. macropores will cause increased water movement [35], or it could even be a
result of preferential flows [8,11,48]. Furthermore, the surface runoff was more pronounced
at the hilltop, resulting in a higher water volume at footslope positions. Considering all
the above-mentioned reasons, the water from the whole hillslope would accumulate at the
footslope, which was most pronounced in the winter period, i.e., in the period with greater
precipitation and lower temperatures and evaporation rate.

5. Conclusions

The impact of hillslope agriculture on water dynamics was assessed using zero tension
lysimeters, a mini-disk infiltrometer, soil water content, and potential sensors at various
depths. The obtained results show an increased water flux at the footslope. The unsaturated
hydraulic conductivity showed slightly higher values at the footslope at 5 and 25 cm depths
compared to the hilltop with more pronounced differences at a 25 cm depth. Furthermore,
the water volumes collected in the lysimeters on most sampling dates showed more water
in this position. The average water volume was significantly higher at the footslope, which
was the most pronounced in the period from 7 December 2017 to 18 April 2018 and on
15 May 2018. Finally, the results obtained using sensors show, on average, a higher water
content and water potential values at the same position. The results show a higher water
flow at the footslope, which could suggest a better pore connectivity. This is a consequence
of heavier silty clay loam from 50 cm at the hilltop, ending in silty clay at 75 cm, which
results in a higher soil compaction. Even though all the used methods showed similar
results, the estimated Ks was very low at both hillslope positions and it was lower at
the footslope. This could suggest that undisturbed samples were taken from even more
compacted micro-locations (e.g., closer to the area underneath the tractor’s wheel between
the rows in the vineyard). However, by combining several various methods, a closer insight
into water flow processes was established, and the impact of different events on water
movement along the hillslope was investigated. All these results show the impacts of
surface runoff and subsurface lateral flow on a water movement as well as the possible
impact of the proximity of the less permeable layer caused by trafficking and soil erosion.
It can be seen that the soil, and thus water flow heterogeneity, can be pronounced even on
a relatively small area and cannot be generalized due to the number of affecting processes.

Author Contributions: Conceptualization, J.D. and V.F.; methodology, J.D., V.F. and L.F.; software,
J.D., L.F. and V.F.; validation, J.D., L.F. and V.F.; formal analysis, J.D., L.F. and V.F.; investigation,
G.O., I.B., I.D. and V.F.; resources, G.O.; data curation, J.D., L.F., G.O. and V.F.; writing—original
draft preparation, J.D.; writing—review and editing, J.D., L.F., G.O., I.B., I.D., V.P., H.H., M.R.R., E.T.,
T.B., A.B., T.I.M. and V.F.; visualization, J.D. and A.B.; supervision, V.F.; project administration, G.O.;
funding acquisition, G.O. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Hrvatske vode, grant number 10-059/17.

Data Availability Statement: Data are available upon request from the corresponding author. The
data are not publicly available due to privacy.

Acknowledgments: We thank Vedran Krevh, Lorena Žabčić, and Filip Kranjčec for their help during
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et al. Determination of Soil Hydraulic Parameters and Evaluation of Water Dynamics and Nitrate Leaching in the Unsaturated
Layered Zone: A Modeling Case Study in Central Croatia. Sustainability 2021, 13, 6688. [CrossRef]

36. Shahgholi, G.; Jnatkhah, J. Investigation of the Effects of Organic Matter Application on Soil Compaction. Yuz. Yil Univ. J. Agric.
Sci. 2018, 28, 175–185. [CrossRef]

37. Nawaz, M.F.; Bourrié, G.; Trolard, F. Soil Compaction Impact and Modelling. A Review. Agron. Sustain. Dev. 2013, 33, 291–309.
[CrossRef]

38. Liu, Y.; Cui, Z.; Huang, Z.; López-Vicente, M.; Wu, G.L. Influence of Soil Moisture and Plant Roots on the Soil Infiltration Capacity
at Different Stages in Arid Grasslands of China. Catena 2019, 182, 104147. [CrossRef]
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