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Abstract

Soil erosion by water is one of the globally most threating soil degradation
processes. Splash erosion begins with the first raindrop impact on the soil surface and
represents the initial stage of soil erosion by water. The ability of rainfall to initiate
splash erosion is highly dependent on its intensity and kinetic energy together with soil
physical properties. Splash erosion is investigated either under natural or simulated
rainfall. This thesis investigates the effect of rainfall erosivity on splash erosion under
natural rainfall and possible effects of soil initial condition on splash erosion under
simulated rainfall. First objective of this thesis is to test performance of different rainfall
parameters in order to predict splash erosion for the three measurements sites in
Central Europe. Second objective focuses on variations in splash erosion rates affected
by different rainfall kinetic energy, soil moisture content and surface structure.

To obtain relationship between splash detachment and rainfall parameters
(intensity, kinetic energy and rainfall erosivity factor (El3p)) experiments were arranged
on two sites in lower Austria and one location in Czech Republic. Regression analysis
suggested that the average rainfall intensity was the best erosivity parameter for splash
erosion prediction, considering three soils tested in experiment. Cumulative rainfall
kinetic energy and rainfall erosivity factor underestimated the splash erosion rate. Soil
surface in the field is exposed to constant changes in the rainfall regime that affect
directly soil moisture and surface structure. Rainfall simulations were performed to
explore splash erosion development for different soil water content and surface
condition. The largest decrease in splash erosion rates was evident for the samples with
high initial water content and partly developed surface seals affected by high rainfall
intensity. Surface seal formation was recognized through decrease in measured soil
saturated hydraulic conductivity, which could be described as the function of rainfall
kinetic energy.

The presented research highlighted complex interaction between rainfall and
soil properties affecting splash erosion process. Monitoring of rainfall parameters on
high temporal resolution and identifying the effect of rainfall on soil properties are
crucial to describe underlying processes involved in splash erosion. The presented
results are limited to conditions in the experiments. Further investigation on different
locations using diverse soil types are recommended to extend the knowledge about
splash erosion affected by raindrop impact.

Key words: splash erosion, rainfall intensity, rainfall kinetic energy, soil moisture,
surface sealing
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Zusammenfassung

Bodenerosion durch Wasser ist weltweit einer der bedeutendsten Prozesse, die
zur Bodendegradation beitragen. Spritzerosion beginnt mit dem ersten Aufprall des
Regentropfens auf der Bodenoberflache und stellt die erste Phase der Bodenerosion
durch Wasser dar. Das Potenzial von Regenfallen, Spritzerosion auszuldsen, hangt stark
von der Intensitdt und kinetischen Energie des Regens sowie von den physikalischen
Eigenschaften des Bodens ab. Spritzerosion wird entweder bei natiirlichem Regen oder
mit Regensimulationen im Labor untersucht. Diese Doktorarbeit untersucht den Einfluss
der Regenerosivitat auf Spritzerosion bei natiirlichem Regen sowie die mdglichen
Effekte des anfanglichen Bodenzustands auf Spritzerosion bei simuliertem Regen. Das
erste Ziel dieser Arbeit ist es, die Anwendbarkeit verschiedener Regenparameter fiir die
Vorhersage von Spritzerosion an drei Messstandorten in Zentraleuropa zu testen. Im
zweiten Teil befasst sich die Arbeit mit den Schwankungen in Spritzerosionsraten und
wie sie durch Unterschiede in der kinetischen Energie des Regens, der Bodenfeuchte
und der Oberflachenstruktur beeinflusst werden.

Um einen Zusammenhang zwischen Spritzerosion und Niederschlagsparametern
(Regenintensitat, kinetische Energie und Erosivitatsfaktor (El3p)) zu erhalten, wurden
die Experimente an zwei Standorten in Niederdsterreich und einem Standort in
Tschechien durchgefiihrt. Die Ergebnisse der Regressionsanalyse zeigen eine hohe
Abhangigkeit der Spritzerosion mit der mittleren Regenintensitit fiir die getesteten
Boden. Die kumulative kinetische Energie des Niederschlags und der Erosivitatsfaktor
des Niederschlags unterschatzten die Spritzerosionsrate. Die Bodenoberflache auf dem
Feld ist stindigen Anderungen des Niederschlagsregimes ausgesetzt, die sich direkt auf
den Bodenwassergehalt und die Oberflachenstruktur auswirken. Um die Entwicklung
der Spritzerosion bei unterschiedlichen Bodenwassergehalten und
Oberflachenzustdnden zu untersuchen, wurden Regensimulationen durchgefiihrt. Die
Senkung der Spritzerosion war bei den Bodenproben mit hohem Wassergehalt und
teilweise entwickelter Oberflichendichtung erkennbar. Die Oberflichendichtung des
Bodens wurde durch Abnahme der gemessenen gesattigten Leitfahigkeit erkannt, die als
Funktion der kinetischen Energie des Regens beschrieben werden konnte.

Die vorgestellte Studie betont die komplexe Interaktion zwischen Niederschlag
und Bodeneigenschaften, die den Spritzerosionsprozess beeinflussen. Die Messungen
der Niederschlagsparameter bei hoher zeitlicher Auflésung und die Ermittlung der
Auswirkung des Niederschlags auf die Bodeneigenschaften sind entscheidend fiir die
Beschreibung der zugrunde liegenden Prozesse bei der Spritzerosion. Die vorgestellten
Ergebnisse beschranken sich auf die Bedingungen in den Experimenten. Weitere
Untersuchungen an verschiedenen Standorten unter Verwendung verschiedener
Bodentypen werden empfohlen, um das Wissen tliber die durch Regentropfeneinschlage
beeinflusste Spritzerosion zu erweitern.

Schliisselwoérter: Spritzerosion, Regenintensitat, kinetische Energie des Regens,
Bodenfeuchte, Oberflichendichtung
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1. Introduction

1.1. Motivation

Soil is essential resource for human needs in 21st century and main source for
most of our food production. Further, soil is the medium trough, which atmospheric
gasses are biologically cycled, and waters are filtered and stored (Koch et al.,, 2013).
Soils have natural mechanisms of self-sustaining, which enable to retain their most
important features such as thickness, carbon content and nutrients (Fig. 1). Human
intervention in soil processes lower their capability to retain original properties
(Amundson et al.,, 2015). United Nations (UN) recently reported that majority of the
world’s soils are in fair, poor or very poor condition due to soil degradation (FAO, 2015).
Soil degradation by soil erosion is the major threat to global soil resources, according to
this document. Extensive and unsustainable land use for agriculture, forestry, and
grazing lead to accelerated soil erosion (Borrelli et al., 2017; Montgomery, 2007). The
impacts of soil erosion are not only recognized on-site (land degradation, loss in soil
fertility), but also off-site through the sedimentation, pollution and increased flooding of
water aquifers (Boardman and Poesen, 2006). Furthermore, due to erosion, soils lose
75-85% of their carbon content, causing the carbon emission to the atmosphere
(Morgan, 2005). According to the report from the WP2 of RECARE project (Stolte et al,,
2016) eleven soil threats were identified: soil erosion by water, soil erosion by wind,
decline of organic matter (OM) in peat, decline of OM in minerals soils, soil compaction,
soil sealing, soil contamination, soil salinization, desertification, flooding, and landslides
and decline in soil biodiversity. However, most of arable land is primary affected by
water erosion (FAO, 2015).

Undisturbed soils Domesticated soils
PlantC Microbial CO, Plant C Microbial CO,
Soil erosion
y Bl — S Soil erosion
¥ | I
Nutrient = Nutrient
l’input — input

A

= Soil Soil
— production — — production

|; Nutrient release Nutrient release

Figure 1. Changes in the balance of the important soil processes caused by human interaction (Amundson
etal, 2015).



Morgan (2005) defined the soil erosion as the two-phase process consisting of
the detachment of soil particles from the soil mass and their transport by erosive agents
such as running water or wind. Most authors agree that the raindrop impact on the soil
surface is a dominant agent of the soil erosion by water, where the overland flow is the
principal transporting agent (Bauer, 1990; Mermut et al., 1997; Morgan, 1995; Rose,
1960). Raindrop impact starts with the first drops that strike the soil surface and results
in splash erosion, first stage of soil erosion by water. The ability of rainfall to induce
splash erosion (rainfall erosivity) is attributed to several variables, which are primary
dependent on drop size and drop velocity (Salles and Poesen, 2000). Therefore, rainfall
kinetic energy (KE) is commonly used as the main rainfall erosivity parameter since it is
defined as the product of the raindrop mass and square of its fall velocity. Measurements
of the drop size and velocity are crucial for assessment of actual energy load on soil
surface. With the recent development of an optical laser precipitation monitors
(disdrometers), measurements of raindrop size and velocity have become more
available. Rainfall intensity is the simplest rainfall erosivity parameter and easier to
measure (using rain gauge), than the rainfall KE. Rainfall intensity is strongly correlated
to rainfall KE. Thus, when measurements of raindrop size and velocity are not available,
rainfall KE is often estimated with the empirical KE-intensity relationships obtained
from other studies. However, KE varies spatially and temporary, which could lead to
uncertainty of rainfall erosivity estimation when using the empirical relationships.
Number of studies concerning splash erosion in relation to rainfall parameters were
conducted under simulated rainfall (Gilley and Finkner, 1985; Kinnell, 1982; Salles and
Poesen, 2000). However, typical rainstorm is characterized by temporal changes in
rainfall intensity and different drop sizes, which cannot be reproduced in the laboratory.
To define the detachment power of rainfall attributed to certain geographical location,
the rainfall parameters have to be determined directly and simultaneously with soil loss
(Kinnell, 1973).

The ability of rainfall to detach soil particles depends also on soil conditions. Soil
texture, soil chemistry and presence of OM dictate the response of the soil to raindrop
impact (Fernandez-Raga et al.,, 2017). Combination of high OM and higher soil moisture
content contribute to formation of stable aggregates, which consequently increase soil
resistance against raindrop impact (Le Bissonnais, 2016). The aggregate size and weight
will determine the threshold value of KE to break or move soil aggregates (Leguédois et
al., 2005; Salles et al., 2000; Salles and Poesen, 2000). The KE over threshold destroys
the aggregates with concomitant surface compaction and sealing. Seal formation
eventually reduces soil infiltration capacity resulting in surface ponding or runoff that
may affect splash erosion rates (Ghahramani et al., 2012). Further, soil erodibility is
related to soil inherent properties that dynamically vary during the storm events and in
time and space (Wang et al., 2014). According to the literature, these factors are seldom
evaluated and discussed in soil erosion studies. Therefore, a deeper understanding of
interaction between the soil properties and raindrop impact would improve the ability
to predict the potential splash erosion and to mitigate negative impacts on the
environment.



1.2. State of the art

1.2.1. Rainfall parameters controlling splash erosion

Rainfall erosivity parameters affecting splash erosion are crucial for
understanding the fundamental processes involved in soil detachment by raindrop
splash. The ability of rainfall to cause soil detachment is attributed to rainfall intensity,
but more commonly to KE, momentum or combination of these (Salles et al,, 2001).
Bubenzer and Jones (1971), Quansah (1981), Poesen (1985) and Morgan et al. (1998)
represented the splash erosion by a nonlinear function of KE and soil detachment
coefficient (Kq). In their laboratory experiments, Salles and Poesen (1999) found that the
raindrop momentum multiplied with raindrop diameter better describes the splash
erosion detachment. Rainfall intensity is easier to measure and often used as more
direct parameter to reflect rainfall erosivity. Furthermore, it is strongly correlated to KE
(Lim et al.,, 2015; Salles et al., 2002). The Water Erosion Prediction Project (WEPP)
(Flanagan and Nearing, 1995) used the square intensity (/2) for predicting a soil
detachment, calculated as the combination of splash erosion and sheet flow (M. A.
Nearing et al., 1989). When the raindrop size and velocity are not known, rainfall KF is
commonly calculated from empirical KE-intensity relationships (e.g. Brown and Foster
(1987); Kinnell (1981); Wischmeier and Smith (1958)). However, these empirical
relationships are limited to geographic location where they were developed, therefore
they are useful at locations with similar rainfall patterns (Kinnell, 1973). Rainfall
intensity and drop size (crucial for KE estimation) interact together in such way that the
raindrop size typically increases with intensity (Sharma and Gupta, 1989). Although, in
natural conditions very low intensities can contain some erosive raindrops (Van Dijk et
al., 2003) and increasing intensity cannot be always related to increasing raindrop size
and velocity (Assouline, 2009). This indicates that the use of the rainfall intensity for KE
estimation could lead to misinterpretation of rainfall erosivity characteristic to local
conditions. Govers (1991) studied splash erosion in the field in Belgium. Results
indicated that the rainfall KE underestimated splash erosion for high intensity rainfall.
The intensity on the other hand, overestimated the detachment power for high intensity
rainfall. Therefore, he concluded that the product of KE and drop circumference or an
exponent value of 1.75 for intensity were better predictors of splash detachment. In the
Universal Soil Loss equation (USLE) developed by Wischmeier and Smith (1958), rainfall
erosivity is defined as the product of rainfall KE (in the literature E) and the maximum
continuous 30 minute rainfall intensity (I30) during the individual storm. The rainfall
erosivity factor (El3o) factor in Revised Universal Soil Loss Equation (RUSLE), by Renard
et al. (1997), reflects the erosion for all the processes due to water: raindrop splash and
runoff (sheet flow and concentrated flow). Effect of the El3 on splash erosion was
investigated in the field study by Van Dijk et al. (2003), however, low correlation was
found. Better results were obtained in field experiments by Angulo-Martinez et al.
(2012) where the rainfall erosivity factor was significant parameter for splash erosion
prediction over E and I3 individually. However, the results could vary between different
studies due to method used for estimating the rainfall KE, namely, empirical relationship
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between KE and intensity proposed in RUSLE, or direct measurements from the optical
laser disdrometer.

Since the splash erosion is a raindrop-induced process many studies focused on
soil detachment by a single raindrops. Using the combinations of different nozzle types,
pressure and fall height, rainfall simulators in the laboratory can produce various ranges
of raindrop size and velocity. Kinnell (1982) observed sand detachment using splash
cups. The splash erosion during the initial phase of raindrop impact decreased after
which the splash detachment per drop varied with the square of drop mass. Sharma and
Gupta (1989) and Sharma et al. (1991) studied soil detachment by single raindrops of
varying KE, where they established the critical KE of raindrop needed to initiate splash
erosion. Further, the effect of raindrop size on splash detachment and transport has
been studied by Fu et al. (2017). The amount of splashed soil increased with increasing
raindrop diameter and significantly decreased relation to splash distance. However, it
should be noted that the experiments with a single drop size do not reproduce the
variations in the frequency of the raindrop impacts and the interactions due to
simultaneous drops hitting the ground (Salles et al., 2000). Larger drops can produce
higher splash in the beginning of the rainfall, however depending on surface roughness,
they can impose grater surface compaction and result in final lower splash erosion rates
due to surface sealing (Bradford and Huang, 1992).

According to current knowledge, a great number of the experiments studying
splash erosion affected by rainfall were conducted under controlled conditions in
laboratory using simulated rainfall. Unfortunately, the results of laboratory studies are
not readily translated to field situations (Bradford and Huang, 1993). Rainfall produced
by rainfall simulators is often characterized by uniform raindrops and constant rainfall
rate. The natural rainfall is depended on raindrop size distribution (Van Dijk et al., 2003)
and rainfall rate that varies temporally and spatially. When analysing KE of natural and
artificial rainfall there are significant differences affected by raindrop properties. The
velocity of the raindrops under rainfall simulator is lower than the terminal velocity of
the natural drops (Iserloh et al., 2013). Splash erosion is a rainfall driven process, thus
highly dependent on drop size and velocity. However, laboratory experiments with
simulated rainfall can exclude some side effects, which cannot be controlled in field and
reduce the duration of the experiments (Fu et al., 2019). The choice between simulated
and artificial rainfall depends on the study objectives. When investigating the rainfall
erosivity and its effect on the soil detachment in a certain region, the measurements
under natural rainfall are indispensable (Fernandez-Raga et al., 2017).

1.2.2. Soil properties controlling splash erosion

Soil erodibility is determining factor for splash erosion prediction. In order to
overcome the weight and the binding forces of soil particles, raindrop must exceed the
threshold kinetic energy (KEy) to initiate splash erosion. This required amount of KEy is
attributed to various soil properties above all soil texture, infiltration capacity, surface
roughness, soil moisture and OM content. Salles et al. (2000) compared the KEj for silt
loam and sandy soil. They related the KEy to median grain-size diameter (Dso), where the
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raindrop impact decreases with increasing Dso. Therefore, higher KEy is needed to
initiate splash erosion for the silt loam soil with due to higher cohesion between soil
particles than for the sandy soil with lower cohesion. Other than KEy required to induce
the soil detachment, Goebes et al. (2014) showed that the soil texture is determining
factor for choosing the relevant rainfall erosivity parameter to predict the splash
erosion. Namely, they suggested that for heavier soil textures with greater particle size
and density such as sand, KE multiplied by drop diameter is significant parameter for
splash erosion prediction. Momentum divided by drop diameter on the power of 1.5 is
more appropriate erosion predictor for the light textures such as silt.

Stable aggregates are crucial for protecting the soil surface against the raindrop
impact and improving the water infiltration. Major role in aggregation play following
soil properties: OM, clay, and CaCOs3 content or exchangeable sodium percent (Lado et
al.,, 2004; Lado and Ben-Hur, 2004; Le Bissonnais et al., 1995). Le Bissonnais (2016)
attributed higher aggregate stability to clay soils, which due to cementing effect have
higher ability to form the stable aggregates. Furthermore, high soil OM content acts also
as a bonding agent between the soil particles (Chenu et al., 2000; Haynes and Swift,
1990). Due to raindrop action the soil aggregate breakdown can be associated with
several mechanisms: slaking, swelling, mechanical breakdown and physico-chemical
dispersion (Le Bissonnais, 2016). Slaking occurs by the air compression entrapped
inside of the aggregates due to fast wetting (Emerson, 1967). Slaking decreases with
slow prewetting of soil due to reduction of volume entrapped during wetting and also
reduction of gradients of matric potential (Truman et al., 1990; Vermang et al., 2009). In
experimental study by Xiao et al. (2018) was found that the contribution of slaking to
the splash erosion rates also decreases with the increasing KE, where mechanical
breakdown increases with increasing KE. The swelling and shrinkage during the wetting
and drying of soil can result in microcracking and reduction of the mean aggregate size
(Le Bissonnais et al., 1993). Depending on soil in terms of clay content, breakdown by
slaking decreases as the clay content increases, where swelling increases with
increasing clay content (Le Bissonnais, 2016). Mechanical breakdown of aggregates by
raindrop impact occurs when the KE of raindrop is high enough to cause disaggregation,
but it usually occurs in interaction with other mechanisms (Bradford and Huang, 1992).
Lastly, physico-chemical dispersion reduces the attractive forces between the clay
particles, which migrate into to the soil with infiltrating water and clogs the pores
beneath the surface to form the “washed-in” zone (Lado etal., 2004).

Clogging of the soil pores by fine material due to aggregate breakdown will result
in formation of the structural seals (Assouline, 2004; McIntyre, 1958). Soil erodibility is
closely related to aggregate stability and, therefore, ability of soils to form the seal.
Formation of surface seals reduces the soil infiltration rate and increases the risk of
runoff, which further transports soil particles (Assouline, 2013; Le Bissonnais et al.,
1993). Depending on the rainfall and soil properties, seals can reach the thickness up to
20 mm (Bedaiwy, 2008) with the increase in the soil surface bulk density (Assouline and
Mualem, 1997). Monitoring of soil seal development is directly measured by the
microscope (Bresson and Boiffin, 1990; Cheng et al., 2008) or X-ray Computed
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Tomography (CT) (Armenise et al., 2018; Bresson et al., 2004). Indirect evaluation of
surface sealing is recognized through decrease in saturated hydraulic conductivity (K;)
(Pla, 1986), infiltration capacity (Poesen, 1986) or increase in surface strength
(Bradford and Huang, 1992). With greater seal development soil detachment decreases
due to higher surface strength (Lado et al., 2004; Vermang et al., 2009). McIntyre (1958)
observed splash erosion for three soils where the fluctuations in splash rates were
contributed to surface sealing. Cheng et al. (2008) concluded that the surface seal was
related to reduction in splash erosion, where the developed seal was observed with
micro-morphological photos. From several experimental studies it is obtained that the
surface sealing is attributed to high silt content (Cheng et al., 2008; Truman et al., 1990),
low clay content (< 200 g kg1 according to Le Bissonnais and Singer (1993)) and low OM
(Armenise et al., 2018) content. Furthermore, in the relation to abovementioned soil
properties seal formation is related to raindrop impact. Agassi et al. (1985) investigated
the seal formation on two soils. In the study was concluded that soil surface exposed to
rainfall KE < 0.01 ] m2 mm-1 won’t develop seal layer, where the soil surface exposed to
KE of 23 ] mm- m-2 will form seal with low hydraulic conductivity.

Effect of soil moisture on soil erodibility has been investigated by numerous
authors (e.g. Le Bissonnais et al,, 1994; Ryzak et al., 2015; Truman et al., 1990; Vermang
et al., 2009). Soil water content (6,) can have effect on soil aggregate stability and on
hydraulic properties that control splash erosion. Dry soil aggregates may have higher
resistance against raindrop impact due to cementing effect and hydrophobic effects due
to drying (Caron et al., 1992). However, dry aggregates can be affected by slaking during
the fast wetting, which results in higher soil detachability and consequently greater seal
formation. The study by Truman et al.,, (1990) showed that at prewetting of soils with
rich clay content resulted in reduction of splash erosion rates and following surface
runoff. In later study by Le Bissonnais and Singer (1992), and Le Bissonnais et al. (1995)
was obtained that the effect of capillary rise during prewetting can reduce the slaking
forces for soils with the high clay content. Lack of aggregate breakdown by slaking will
consequently decrease the surface runoff and soil erosion. Some authors have reported
different effects of 6, on soil erosion. For instance, high 6, was found to increase the soil
erodibility due to lower cohesion between the particles (Al-Durrah and Bradford, 1981;
Beczek et al., 2019). Furthermore, initial 8, can induce faster surface runoff due to lower
soil water potential pressure gradient and low storage capacity (Vermang et al., 2009).
In this case, splash erosion will decrease due to accumulated water layer on soil surface
(ponding or surface runoff), which protects it from raindrop impact (Torri et al., 1987).
However, splash detachment will decrease if the thickness of the surface water layer is
higher than the critical water depth. Studies show that critical depth is approximately
equal to drop diameter (Palmer, 1964) or three diameter of the raindrops (Guy et al,,
1987), depending on the conditions in the experiment. The contradictory results
regarding splash detachment in relation to initial soil moisture are partly contributed to
the fact that soil-moisture content interacts with soil properties which influence
breakdown mechanisms and seal formation (Le Bissonnais et al., 1995).



1.2.3. Methods for splash erosion measurements

Different devices have developed in last few decades for splash erosion
assessment depending on the experimental set up (field or laboratory experiments). The
main difference between devices is whether they are collecting the splashed material
from surrounding soil surface (unbounded splash traps) or they surround the soil
surface from which the splash amount is collected (bounded splash traps) (Fig. 2)
(Fernandez-Raga et al., 2019).

Figure 2. Two methods to collect detached soil particles: a) collector is around the soil sample; b)
collector is surrounded by the sampled soil (Zumr et al., 2019).

Both trap approaches have advantages and disadvantages. The unbounded splash
traps need to estimate the surface of the contributing area otherwise is not possible to
estimate the amount of detached soil per specific area. In the case of bounded splash
traps, splashed material can fall inside of the sampling area. Furthermore, some devices
are installed directly on the soil surface without or minimum disturbance on the soil
such as splash board (Ellison, 1944a, 1944b), collection troughs (Jomaa et al., 2010),
splash cup (Fernandez-Raga et al.,, 2010; Poesen and Torri, 1988), funnel (Fernandez-
Raga et al,, 2010) and curtains of splash (Mermut et al,, 1997). Few examples of the
unbounded splash traps are shown on Fig. 3.

a)

\\‘S/ o

W

Figure 3. Unbounded splash erosion devices: a) splash board (Ellison, 1944a, 1944b), b) splash cup
(Fernandez-Raga et al,, 2019; Poesen and Torri, 1988), and c)funnel (Fernandez-Raga et al.,, 2010).

However, these device do not allow control of the soil conditions, but can provide
more reliable results regarding attributed to certain location since soil properties are
preserved (Zumr et al., 2019). The devices such as splash cups can be filled with certain
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amount of the soil and the remaining amount of soil after raindrop impact is measured
(Fernandez-Raga et al, 2019). In case of splash cup developed by Morgan (1978),
splashed soil material is collected by circular catching tray, dried and weighted
(Moghadam et al., 2015; Zumr et al., 2019). In the following paragraph, focus will be on
splash cup, which has been used in the studies included in this thesis.

Recently developed, Tubingen splash cup (T splash cup) by Scholten et al. (2011)
use standardized material (sand) to simplify comparison between study sites avoiding
the differences between particular soils. Furthermore, T splash cup, on contrary
measures the remaining material in splash cup ensuring the constant moist of the
material by hydraulic connection between the soil sample and water in the plastic flask.
By calibration of the splash cup with an optical laser disdrometer Scholten et al. (2011)
showed that the T splash cup can be used as an optimal tool for estimating the rainfall
KE. However, the use of the standardised materials cannot clarify the splash erosion
attributed to soils, but only the response of the splash to rainfall KE (Fernandez-Raga et
al., 2017). For isolating the splash process, most researches (Lal, 1998; Morgan, 1978;
Salles et al., 2000; Scholten et al,, 2011) use the splash cup based on the design proposed
by Ellison (1947). Described in Morgan (2005), splash cup by Ellison (Ellison, 1947) has
77 mm in diameter and 50 mm deep with a wire mesh base. A thin layer of cotton wool
or sponge rubber is placed in the bottom of the cup, which is then filled with the soil,
oven dried to a constant weight and weighed. The soil is levelled few millimetres below
the rim to avoid surface runoff with soil material in the early stage of the rainfall
(Mazurak and Mosher, 1968). The soil in the cup is brought to saturation prior to rainfall
simulation. However, some limitations in splash cup design were reported in study by
Kinnell, (1974). He observed that excessive amount of splash erosion in the initial stage
of rainfall is attributed to the raindrop impact acting close to splash cup perimeter
pushing the sand particles sideway eventually producing the “wash-off” effect. On the
other hand, in the study by Salles et al. (2000) the sediment from wash-off was
effectively separated from the areal splash by installing the cylindrical collecting device,
1 mm larger than the splash cup mounted concentrically to the splash cup. However, the
authors reported small impact of the wash-off on soil detachment in the splash cup, due
to small shear stress caused by thin sheet flow. Further issue reported by Kinnell (1974)
was decrease in the splash erosion during the last stage of the rainfall simulation.
According to author, this was attributed to fully developed surface roughness, enabling
the drops to mobilize the sand particles. The decrease in splash erosion can be also
contributed to lower level of soil in the splash cup due to extensive soil loss in the
beginning and surface compaction by raindrop impact (Bisal, 1960). When using the
splash cup as the toll for splash erosion assessment these factors should be considered
during the experimental design development.

The size of the soil sample is another factor that should be considered using the
bonded splash traps such as splash cups. Poesen and Torri (1988) used seven different
cup diameters ranging between 0.7 and 24 cm in field measurements to establish the
influence of cup diameter on mass of detached sediment per ground surface unit. They
concluded that the mass of splashed soil is strongly influenced by the cup dimension and
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mean splash distance of the sediment. Other authors also suggest that the bigger-sized
splash cups underestimate the splash erosivity (Leguédois et al., 2005; Van Dijk et al,,
2003). Furthermore, Fu et al. (2017) reported that the splash distance depends on
rainfall KE and Legout et al. (2005) reported that amount of the splash erosion
exponentially decreases with increasing distance from the sample. Most of the splashed
soil material is contracted within 20 cm from the soil sample where the transport
distance decrease with increasing aggregate size (Fu et al,, 2019). Depending on the
rainfall characteristics and the size of soil aggregates, the splash cup design should be
determined. Finally, splash colleting device must needs to have appropriate dimensions
to capture most of the splashed particles and to provide the results comparable to other
studies. However, due to lack of standardization the researchers manufacture the
devices themselves according to the research objective, which hamper correct
comparison of the results (Fernandez-Raga et al., 2017; Rodrigo Comino et al., 2016).

According to literature, design based on Morgan splash cup (Morgan, 1978) can
provide reliable results when measuring splash erosion in both outdoor and indoor
experiments (Khaledi Darvishan et al,, 2014; Vigiak et al., 2006, 2005). For this reason,
in studies presented in this thesis, the modified splash cup base on design proposed by
Morgan (1978) was used. To fulfil the purpose of the study objectives the original design
was modified. The major modification is that the splash cup filled with soil was placed
on holder in the centre of the splash collector. The splash holder has height of 12 mm
and prevents the backsplash from the bottom of the container. Accordingly the adjacent
tray rim was 30 mm high to capture the splash from the soil sample in the cup (Fig. 4).
Details of the splash cup design used in the studies within this thesis are desribed in
Zumr et al. (2019).

Figure 4. Splash cup and splash collector design with their dimensions in centimetres (Zumr et al.,, 2019).



1.3. Research gaps

During the last few decades considerable research has been done to define the
role of splash erosion in soil erosion process. Splash detachment can contribute up to
95% of total material transported by water erosion (Van Asch, 1983). However, there
are still many open research questions on the main processes affecting splash erosion,
which require deeper and better understanding to predict further soil loss and to
implement the appropriate measures for soil erosion prevention. The topic of splash
erosion needs to be therefore further researched in order to fill the remaining gaps in
knowledge.

Major limitation in splash erosion studies is high variability in space and time,
which prevents to upscale the results to other conditions and situations (Fernandez-
Raga et al.,, 2017). Additional limitation is the inability to translate the results obtained
in laboratory to situation in the field and vice versa. Natural rainfall is characterized
with temporal changes in the intensity rate and variable drop size distribution. Spatial
differences of natural rainfall are influenced by the altitude, temperature, wind speed
and direction and land cover. Rainfall simulators produce uniform drop size distribution
characterized by nearly constant rainfall intensity. The KE can vary by modifying rainfall
intensity which affects the drop size distribution (DSD). Most researchers use the
simulated rainfall in soil erosion studies, due to simplicity, ability to control the
conditions and time needed for experiments. However, in order to define the impact of
rainfall on splash erosion the experiments under natural rainfall are essential. Few
studies measured the splash erosion under natural conditions (Govers, 1991; Morgan,
1978; Van Dijk et al,, 2003). The measured rainfall parameters were rainfall intensity
and rainfall depth, where the KE was calculated based on the empirical relationships
between the KE and intensity from other studies. The role of DSD was not considered,
since the measurement of raindrop size and velocity was not available. According to
literature review, very few studies measured simultaneously splash erosion and rainfall
characteristics, including the drop size and velocity, on the same location. With a recent
development of optical laser disdrometer it is possible to measure the rainfall drop size
and velocity in field and under simulated rainfall. Latest field studies about the raindrop
impact on splash erosion were conducted by Angulo-Martinez et al. (2012) and
Ferndndez-Raga et al. (2010). In their studies, rainfall KE was derived from the DSD
measured by disdrometers. The authors, however, report limited data sets or high
variability in splash amounts for individual rainstorms. To obtain stronger relationship
between the splash erosion and rainfall parameters, measurements on larger temporal
and spatial resolution are required. When focusing on Europe, such results have not
been reported so far. In European Union 41% of total land is agricultural (The World
Bank Group, 2016), which is most affected by soil erosion by water. According to data
reported by Bauer (1990), most rainfall events in Central Europe do not generate
overland flow. Therefore, erosion by raindrop impact contributes largely to total soil
detachment rates. A rainfall erosivity data based on disdrometer measurements and
splash erosion data are required to define the impact of rainfall on splash detachment in
this area.
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In the field, soil is exposed to constant changes in the rainfall regime,
temperature, wind and humidity. These factors largely affect soil properties such as soil
moisture and surface structure, which can eventually control the splash erosion rates.
Splash erosion in relation to soil moisture and different hydraulic properties has been
investigated by several authors (Romkens et al., 1990; Ryzak et al,, 2015; Truman et al,,
1990; Vermang et al, 2009), where depending clay content, OM and wetting rate
different results were reported. The interaction between soil loss and antecedent 8, is
rather neglected in the soil erosion prediction models, such as Universal Soil Los
Equation (USLE) by Wischmeier and Smith (1978) and Water Erosion Prediction Project
(WEPP) (Flanagan and Nearing, 1995), although research show the correlation between
the two parameters (Truman et al, 1990). Furthermore, long exposure to raindrop
impact induces rapid changes in hydraulic properties and infiltration rate, due to
crusting or/and surface sealing. These processes in relation to splash erosion were
researched by Mcintyre (1957), Mermut et al. (1997), Truman et al. (1990), Vermang et
al. (2009). The authors reported high variations in splash erosion affected by different
seal formation stages. Most of presented studies concentrated either on different soil
moisture content or susceptibility of soil to form a surface seal, to explain the variation
in splash erosion rates. However neither of them took into account both factors, which
mostly interact together in the field. Therefore, a new approach combining these two
factors should be further investigated in attempt to closely describe undergoing
processes affecting splash erosion in natural conditions.

2. Objectives and thesis structure

The aim of the thesis was to investigate main factors influencing splash erosion
on arable land in Central Europe. In the first part of the study, focus was to quantify the
effect of rainfall erosivity on splash erosion for the soil after seedbed preparation, when
it is most susceptible to raindrop impact. During the field experiments splash erosion
was measured together with rainfall intensity, drop size and velocity, with a goal to
select significant rainfall parameter that describes splash erosion. The interaction
between rain drop impact and soil properties is also crucial for splash erosion
prediction. Therefore, effect of soil moisture and surface structure (seal and crust
formation) on splash erosion was investigated under simulated rainfall. These
experiments were conducted in laboratory to control soil initial conditions, namely soil
moisture content and to effectively measure the changes in surface structure.

Following hypotheses were evaluated in the thesis:
i.  Splash erosion is a raindrop induced process, which can be described as

the function of rainfall erosivity parameters commonly used in literature
such as KE, intensity or El3p.
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ii. Spatial and temporal rainfall variabilities affect splash erosion. The
continuous measurements of the rainfall parameters, including rainfall
intensity and KE, provide information based on which these differences
can be evaluated in relation to splash erosion.

iii.  Soil moisture and changes in surface structure by raindrop impact
influence the soil erodibility and thus resulting different splash erosion
rates. Therefore, an investigation is needed to quantify the effect of soil
initial condition on splash erosion detachment.

iv.  Differences in splash erosion between variable soils are related to soil
inherent properties, which interact together with rainfall.

The stated objectives were evaluated trough two study cases, which were
published as the research articles and summarized in the following chapters.

Study 1 describes the relationship between the splash erosion and rainfall
erosivity parameters (rainfall intensity, KE and El3) measured on three locations in
Central Europe under natural rainfall.

Study 2 presents impact of the soil moisture and surface condition affected by
surface sealing and crusting on splash erosion, under the simulated rainfall using two
rainfall simulators. The changes in surface structure were evaluated trough the changes
in soil saturated hydraulic conductivity.

Overall discussion follows to relate the obtained results from the study cases with
the state of the art. The conclusion and perspective highlight the main outcomes
obtained in the thesis and to propose recommendations for further research. Lastly, a
list of the publications and conference contributions is given. Complete publications
based on the study cases can be found in the appendix along with the declaration of
authorship.

3. Summary of Study 1

Summary of the Study 1 is based on the article “Rainfall Parameters Affecting
Splash Erosion under Natural Rainfall Conditions” published in Applied Sciences. The
complete publication can be found in the Appendix 1.

Nives Zambon, Lisbeth Lolk Johannsen, Peter Strauss, Tomas Dostal, David Zumr,
Martin Neumann, Thomas A. Cochrane and Andreas Klik (2020): Rainfall Parameters
Affecting Splash Erosion under Natural Rainfall Conditions, Applied Sciences, 10, 4103,
DOI: 10.3390/app10124103.

3.1. Introduction

Splash erosion is the initial stage of soil erosion by water initiated with first
raindrop impact on soil surface. The rainfall erosivity is the ability of rainfall to cause

splash detachment. Depending on the experimental set up authors propose different
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rainfall erosivity parameters which determine the splash erosion detachment. Most
commonly, authors use the parameters related to rain drop size and velocity such as
kinetic energy (KE) (Morgan et al.,, 1998; Poesen and Savat, 1981; Walter H. Wischmeier
and Smith, 1958), rainfall erosivity factor (El3) (Renard et al., 1997), raindrop
momentum (Salles et al.,, 2001) or the rainfall intensity (Nearing and Bradford, 1985;
Rose et al, 1983; Smith and Wischmeier, 1957). Splash erosion measurements are
conducted under simulated or natural rainfall. The simulated rainfall often does not
replicate the characteristics of natural rainfall due to limitations in rainfall simulator
design (Iserloh et al., 2013) and the fact that the rainfall erosivity is spatially and
temporally limited. Splash erosion is rainfall driven process largely dependent on size
and velocity of raindrops, therefore, experiments under natural rainfall are crucial to
explain the raindrop impact on initial soil detachment. To investigate the relationship
between splash erosion and rainfall erosivity, Morgan (1978) conducted an experiment
in the field using splash cups. He obtained significant relationship between the splash
erosion of bare soil and rainfall KE. Further, Govers (1991) found in his field
experiments that product of raindrop KE and drop circumference or rainfall intensity on
power of 0.75 are better predictors of splash erosion, than KE and intensity
independently. Both authors derived the KE either from the empirical relationships
between the KE and intensity by Hudson (1965) or from the DSD and intensity
relationships based on the data by Laws (1941) and Laws and Parsons (1943). However,
the empirical relationships obtained from another studies could lead to misinterpret the
realistic rainfall KE characteristic to certain location. Development of optical laser
disdrometers (Hauser et al.,, 1984) enabled direct measurements of size, velocity and
number of raindrops and improved the calculation of rainfall KE. Recent studies focusing
on splash erosion and rainfall KE obtained from disdrometer was conducted by
Fernandez-Raga et al. (2010) in Portugal and Angulo-Martinez et al. (2012) in Spain.
Authors obtained satisfied correlations between the splash erosion and rainfall KE or
El30. However, the splash data were either limited or highly variable between the
replicates, which suggested further measurements to statistically define relationship
between splash erosion and rainfall erosivity parameters. Considering the local
influences on rainfall erosivity and lack of the data sets on rainfall DSD, it is difficult to
define the role of splash in soil erosion process and predict it relative to local conditions.
This study presents the measurements of splash erosion and rainfall parameters,
including the rainfall intensity and KE, on the three locations in Central Europe where
most agricultural activity takes place. The objective is to compare relationships between
splash erosion and rainfall erosivity parameters, expressed through rainfall KE, mean
intensity and Elzp, and propose the rainfall parameter with highest ability to predict
splash erosion.

3.2. Materials and Methods

The rainfall monitoring and splash erosion measurements were located on two
sites in Lower Austria: Mistelbach and Petzenkirchen, and one site in Czech Republic:
Prague. The monitoring period was each year from 2017 to 2019 during the late spring
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and summer. These seasons were selected according to findings from previous studies
(Klik and Truman, 2003; Panagos et al., 2016b), which indicate that most erosive rainfall
events occur during spring and summer in Central Europe. Soil samples were taken from
the agricultural fields near to measurement sites in Lower Austria—Mistelbach (MI) and
Zwerbach (ZW), and in Czech Republic from site in Central Bohemia Region—Bilkovice
(BK). The samples were taken from the top 10 cm, after the seedbed preparation on all
sites. Further, soil was air-dried and the samples from the three soils were distributed to
three measurement sites. According to the soil particle distribution, determined soil
textures were silt loam, for MI and ZW soil and loamy sand, for BK soil (Table 1 in
Appendix 1). Splash erosion was measured with splash cups described in Zumr et al.
(2019) based on design by Morgan (1978) (Fig. 5). Each soil was filled into splash cups,
making sure that all aggregates (from finer to coarser) were equally arraigned on the
soil surface. Splash cups were filled with soil samples and placed on the experimental
sites afterwards. Sites were equipped with the automated rain gauge (tipping bucket or
balance principle) and an optical laser disdrometer for drop size and velocity
measurements. After the rainfall event with minimum rainfall depth of 5 mm, splashed
soil was collected and the splash cups were replaced with new soil samples. The amount
of splash erosion rate was calculated for each soil by dividing the collected splash
material with the surface of splash cup surface (86.6 cm?). Average rainfall intensity (av)
was calculated as the total rainfall amount collected during rainfall event and divided by
event duration. Rainfall KE was calculated from given raindrop and velocity distribution
measured by disdrometers. The erosivity factor based on single rainfall event was
calculated as the product of total KE (KEsum) and 30 minute rainfall intensity (I30).
Regression analysis was performed in order to analyse relationship between splash
erosion and rainfall parameters. Evaluated statistical parameters were coefficient of
determination (R?) and root mean square error (RMSE).

Figure 5. Experimental set-up for splash erosion measurements: a) splash cup with mesh at the bottom;
b) splash cup filled with soil; c) splash collector; and d) connection with drainage pipe to water and soil
collector.

3.3. Results

According to rainfall data selected over three seasons of measurement period
average monthly rainfall precipitation was the greatest for Mistelbach site with 94 mm.
Petzenkirchen and Prague followed with 68.7 and 46.5 mm, respectively. The highest

14



average El3p was also measured for Mistelbach site, with 378.9 M] mm ha! h-1 and
lowest for Petzenkirchen site, with 131.6 M] mm ha-1 h-1. Totally 80 records of complete
splash and rainfall measurements from the three sites were selected for the data
analysis. Average splash erosion varied between 4 and 2508 g m-2 depending on soil and
corresponding rainfall event KEsm, with range between 31 and 2722 ] m. Linear
relationship was established between splash erosion and KEsm for the three soils with
highest R? of 0.52 for BK soil. High variations were found between the predicted splash
erosion values by linear relationship and measured values, verified by high RMSE and
the scattered data points. The analysis of the rainfall events revealed that higher splash
erosion rates were attributed to higher rainfall intensity rather than KEsum. To ensure
the comparison of KE characterized by different rainfall intensity, the KEsum was divided
by rainfall duration. This parameter was defined as kinetic energy per hour (KEj).
Further regression analysis was obtained with KEx, Iov and El3p, as potential erosivity
parameters to describe splash detachment. A power relationship was fitted between
splash erosion and KEjp, with the R? of 0.76 for ZW and BK soil, and 0.75 for MI soil. The
parameter KEj; indicated stronger correlation to splash erosion than KEsm. Nevertheless,
differences of 97% were noted for three splash erosion observations in close range of
KEn (220-280 ] m2 h-1). These extreme measurements differed in either DSD or temporal
distribution of rainfall, which possibly contributed to extreme low or high splash
erosion. When performing the regression analysis without these observations, the linear
relationship can be established between splash erosion and KE, with R? of 0.91 for ZW
and MI soil, and 0.90 for BK soil. Further, the 62% lower RMSE for this linear
relationship indicated high influence of extreme observations on relationship between
splash erosion and KEj. Splash erosion detachment was further analysed in relation to
Iy including and excluding the extreme observations. Linear relationship was obtained
between the splash erosion and I for both data sets. Including the extreme observation
the resulting R? amounts to 0.81, 0.82 and 0.86 for ZW, BK and MI soil, respectively.
Relationship between splash erosion and I,» without extreme observations resulted in R?
of 0.93 for the three soils. Similar to previous analysis with KE}p, better performance of a
fitted linear function was obtained for the data without extreme observations. The
splash erosion was described as the power-law function of El3p, where the obtained R?
was between 0.60 and 0.65 for the three soils, showing minor differences in both R? and
RMSE between analysis with and without extreme observations.

3.4. Discussion

To characterize the impact of natural rainfall on splash erosion, similar studies to
one presented above were done by Fernandez-Raga et al. (2010) in Portugal and
Angulo-Martinez et al. (2012) in Spain. Both studies used disdrometer to calculate
rainfall KE from the raindrop size and velocity. In Portugal splash erosion was measured
with splash cup and funnel, where in Spain authors used Morgan splash cup (described
in Morgan, 1978). Fernandez-Raga et al. (2010) found linear relationship between
splash erosion and rainfall KEsum, which was related to findings of this study case for the
loamy sand soil (BK). However, the authors reported results based on only nine rainfall
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events where splash erosion rates were not comparable to the ones obtained for the BK
soil. Lower splash erosion rates were probably attributed to low rainfall KE
characterized with predominately small raindrops (<0.55 mm). In the study by Angulo-
Martinez et al. (2012), authors proposed El3p as a controlling factor of splash erosion
under natural rainfall. The splash erosion was described as power function of El3 and
after reaching a certain amount of Elz, splash erosion rate was constant. In the
presented study case, splash erosion rates evidently increased with higher El3g, resulting
in higher power index. These differences could occur due to fact that the soil tested in
presented study case was in seedbed condition exchanged after each rainfall event,
where undisturbed soil used in Spain could indicate lower erodibility. Furthermore, the
differences in soil condition could also apply for the study by Fernandez-Raga et al.
(2010). Data obtained in presented study revealed that splash erosion was attributed to
the rainfall intensity, rather than other parameters analysed (KEsum, KEn and El3g). Even
though most authors propose the use of KE as the main parameter describing soil
detachment, in the natural conditions rainfall KE is characterized by different intensity
rates. Furthermore, for high intensity events use of the KE can underestimate the
relative impact of rainfall on soil detachment (Govers, 1991). Considering that the KE in
this study was obtained from DSD and drop velocity, there is also possibility that some
limitations in the disdrometer measurements can influence the interpretation of KE (see
L.L. Johannsen et al. (2020)). Nevertheless, strong agreement was found between the
splash erosion and KEj suggesting that KE is suitable parameter for splash erosion
prediction. However, when events with different rainfall intensities are analysed, its
erosive impact has to be expressed through rainfall duration. Soil characteristics largely
influence soil erodibility. The splash erosion from the three soils used in the presented
study did not show differences in regression analysis with rainfall parameters. However,
positive correlation was found between splash erosion and soil sand content, and
significantly (p<0.05) negative correlation was found for the clay content. The high
splash detachability of soils with dominating sand content was also confirmed in
experiments by Salles and Poesen (1999), Cheng et al. (2008), and Xiao et al. (2017).
Other soil properties such as soil moisture could and surface condition could determine
the final splash erosion rates under natural rainfall conditions. This could be applied to
extreme events where some low splash erosion rates could be affected by surface
sealing or crusting, as observed visually after the rainfall event. Apart from the
differences in the rainfall characteristic and soil properties, the experimental design for
splash erosion assessment plays an important role when comparing the results from
different studies. As seen from the above described studies by Fernandez-Raga et al.
(2010) and Angulo-Martinez et al. (2012), the different devices used by different authors
minimize the ability to compare the results between studies. However, low standard
deviations in splash erosion rates between the replicates confirm that the modified
version of the Morgan splash cup provided reliable results in this study case.
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3.5.Conclusion

According to the results from the presented study, splash erosion is dependent on
rainfall intensity for the conditions in this field experiments. The KE can be used as
suitable parameter to describe rainfall erosivity; however it should be divided by the
rainfall duration for the natural rainfall conditions. Minor differences between the
replicates during splash erosion measurements indicate that the modified Morgan
splash cup provides a good tool for soil erosion assessment.

4. Summary of Study 2

Summary of the Study 2 is based on the article “Splash erosion affected by
initial soil moisture and surface conditions under simulated rainfall” published in
Catena. The complete publication can be found in the Appendix 2.

Nives Zambon, Lisbeth Lolk Johannsen, Peter Strauss, Tomas Dostal, David Zumr,
Thomas A. Cochrane and Andreas Klik (2020): Splash erosion affected by initial soil
moisture and surface conditions under simulated rainfall, Catena, 196, 104827, DOI:
10.1016/j.catena.2020.104827

4.1. Introduction

Soil surface exposed to direct raindrop impact cause the destruction of soil
aggregates resulting in splash erosion. When deposited on soil surface, detached soil
particles can cause the pore filling and wash-in of fine particles (Assouline, 2004;
Mclntyre, 1958). Soil infiltration is then reduced with incipient surface ponding followed
by run-off. During ponding soil surface is rapidly sealed and further seal formation
depends on rainfall KE (Baumhardt et al., 1990). Splash erosion rates affected by surface
sealing can temporary vary, depending on the stage of surface seal development (Cheng
et al,, 2008; McIntyre, 1958). Surface ponding can either reduce or increase the splash
erosion rates. According to Gao et al. (2003), ponding can accelerate the raindrop impact
on the soil until the water on the surfaces reaches a critical depth, when soil
detachability decreases. Proposed by Guy et al. (1987), critical ponding depth is equal to
three drop diameter. After the critical ponding depth is reached, the splash detachment
by raindrop impact is hindered by the accumulated layer of water on the soil surface
(Vermang et al., 2009). Soil detachment is also dependent on soil initial water content,
which reflects on aggregate stability (Le Bissonnais and Singer, 1992), ability of soil to
form crusts and infiltration capacity. Few authors (Beczek et al.,, 2019; Truman et al,,
1990; Vermang et al., 2009) investigated the effect of different soil moisture on splash
erosion, however, contradictory results reported could be contributed to a particular
conditions in the experiment. Dynamic changes in moisture content, surface sealing and
crusting effect are mostly not considered in splash erosion studies. However, these
processes are widely present especially in the natural conditions where soil is
constantly exposed to different weather conditions. Lack of current knowledge about
the effect of soil moisture, surface sealing and crusting on splash erosion hinders the
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ability to predict splash erosion. The main aim of this study is to investigate the effect of
different soil moisture content and surface condition (seal formation) on splash erosion
for three soils under simulated rainfall. The changes on soil surface were related to
changes in soil saturated hydraulic conductivity. Consequently, second objective is to
quantify the differences in soil saturated hydraulic conductivity affected by different
rainfall intensities and corresponding KE. Considering the possibility that the rainfall
characteristics can vary for different rainfall simulators, in this study the results were
obtained using two rainfall simulators. Therefore, a third objective is to quantify the
differences between rainfall characteristics produced by two different rainfall
simulators and their impact on soil splash erosion affected by different initial
conditions.

4.2. Materials and methods

Soil samples for splash erosion measurements were taken from three locations in
Lower Austria (Zwerbach and Mistelbach) and one location in Central Bohemia
(Bilkovice) of Czech Republic. The samples were taken in first 10 cm of soil surface, air
dried and sieved trough 10 mm sieve. Determined soil textures by particle size
distribution analysis were silt loam for Zwerbach (ZW) and Mistelbach (MI) soil, and
loamy sand for Bilkovice (BK) soil. The amount of stable aggregates determined with
method by Kemper and Rosenau (1986) was 18, 41 and 63% for MI, ZW and BK soil,
respectively (Table 1 in Appendix 2). Each soil was filled into the splash cups (Fig. 5) and
placed under the rainfall simulator. The rainfall simulators were located at the Institute
for Soil Physics and Rural Water Management at University of Natural Resources and
Life Sciences in Vienna, Austria (BOKU) and the Institute of Land and Water
Management Research in Petzenkirchen, Austria (BAW). Norton Ladder type rainfall
simulator at BOKU was equipped with four VeeJet nozzles with operating pressure of
0.45 bar. Total nine positions were arranged under rainfall simulator for the splash
erosion measurements. The rainfall simulator at BAW had one FullJet nozzle with
operating pressure of 0.25 bar where six positions were arranged for splash erosion
measurements. The intensity was controlled by discontinuous spraying.

Both rainfall intensity and KE were measured for each splash cup position under
both rainfall simulators. KE was calculated from drop size distribution measured by an
optical laser disdrometer OTT Parsivel. Splash cups filled with air dried soil samples
were exposed to rainfall three times for 30 minutes under constant intensity. Intensity
depended on the positon under two rainfall simulators (see the 4.3. Results). Time
intervals between the simulations were defined to reach certain 6, Different initial
conditions were determined due to different 8, and the surface condition of the soil
samples. Namely, first simulation was performed on air-dried (AD-initial condition)
(6a~5%), second simulation on wet-sealed (WS) (6.~30%) and third simulation on dry-
crusted (DC) soil samples (5%<68.<10%). The representative soil sample with the three
initial conditions is presented on Fig. 6.
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Figure 6. Photos of the soil surface in splash cups for three initial conditions: a) air-dried (AD); b) wet-
sealed (WS) and c) dry-crusted (DC).

After each simulation, splashed soil particles from the splash cups were collected,
oven-dried and weighted. Totally three replicates were done for each soil and initial
condition. Saturated hydraulic conductivity (Ks) of soil samples in splash cups was
measured after each simulation. The constant head method provided by Klute and
Dirksen (1987) was used for establishing the K;. Only the samples in splash cups tested
under BAW rainfall simulator were evaluated. Results of K; were based on three
replicates. The flow chart of the conducted experiments is shown in Fig. 7. Time to
ponding (tp) in minutes was additionally measured for the samples tested under BAW
rainfall simulator. Aim was to validate the measurements of the K relating the
reduction in infiltration rate (trough t,) to reduction in soil K.
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Figure 7. Schematic overview of the splash erosion experiments for two rainfall simulators. The numbers
in the parenthesis under splash erosion and saturated hydraulic conductivity indicate the number of
replications per each soil. 8, denotes the initial soil water content

4.3. Results

Intensities measured for the selected positions under rainfall simulator at BOKU
ranged from 28 to 54 mm h-! and at BAW from 35 to 81 mm h-1. The KE obtained for the
same positions ranged between 504 and 923 | m2 h-1 for BOKU and between 376 and
962 ] m2 hl for BAW rainfall simulator. Although higher rainfall intensities were
recorded under BAW rainfall simulator, the KE per mm of rainfall was 62% higher for
the rainfall simulator at BOKU. Higher velocities obtained for the larger drops under
rainfall simulator at BOKU contributed to higher KE for the same amount of rainfall.
Therefore, twice as high splash erosion rates were measured under rainfall simulator at
BOKU, considering most cases with different soils and initial conditions. Splash erosion
of three soils was described as the linear (BOKU) or power function (BAW) of rainfall KE
for the AD initial condition. For WS soil samples, splash erosion was 60 and 72% lower

considering both rainfall simulators. This reduction concerns the soil samples exposed
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to high intensities (45-80 mm h'l) with developed surface ponding. Resulting
relationship between the splash erosion and KE was therefore negative for all soils.
Samples exposed to lower intensities showed increase in splash rate compared to AD
surface condition. This increase was evident for the MI and ZW soil under rainfall
simulator at BOKU. During the simulation with the DC soil samples, splash erosion
increased positively with increasing KE. Similarly to WS simulation 50% more splash
erosion was noted for the samples exposed to lower intensities. Generally, the BK soil
(loamy sand) had highest splash erosion rates for AD and DC initial condition and the
lowest for WS initial condition, obtained under both rainfall simulators. The soil K;
decreased between the simulations affected by increasing rainfall intensity and
cumulative KE imposed on soil samples. The highest K values were obtained for the ZW
soil and lowest for the BK soil. The decrease in the K; between the rainfall simulations
with different initial conditions is described as the negative power function of the
accumulated KE. This relationship was significant for the MI and ZW soil, where the BK
soil did not show any variation in K; between the simulations or the rainfall intensities.
The reduction of K values between the simulations indicated surface sealing due to
raindrop impact. From the obtained relationship between the K; and accumulated
rainfall KE, a threshold value for KE needed to develop stable seal was obtained for MI
and ZW soil. Correspondingly, the t, measurements showed similar trend to Kj
considering plotted against rainfall intensity. Higher t, values were obtained for
simulation with AD surface condition and lower rainfall intensity, due to higher soil
infiltration capacity. The relationship between the t, and rainfall intensity resulted in
power function with the R2 of 0.90, 0.91 and 0.44 for MI, BK and ZW soil, respectively.
The correlation between K; could not be obtained due to high deviations between
replicates of Ks measurements for individual positions.

4.4. Discussion

Rainfall KE produced by different rainfall simulators resulted in different splash
erosion rates. Even though the rainfall simulators are often used in soil erosion studies,
the differences in the design and operating principle result in different drop spectrum,
which can violate the comparison of the results obtained with other rainfall simulators
(Iserloh et al., 2013). Furthermore, it is already recognized that the rainfall produced by
rainfall simulator is often characterized by uniform drops of different sizes and fall
velocities. In natural conditions, the rainfall KE is primarily dependent on drop size
distribution and velocity (Van Dijk et al., 2003). Larger drops (>1.3 mm) produced by
rainfall simulators in this study were markedly under their terminal velocity defined by
Atlas et al. (1973). This findings further confirm that rainfall KE produced by rainfall
simulators cannot reflect the KE of natural rainfall. Nevertheless, to control the
conditions of soil properties in this study the use of the artificial rainfall was essential.
Variations in splash erosion between the three rainfall simulations were affected by the
soil moisture content and surface ponding followed by seal development. Splash erosion
for soil samples with AD initial condition and low 6, increased with increasing KE.
However, the appearance of surface ponding in the last stage of the rainfall simulation
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indicated the reduction in soil infiltration rate. This reduction was attributed to lower
soil permeability due to surface sealing (Assouline, 2004; Liu et al., 2011; Sharma et al,,
1995). The surface sealing was further evident trough the reduction in the soil K; for
samples exposed to higher intensities and visible smooth surface after the rainfall
simulation. In the following simulation with WS soil samples, early surface ponding
(evident trough ¢tp) and partly formed seals from the previous simulation were observed.
High 6, mostly contributed to reduction of ¢, for intensive rainfall. Short ¢, was result of
decline in hydraulic gradient and water storage capacity (Liu et al,, 2011; Vermang et al,,
2009). During the ponding, splash erosion was prevented by water layer, which lowered
the raindrop impact on the soil surface (Poesen, 1981). The influence of the 6, on ¢,
could be excluded for the simulation with DC initial condition since the initial 8, was
approximately three times lower. Earlier surface ponding (compared to ¢, for AD initial
condition) was probably affected by already developed seals from previous simulations.
Generally splash erosion increased or did not vary between the simulations on samples
with different initial condition, which were not regularly affected by surface ponding.
The increase in splash erosion during rainfall simulation with DC samples was noticed
for MI and ZW soil samples exposed to low intensities. Considering low 6, this could
indicated higher effect of destructive slaking forces acting on aggregates (Lado et al,
2004). Evidently, samples exposed to lower intensities and KE showed increase of
almost 50% in splash erosion rates for WS initial condition. Detachability by rain drop
impact could be accelerated due to lower cohesion of the soil particles affected by high
0. (Beczek et al,, 2019; Gao et al., 2003). Other soil properties that contribute to soil
detachment and surface seal formation are aggregate stability and soil texture (Le
Bissonnais, 2016). Between the three soils the BK soil had highest aggregate stability;
however it showed highest splash erosion detachment for lower 6, and lowest K;
compared to the other soils. Furthermore, K for BK soil did not significantly decrease
between the rainfall simulations. This might indicate that stable seals were formed
already after the first simulation, which is typical for loamy soils according to
observations by Morgan (1995). However, visibly smaller aggregates for BK soil and
lower surface roughness could contributed to shorter ¢,, since lower depression storage
for water was available (Truman et al., 1990). The highest decrease in Ks was noted for
MI soil, where rapid formation of the surface seals was attributed to high silt content.
This results were equivalent to findings from several studies (Cheng et al., 2008; Comino
et al,, 2016; Truman et al., 1990). The obtained threshold values for KE to from stable
seals (in case of MI and ZW soil) indicated that the seal formation highly dependent on
rainfall KE. However, high variability between the replicates in the measurements for K;
would suggest that larger data set is needed to precisely describe seal development
stages and its effect on splash erosion for certain scenarios.

4.5, Conclusion

Splash erosion measured under two different rainfall simulators is highly affected
by rainfall characteristics produced by different rainfall simulators. The higher splash
erosion rates are attributed to higher raindrop velocities produced by rainfall simulator.
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Higher initial soil moisture content contributes to the reduction of splash erosion rate
due to faster surface ponding. The formed seal layer can be reflected on decrease in
saturated hydraulic conductivity, where the predominant factor for its reduction was
kinetic energy. Considering high variability among replicates for saturated hydraulic
conductivity measurements, it is difficult to identify clear relationship for some soils.
Nevertheless, this study presented that there is a complex interaction between the
rainfall and soil physical parameters in the soil erosion process, which should be more
investigated in order to apply these findings to more complex soil erosion prediction
models.

5. Overall discussion

5.1. Rainfall erosivity parameters for splash erosion prediction

The splash erosion has been one of most intensively researched soil erosion
process. However, there is still no general agreement which rainfall properties actually
best describes the detachment rate of the soil by raindrop impact (Salles et al., 2000).
This is principally attributed to different approaches that researchers use to determine
the relationship between the soil detachment and rainfall erosivity. In the experiments
with simulated rainfall the rainfall conditions are constant and splash is observed often
on sand not on soils. However, under natural rainfall conditions the rainfall is highly
temporary and spatially variable, which introduces additional difficulty in choosing the
right parameter for splash erosion prediction. In the Study 1 was shown that same
amount of total rainfall KE wont necessary produce same splash erosion rate when
observed on different sites. Higher splash erosion rates were attributed to site with
intensive short storms and larger drop diameter. Govers (1991) suggested that splash
erosion was underestimated for higher rainfall intensity when using the KE, which was
also the case for the observed splash rates in Study 1. Furthermore, the results obtained
in Belgium were based on events with lower intensities. The author suggested that
rainfall intensity is more appropriate erosivity parameter when low intensity rainfall
prevails. This could be one of the reasons that in Study 1 splash erosion was better
described trough rainfall intensity rather than gross KE. van Dijk (2003) on the other
hand, suggested for his data observed in West Java, Indonesia to use the KE of rainfall
falling at the intensities higher than 25 mm h-1. However, for temperate climates, lower
thresholds were suggested. For instance 10 mm h-! in Britain (Morgan, 1977), 6 mm h-1
in Germany (Richter and Negendank, 1977) and 2-5 mm h-1 in Netherlands (Van Asch,
1983). From the relationship between splash erosion and rainfall intensity obtained in
the Study 1 was shown that already low intensities produced significant amount of
splash. Therefore, no such a threshold was applied in the analysis with KE. However,
strong relationship (R?=0.90) obtained between splash erosion and KE per time unit
(KEn) enabled to discern the rainfall events with low and high intensity rate.

Considering the variable rainfall distribution of storms in the field, the duration
of the rainfall is crucial parameter when analysing the splash erosion. The erosivity of
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rainfall should be attributed to rainfall intensity as the raindrop erosion increases with
rainfall intensity. For this reason the factors combining the intensity with rainfall KE,
such as El3g, has been widely used for prediction of soil erosion by water (Panagos et al.,
2016a; Renard et al., 1997; Walter H. Wischmeier and Smith, 1958; Yin et al., 2015). The
El3p is a statistical interaction how total KE and peak intensity are combined in each
particular storm (Renard et al.,, 1997). The El3 results in detachment of soil particles
and their detachment by runoff. Direct application of the El3 as the splash erosion
prediction factor was elaborated in the study by Angulo-Martinez et al. (2016). The
author obtained good relationship between the splash erosion and the El3 factor, also
using the KE calculated from DSD. According to data obtained in Study 1, the El3 was
found to underestimate the soil detachment by splash. The lower splash erosion rates
predicted by the El3p factor could be attributed to low I3 values from the minute data.
Furthermore, slightly better correlation was obtained with maximum 15- or 5-minute
intensity, but not significantly (not shown in the results). However, it should be
considered that the El3 as a part of USLE was primarily created to predict annual
rainfall erosivity based on large time scale data and potential soil loss, but not soil
detachment based on one event (Wischmeier, 1976). The El3 for splash erosion
prediction in the Study 1 was therefore not appropriate factor. The splash erosion is
primarily attributed to rainfall DSD, which is highly sensitive to temporal variability of
rainfall within the rainfall event. Furthermore, Nearing et al. (2017) also implied that the
El39 can be used in terms of quantifying the relative spatial or temporal differences in
rainfall erosivity on annual or monthly basis, but it can underestimate the erosivity of
rainfall for splash erosion prediction.

The choice of the appropriate rainfall parameter for splash erosion prediction
must be based on the on high temporal resolution data in order to evaluate the
differences between the individual rainfall events or sites. The data analysis should
include parameters relative to the specific conditions in the experiments. In case of the
experiments under natural rainfall such as presented in Study 1, the disdrometer
measurements are necessary to evaluate the raindrop impact on splash erosion. Even
though in the presented study, splash erosion was more related to rainfall intensity,
these results are based on a given experimental set conditions and cannot be extracted
to different conditions. The rates of splash erosion were very significant, according to
the given results in the Study 1 and comparing the splash erosion rates to similar studies
(Angulo-Martinez et al,, 2012; Fernandez-Raga et al., 2010). Therefore, the choice of the
relevant factor for splash erosion prediction is important for more precise evaluation of
the potential risk of soil erosion on the investigated sites in Central Europe.

5.2. Initial soil water content and soil properties affecting splash erosion

The bare soil exposed to consecutive rainfall events will influence soil erodibility
by changes in soil moisture and surface roughness. Accordingly, the splash erosion will
increase until reaching full soil saturation with following surface runoff. These factors
can affect, or in turn, be affected by other phenomena directly related to raindrop
impact, such as the formation of the seal layer on the bare soil surface exposed to high
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intensities (Assouline and Ben-Hur, 2006). Soil moisture affects not only the infiltration
and runoff rates, but also the cohesion forces between the soil aggregates. The
interaction of splash erosion with the above-described effects (except surface runoff)
was investigated in the Study 2 under controlled conditions in laboratory. The soil water
content (6,) played major role in the soil infiltration responses observed for the soil
samples under different intensities. Higher soil 8, initiated earlier surface ponding due
to reduction in soil infiltration capacity. This was expected considering reduced soil
water storage capacity and lower matric potential gradient (Lado et al., 2004; Vermang
et al., 2009). The final splash erosion rates for the samples with wet-sealed condition
were lower compared to air-dried initial condition due to surface ponding, which
prevented further soil detachment (Mermut et al., 1997). For air-dried and dry-crusted
conditions the splash erosion increased with higher rainfall KE. However, the reduction
in infiltration rate for air-dried (seed bed condition) soil samples differed between soils
used in the experiment. According to K; measurements the lowest infiltration was
attributed to loamy sand soil with lowest clay content and highest to silt loam soil with
highest clay content among the soils. The higher sand content (45%) of the loamy sand
soil would indicate greater Ks; compared to silt loam samples according to Garcia-
Gutiérrez et al. (2018). The reason for lower Ks and earlier reduction in the infiltration
capacity of the loamy sand soil could be attributed to higher capability to aggregate
destruction followed by surface sealing. Significantly (p<0.05) higher splash erosion
rates for air-dried condition of loamy sand also confirmed the assumption lower
resistance of soil surface to raindrop impact in the initial phase of rainfall simulation.
The aggregate stability measurements for the three soils could not confirm these
findings, since the highest percentage of the stable aggregates was measured for loamy
sand soil (63.3%). However, its visibly finer aggregates compared to other soils with
coarser aggregate structure (silt loams) might indicate higher ability of raindrops to
destroy aggregates resulting in higher splash erosion and reduction in surface
infiltration. The findings by Fox et al. (2007) indicate that smaller fractions were more
susceptible to surface crusting and splash erosion than the coarser fractions.
Furthermore, lower surface roughness due to smaller aggregates is characterized with
lack of depressional storage, which possibly induced earlier surface ponding (Truman
and Bradford, 1990).

Silt content is commonly considered as the key factor for fast surface seal
development (Cheng et al., 2008; Rodrigo Comino et al., 2017; Truman et al., 1990). The
silt loam soil from Mistelbach with the highest silt content (70.4%) had the greatest
reduction in Ks for soil samples exposed to highest intensities. Consequently the seal
formation during the rainfall simulation reduced the surface erodibility and final splash
erosion rates. Strong relationship was found between the K; for silt loam soils and the
accumulated rainfall KE, where the K; was decreasing with increasing KE until reaching a
constant value. Therefore, it can be stated that stable seal development will depend on
the applied rainfall KE. Lack of the significance found between K; and KE for loamy sand
soil could be attributed to early stable seal formation during the first simulation with
air-dried samples or inability of loamy sand soil to form stable seals. Additional micro-
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morphological measurements are necessary to establish the presence of developed seal.
However, the indirect measurements such as time to ponding and soil K; indicated lower
infiltration capacity of loamy sand soil compared to silt loams. In addition to this it
should be noted that measurements of the K; for the specific samples showed high
variations, therefore more replications (n>3) should be performed in order to make
stronger conclusions.

Observing the three subsequent rainfall simulations increase in splash erosion
rates was noted for samples exposed to lower intensities (<35 mm h-1) and less affected
by surface ponding. Evident increase in splash erosion compared to air-dried surface
condition was detected for the samples with higher initial 8,. Lower cohesion between
the particles contributes to higher detachability affected by raindrop impact (Beczek et
al,, 2019; Gao et al., 2003). This increase in detachability was in particular noted for the
silt loam soils for the wet-sealed initial condition. As seen from the results obtained in
Study 2 the soil initial conditions and dynamic changes in soil structure caused by
rainfall largely affect the splash erosion process. These results partly reflect the
conditions in the field where soil surface is exposed to different rainfall intensities and
weather conditions, which foremost affect the soil moisture and surface structure.
However, due to certain limitations in the filed Study 1, such as inability to temporally
monitor soil moisture or surface structure, the results from the laboratory
measurements cannot be exactly translated to outdoor experiments. Still, the
experimental study present that the soil initial properties must be considered in order
to precisely predict splash erosion at the scale of a single rainfall event.

5.3. Uncertainties in splash erosion research approaches

Splash erosion has been widely studied over last few decades; still understanding
the splash erosion from a physical point of view is associated with many uncertainties
concerning different research approaches. One of the most disputable is the choice
between field and laboratory study or natural and simulated rainfall. The rainfall
parameters causing the splash erosion have been widely studied in the laboratory
(Ghadiri and Payne, 1977; Poesen and Savat, 1981; Salles and Poesen, 2000; Sharma and
Gupta, 1989). However, the laboratory studies cannot directly reproduce the conditions
in the field (Van Dijk et al., 2003). Variability in DSD is the main factor defining splash
erosion in the field where in laboratory uniform drop size and constant intensity is used.
Accordingly, the results obtained from Study 1 and Study 2, showed evidently higher
splash erosion rates measured in the field compared to ones obtained in the laboratory,
considering similar range of KE and soil initial condition. Together with DSD, the
raindrop velocity is dominant factor controlling splash erosion detachment. Drops
accelerated by the two rainfall simulators used in Study 2 were under the terminal drop
velocity defined by Atlas et al. (1973). Lower drop velocities can significantly reduce the
rainfall potential to detach soil particles. The results published by Iserloh et al. (2013)
revealed that rainfall drop velocities produced by thirteen different rainfall simulators is
generally lower than calculated terminal velocity mostly due to technical limitations
such as height of the rainfall simulator. Furthermore, the differences between rainfall
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simulators can also reflect on experiment outcome. Two rainfall simulators used in
Study 2 showed significant differences in the rainfall KE comparing same rainfall
amounts. Consequently, the rainfall simulator with higher KE per rainfall unit (mm)
contributed to higher splash erosion rates. Considering the variabilities in rainfall
character between the natural and simulated rainfall, and simulated rainfall produced
by different simulators, special attention needs to be payed when comparing the splash
erosion results obtained under different conditions.

Monitoring of splash erosion together with the rainfall erosivity requires
extensive instrumental effort (Angulo-Martinez et al., 2012). Due to spatial differences
attributed to certain location rainfall parameters need to be closely monitored (Angulo-
Martinez and Barros, 2015). Splash erosion is raindrop induced process where DSD is
crucial for precise calculation of KE and prediction of total soil detachment rate by
splash. Raindrop size and velocity measurements require instruments such as optical
laser disdrometer or acoustic disdrometer. When the measurements of the drop size and
velocity spectrum are not available the rainfall KE is calculated from the rainfall
intensity. From the literature exponential (Brown and Foster, 1987; Petan et al.,, 2010),
logarithmic (Brandt, 1990; Wischmeier and Smith, 1978) and linear (Sempere Torres et
al, 1992) relationships between KE and intensity are known. These empirical
relationships represent the rainfall erosivity of the location where the data was
measured. Therefore, they cannot completely reflect the rainfall conditions of other
regions with different geographical and meteorological characteristics. For e.g. Brown-
Foster equation (Brown and Foster, 1987) is valid for continental United States.
Researchers validated empirical KE intensity relationships from literature with their
data sets measured with disdrometer (Angulo-Martinez et al., 2016; Lisbeth Lolk
Johannsen et al, 2020), but there is still no general agreement which empirical
relationship preforms the best due to differences in rainfall regime and the instrument
used. The empirical relationships are important tool for soil erosion prediction (Morgan
et al, 1998; Renard et al.,, 1997; Walter H. Wischmeier and Smith, 1958). However,
empirical relationships could reduce ability to correctly estimate rainfall KE on event
basis and consequently predict splash erosion detachment. For the data collected at
experimental sites described in Study 1 different KE and intensity relationships from the
literature were validated in the research by Johannsen et al. (2020). Results have shown
that the best fit KE and intensity relationships from the literature varied according to
site and disdrometer type used. Furthermore use of disdrometer by different producers
for classifying drop size and velocity can also introduce certain uncertainty in the KE
measurements. The results from the study by Angulo-Martinez et al. (2018) and
Johannsen et al. (2020) clearly demonstrate the influence of the disdrometer by
different producer on the KE calculation. In the Study 1 the KE measured by different
disdrometers was modified using the correction factor obtained in L.L. Johannsen et al.,
(2020) in order to ensure more consistent comparison between the devices. The
reference used for developing correction factor was the device with measured rainfall
amount close to one measured by rain gauge, on event basis. In the field experiments for
splash erosion monitoring the correct interpretation of the rainfall KE is one of the most
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important factors. When neglecting the spatial and temporal differences of rainfall and
differences between instruments for drop size and velocity detection, the accurate
comparisons between studies could be violated.

Another critical point in the splash erosion studies that can affect the result
interpretation is the method or device used for splash erosion measurements. Splash
cup by Morgan (1978) is commonly used in many studies (Angulo-Martinez et al., 2012;
Ferndndez-Raga et al., 2010; Zumr et al., 2019). Authors usually apply different devices
or modify the ones proposed in the literature to reach the objectives of the presented
study. Accordingly, the comparison of results between the studies that use different
methods for splash erosion assessment is highly uncertain (Fernandez-Raga et al,,
2019). The results obtained in the Study 1 were compared with studies using the similar
method for splash erosion measurements. However, due to differences in the soil
condition (disturbed, undisturbed) splash erosion rates were difficult to compare.
Additional factor that needs to be considered is spatial upscaling. In the Study 1 the
splash erosion was measured on the surface of 84 cm-2, however upscaling the results on
m? or ha can introduce uncertainties. Splash erosion varies according to geographical
conditions affected by the slope steepness (Torri and Poesen, 1992; Wu et al,, 2019) and
surface roughness (Romkens et al., 2002; Wu et al,, 2016). For the given conditions in
the Study 1 and Study 2, splash erosion measured by splash cup based on Morgan
(1978) design gave acceptable results showing minor variabilities between the
replicates.

6. Conclusions

This thesis aims to investigate the performance of different rainfall parameters
for more accurate prediction of splash erosion under natural rainfall conditions on sites
in Central Europe. Furthermore, it aims to relate the differences in splash erosion rates
to soil properties affected raindrop impact.

The results of splash erosion measurements under natural rainfall suggested that
splash erosion can be described as the linear function of the rainfall intensity, for the
three monitored sites. Cumulative rainfall kinetic energy underestimated splash erosion;
however, better results were obtained when splash erosion and rainfall kinetic energy
were divided by rainfall duration. Temporal variations in rainfall intensity are typical
characteristic of natural rain storms. Therefore, gross rainfall kinetic energy was not
appropriate parameter to describe these variations and their affect on splash erosion.
Rainfall erosivity factor, commonly used in soil erosion prediction models,
underestimated the splash erosion on the rainfall event basis. Data show that spatial
rainfall characteristics reflected on splash erosion detachment between the sites.
Monitoring of the rainfall drop size and velocity on high temporal resolution enabled to
distinguish the differences in the rainfall characteristics between individual rainfall
events and the variabilities specific to local conditions (only for the sites with same
disdrometer type). However, different locations require independent investigation of
parameters controlling splash erosion.
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Effect of initial soil moisture and surface structure on splash erosion was
investigated using simulated rainfall. Combination of soil initial water content and
surface seal formation highly affected final splash erosion rates. The reduction in final
splash erosion rates was characteristic to samples exposed to high intensity rainfall
affected by surface ponding. During ponding, surface was protected from further
raindrop impact. High initial water content contributed to early surface ponding due to
lower soil infiltration capacity. Surface ponding indicated also the beginning of surface
seal formation for the samples exposed to high rainfall intensities. Measurements of
saturated hydraulic conductivity enabled to track temporal development of surface
sealing between the consecutive rainfall simulations. The reduction in soil saturated
hydraulic conductivity can be described as the power function of increasing cumulative
rainfall kinetic energy. The samples with dry-crusted surface and fully developed seals
had lower erodibility and infiltration capacity. However, the samples without developed
surface seals, exposed to lower intensities, had higher detachment capacity due lower
cohesion of soil particles. Initial soil conditions dictate the dynamics of splash erosion
development, which could highly affect soil erosion process. These factors have to be
considered, not only in experiments similar to presented one, but also in more complex
soil erosion prediction models.

Splash erosion is highly affected by rainfall properties. The simulated rainfall
cannot reflect the natural rainfall characteristics which highly affect the final splash
erosion rates. The relation between splash erosion and soil texture confirmed that
splash erosion is positively correlated to sand content and negatively to clay content.
Detail knowledge of parameters defining splash erosion contributes to higher ability of
predicting the potential risks caused by soil erosion water. Complete study of splash
erosion should investigate the potential of rainfall to cause soil detachment in relation
with soil properties that define the soil erodibility.

7. Perspectives

Splash erosion is one of the dominant processes of soil erosion by water on
arable land. Accurate prediction of splash erosion provides better application of the soil
management techniques, which prevent excessive soil erosion by water. For this reason,
monitoring of rainfall properties together with soil erosion is essential, especially in the
field studies. In the presented research, the temporal monitoring of rainfall properties
with rain gauge and disdrometers enabled to discern the differences between the
rainfall events and to relate them to resulting splash erosion rates. However, the
monitoring of the temporal resolution of splash erosion was not conducted in the
presented experimental design, only the final splash erosion rates were analysed. The
temporal splash distribution could provide information on direct splash erosion
response to changes in rainfall pattern in the field studies. The changes in rainfall
patterns could be, however, simulated in controlled laboratory conditions and thus
provide theoretical background of the temporal resolution of splash erosion affected by
different rainfall patterns. The spatial character of splash erosion is additional topic that
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requires more research. With an application of a similar model of splash cup installed
directly into soil, differences between the splash erosion upslope and downslope could
be quantified on site. Further, the spatial differences in splash erosion could be accessed
by measurements on more sites using the same measurement technique.

The soil detachability is closely correlated to soil texture, structure, composition
and physical characteristics. Lack of information about the soil characteristics can lead
to misinterpretation of the results and the inability to compare the results from the
similar studies. Analysed soils in this research showed similarity in the soil texture,
however different response to the rain-drop impact. These differences could be affected
by other soil characteristics (such as clay minerology, iron oxides, infiltration capacity,
aggregate size etc.), which were not directly measured. Furthermore, more analysed
soils would provide larger data set, which could enable to statistically define the crucial
soil properties affecting splash erosion. These results would provide necessary data
basis for developing splash erosion model, which could be applied for the studied area.

Lack of standardized methods for splash erosion measurements often leads to
inconsistent output from different studies. The results obtained with splash cup method
for splash erosion measurement provided reliable information about the splash erosion
under natural and controlled conditions. However, the application of different method
could be researched in order to investigate the impact of sample size and the concept of
the measurement method on the results.

Further research can focus on the investigation of other soil processes, such as
rill and interill erosion using runoff plots studies. With combination of the
measurements from splash cups and those from plots would be possible determine the
potential amount of soil, which could be detached by raindrop impact, overland flow and
rill erosion. Such research would provide more guidance on soil and water conservation
on the arable land. Furthermore, the results of the presented study reveal that the splash
erosion dynamic physical process, affected by complex interaction between rainfall and
inherent soil properties. For more reliable results prediction models of splash erosion
on the scale of the single event must take into account these interactions.
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Featured Application: Practical and cost-effective splash cup method for splash erosion
measurements in field and laboratory conditions.

Abstract: The interaction between rainfall erosivity parameters and splash erosion is crucial for
describing the soil erosion process; however, it is rarely investigated under natural rainfall conditions.
In this study, we conducted splash erosion experiments under natural rainfall on three sites in Central
Europe. The main goal was to obtain the relationship between splash erosion of the bare soil in
seedbed condition and commonly used rainfall erosivity parameters (kinetic energy, intensity, and
rainfall erosivity (Elzg)). All sites were equipped with a rain gauge and an optical laser disdrometer
where the splash erosion was measured, with modified Morgan splash cups. In order to investigate
which parameter best describes the splash erosion process for all sites, a regression analysis was
performed. In total, 80 splash erosion events were evaluated. Splash erosion can be described as
a linear function of total kinetic energy and a non-linear function of El3y. However, the use of the
total kinetic energy led to underestimation of the splash erosion rates for highly intensive rainfalls.
Therefore, better results were obtained when using average rainfall intensity as the splash erosion
predictor or the kinetic energy divided by the rainfall duration. Minor differences between the
replicates during splash erosion measurements indicate that the modified Morgan splash cup provides
a good tool for soil erosion assessment.

Keywords: splash erosion; splash cup; kinetic energy; rainfall intensity; rainfall erosivity

1. Introduction

Soil erosion by water is the most common soil degradation process globally, and in arable cropland
itis consistently higher than soil formation [1]. Detailed knowledge of the processes that control erosion
on arable croplands contributes to better application of soil management techniques that minimize and
control soil erosion risk [2]. Splash erosion starts with the raindrop impact on the soil surface, which
represents the first stage in soil erosion by water [3]. The detached soil particles transported by raindrop
impact are deposited on the near-distance soil surface or are transported further by surface runoff if the
infiltration capacity of the soil is reached [4]. The major splash erosion driver is the erosivity of rainfall,
which can be expressed by parameters like rainfall intensity [5-7], kinetic energy (KE) [8-10], rainfall
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erosivity (Elzg) [11], or raindrop momentum [12]. Apart from the rainfall properties, the detachment of
soil particles also depends on soil physico-chemical characteristics, such as infiltration capacity [13,14],
initial water content [15,16], the ability to form stable aggregates and crusts [17,18], organic matter
content [19], texture, cohesion, porosity, capacity of ionic interchange, and clay content [20].

Splash erosion measurements on a small scale are usually done through splash cups or splash
containers [21-26]. Most of the splash erosion studies have been conducted in the laboratories using
rainfall simulators, where by controlling the raindrop size and fall height, the KE of raindrops is
adjusted [12,27-30]. However, rainfall simulators often do not reproduce the same rainfall drop size
and velocity distribution characteristics as in nature [31]. As the velocity of raindrops is controlled by
the height at which the nozzles are located, due to space or design limitations, sometimes raindrops
cannot reach the terminal velocity of natural raindrops [32]. By applying different pressure at the
nozzle, the raindrop velocity can be adjusted regarding to the raindrop size; however, large drops are
unlikely to reach their terminal velocity, and consequently the KE, of natural rainfall [33]. Nevertheless,
laboratory experiments improve the consistency of the results by minimizing the effects of the various
uncontrolled factors that are present in the field [34], and also allow experiments to be repeated.

Splash erosion experiments under natural rainfall investigate the relationship between rainfall
erosivity and splash detachment [3]. Morgan [23] observed the splash erosion under natural rainfall
for 100 consecutive days, comparing four different soil textures. The KE of rainfall was calculated from
the 10 min rainfall intensity values, using the formula from Hudson [35]. Splash erosion of the bare soil
was significantly correlated with KE. Govers [36] collected data at 21 sites in Belgium using circular
splash cups. He found that the product of rainfall KE and drop circumference are better at expressing
the rainfall erosivity compared to KE and intensity, or when the 0.75 power of rainfall intensity is used.
However, a detailed drop size distribution (DSD) was not available at the time, and the fall velocities
of raindrops were based on data by Laws [37]. Splash erosion under natural conditions is primarily
affected by rainfall DSD. The ability of raindrop impact to cause splash erosion (rainfall erosivity) is
mainly dependent on drop size and drop fall velocity [12]. Direct measurements of raindrop size and
velocity provide precise information about the erosivity of rainstorms—namely, KE. When the raindrop
size and velocity is not directly measured, the rainfall KE is estimated from the experimentally based
equations between rainfall intensity and KE from other studies. Theoretically obtained rainfall KE could
underestimate or overestimate the real KE [38—40]. Furthermore, DSD obtained from other studies can
significantly vary depending on rain type and geographical location [41]. With the development of
optical laser techniques (disdrometer), the continuous and direct measurement of raindrop size and
velocity has become easily available to assess rainfall KE.

A recent study with splash erosion measurements under natural rainfall, using the splash cup
technique and rainfall monitoring with a disdrometer, was performed by Fernandez-Raga et al. [42].
They used a funnel and cup installed directly in the field for splash erosion measurements, and found
a good correlation between splash erosion and rainfall KE; however, their findings were based on
only nine sampling periods. Angulo-Martinez et al. [43] conducted a study in Spain where the splash
erosion of three soil types was measured with Morgan splash cups [23]. A significant relationship was
found between splash erosion and the rainfall erosivity index El3p, and high variabilities between
the replicates indicated the heterogeneity in splash erosion spatial distribution. According to the
results reported from these studies, there are still many uncertainties concerning the changes in surface
condition and spatial distribution of splash erosion.

The studies investigating splash erosion under natural rainfall are limited to local conditions.
Consequently, monitoring of the rainfall characteristics on higher temporal and spatial resolution is
crucial for describing the dominant rainfall parameters on splash erosion related to a specific location.
Apart from the field studies of Fernandez-Raga et al. [42] and Angulo-Martinez et al. [43], there are
very few experiments that include both the monitoring of splash erosion and rainfall characteristics,
including DSD, in the same location. Considering the local influences and lack of the data sets on
rainfall DSD, it is difficult to define the role of splash in soil erosion process and predict it relative to
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local conditions. Furthermore, Bauer [44] pointed out that many rain events in Central Europe do
not generate overland flow, but splash erosion is initiated already from the first drop impact, which
emphasizes the importance of this soil degradation process. Lack of knowledge about the effect of
erosive rainfall events on splash detachment in the agriculturally active Central European area was the
main motivation for the present study.

This study presents the results from the splash erosion measurements collected during three
consecutive summer seasons at three sites in Central Europe. Together with splash erosion, rainfall
parameters, including rainfall intensity and KE, were monitored at the sites, with the aim of analyzing
performance of the most common rainfall erosivity parameters (KE, intensity, and rainfall erosivity
(El3p)), in order to predict splash erosion under natural rainfall.

2. Materials and Methods

2.1. Study Sites

The monitoring of rainfall parameters and splash erosion measurements was located at two sites
in Austria and one in the Czech Republic (Figure 1). The Austrian sites, Petzenkirchen (48°9’17” N,
15°14’46” E) and Mistelbach (48°34’59” N, 16°35’15” E), are situated in the region of Lower Austria,
where most of the country agricultural activity takes place. The Czech site was located in Prague
(50°6’17” N, 14°23’15” E). The long-term, average annual precipitation for the three sites is 902, 537 and
459 mm for Petzenkirchen, Mistelbach, and Prague, respectively [45-47]. According to data measured
by Klik and Truman [48] in Lower Austria, most of the erosive storms occurred during the summer
period. Panagos et al. [49] also confirmed the highest rainfall erosivity during summer in the Central
European region. Therefore, the selected monitoring period was during late spring and summer from
2017 to 2019.
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Figure 1. Location map of the study sites in Austria (Petzenkirchen and Mistelbach) and the Czech
Republic (Prague), marked with solid dots, and locations of the soil sampling sites (Zwerbach,
Mistelbach and Bilkovice), marked with solid triangles.



Appl. Sci. 2020, 10, 4103 40f17

2.2. Investigated Soils

Soil samples were taken from two locations in Austria close to the experimental sites, Zwerbach
(ZW) (48°8’22” N, 15°14’46” E) and Mistelbach (MI) (48°35’3” N, 16°35’16” E). In the Czech Republic,
soil samples were taken within the Central Bohemian Region in Bilkovice (BK) (49°45'41.5” N,
14°50720.0” E). The locations of three sites are marked in Figure 1. The samples were collected from
agricultural land in the first 10 cm during April 2017, after seedbed preparation. Soil was dried and
sieved through a 10 mm sieve and distributed to the three experimental sites. Particle size distribution
was determined with a combined wet sieving and sedimentation method, as defined in the Austrian
Norm for soil physical analysis [50,51]. Accordingly, soil textures were determined using the Austrian
soil texture triangle [52]. Soil pH was obtained with electrometric pH meter. Total organic carbon was
measured according to the Austrian Norm for the determination of soil organic carbon [53], and the
aggregate stability of soils was determined with the modified Kemper and Rosenau method [54].
The physical and chemical properties of the soils obtained in the laboratory analysis are listed in
Table 1.

Table 1. Soil physical and chemical properties.

Soil Sand [%] Silt[%] Clay[%]  Soil Texture AS[%] pH TOCI[%]
Zwerbach 14.0 60.2 25.8 Silt loam 414 7.5 1.5
Mistelbach 11.2 70.4 18.4 Silt loam 18.3 8.2 1.6
Bilkovice 41.6 46.3 12.1 Loamy sand 63.3 6.9 1.7

Notes: AS = aggregate stability; TOC = total organic carbon.

2.3. Splash Erosion Measurements

Splash erosion was measured with the splash cup technique proposed by Morgan [23]. The splash
cup was produced from a light polypropylene material, with an inner diameter of 10.3 cm and a
standing height of 6 cm. On the bottom of the splash cup, holes were drilled to ensure water drainage
through the soil; however, two fine meshes (500 and 1000 um) were placed on the bottom to prevent
soil loss trough the holes (Figure 2a). Air-dried and sieved soil (<10 mm) was filled in three layers up to
1 cm below the splash cup edge, to prevent the overflow of soil on the surface during the high intensity
rainfall. While levelling it continuously using a long needle, each soil layer was slightly compacted
to reach similar conditions (bulk density) as in the field. Aggregates at the top layer surface were
randomly distributed to achieve heterogeneous arrangement. For each soil, more or less the same mass
was filled into the splash cups, to keep soil density (in seedbed condition) constant within the replicates
(Figure 2b). Major differences in the soil structure of the samples prepared for experiment and the
original soil in seedbed condition are the aggregate size and their arrangement, due to sieving and
sample preparation. However, soil bulk density and porosity were within the same range of the soil in
the seedbed condition in the field. Splash cups filled with soils were placed in the middle of a splash
collector, with standing height of 30 cm and diameter of 47 cm (Figure 2c). The splash collector had an
outlet, ensuring the drainage of rainfall water with splashed soil into collectors placed underneath
(Figure 2d). The water collector underneath was completely closed, ensuring that only splashed soil
was trapped into the collector. Splash cups were installed in the field in such a way that the soil surface
was 1 m above ground level, which corresponds to the same height as the disdrometer (described in
next chapter). A detailed splash cup and splash collector design can be found in Zumr et al. [55].
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Figure 2. Experimental set-up for splash erosion measurements: (a) splash cup with mesh at the

bottom; (b) splash cup filled with soil; (c) splash collector; and (d) connection with drainage pipe to
water and soil collector.

Splash cups were exchanged, and splashed sediment was collected after each rainfall event, with
accumulated precipitation of 5 mm. The events with precipitation lower than 5 mm were considered
as erosive if the accumulated rainfall of 2.5 mm was reached after 15 min. This threshold was adopted
based on preliminary data analysis and recommended by some European authors [44,56]. The intensity
threshold of 12.7 mm (~0.5 in), reported in the Revised Universal Soil Erosion Equation (RUSLE) [11],
is too high for European conditions. A rainfall event was defined as the rain period separated between
proceeding and succeeding rainfall by 6 h or more. The splashed soil particles on the rim of the splash
collector were completely washed off and drained into the water collector with rainfall and sediment.
In the laboratory, splashed particles were filtered from water and oven-dried at 40 °C. The average
mass of the splashed soil per each rainfall event was calculated from the three or four replicates,
depending on the study site.

2.4. Rainfall Parameters

At all sites, rainfall data were collected with a rain gauge (tipping bucket or balance principle).
To obtain the KE of rainfall, each site was equipped with an optical laser disdrometer, which measures
raindrop size and velocity distribution in one-minute intervals. The PWS100 Present Weather Sensors
from Campbell Scientific (PWS100) were installed in Mistelbach and Petzenkirchen, and the Laser
Precipitation Monitor from Thies Clima (Thies) in Prague. The devices differ in measurement principle,
sampling area, and drop size and velocity distribution classes. The PWS100 sampling area was 40 cm?,
in which the drops are categorized in 34 size and 34 velocity classes. The Thies had a sampling area of
44.1 cm?, with 22 drop sizes and 20 velocity classes. Both disdrometer types differentiate raindrops
from hail, ice pellets, and graupel. A detailed description of the disdrometer and rainfall monitoring
set-ups at the three sites is given in Johannsen et al. [57].

The rainfall kinetic energy per area, KE (J m~2), was calculated for the diameter class i and velocity
class j that are provided by the disdrometer, as follows:

1 -6 3.2
KE = ) Nijy7 710 ®pD}?, @)

where Nj; is number of detected raindrops of a certain size class i and velocity class j; A is the sampling
area of the disdrometer (m?2); p is density of water (g cm™); D; is mean drop diameter (mm) of size
class i; and v; is mean fall velocity (m s~ of velocity class j. The mass of the raindrop is calculated
assuming a spherical drop shape. Total KE is the sum of kinetic energies for each drop size and velocity,
multiplied by the number of drops in the corresponding classes. Cumulative KE of a single rainfall
event, KEg,,; (J m™2), was defined as

n
KEsum = Z KEi/ (2)
i=1
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where KE; represents the i-th minute of the rainfall event. The KE per rainfall duration was calculated as

®)

where the KE, is kinetic energy per hour ( m~2 h™!) and T is total duration of a rainfall event (h),
measured from the beginning of rainfall.

The results obtained in the recent study by Johannsen et al. [57] showed that the differences in
rainfall measurements from different disdrometer types, including PWS100 and Thies, influenced
the interpretation of rainfall KE. That study concluded that the Thies disdrometer measured higher
numbers of smaller drops; therefore, it underestimated the rainfall KE. To ensure comparable results
obtained from the two disdrometer types used in this study, we applied the suggested correction
factor by Johannsen et al. [57] for the Thies disdrometer. The correction is the ratio of the slope
factors obtained from the KE and the intensity relationships for the PWS100 and Thies disdrometers.
Accordingly, the final KE for the Thies disdrometer is calculated as in Equation (2) and multiplied with
a correction factor of 1.36.

For the periods when the disdrometer data were not available due to disruptions or errors, the KE
was calculated based on KE and intensity relationships developed for the three sites, according to the
data investigated in Johannsen et al. [40]. The KE is presented as the function of the intensity, which
was available from the rain gauge.

The average rainfall intensity I, (mm h™!) of single rainfall event considered the amount of
rainfall over a time period, and is expressed as

P

Iav = T/ (4)
where P is the cumulative rainfall precipitation (mm) over rainfall duration T (h).

The rainfall erosivity EI3y (MJ mm ha~! h™1) [11] for soil erosion estimation was also considered

in analysis as an important rainfall parameter affecting splash erosion. The erosivity of a single rainfall

event has been defined by the following expression:
Elzp = KEsum-100-I30, ®)

where I3 is the maximum 30 min rainfall intensity of one rainfall event (mm h1).
Rainfall erosivity density expresses the mean rainfall erosivity per rainfall unit [49]. The mean
monthly erosivity density MED (M] ha'h™1)is expressed as:

1~ (Ely
ED = - —
M n iZJO( P )i' ©)

where 7 is the number of rainfall events (i) recorded during one month. The total splash erosion rate
per one measurement period was calculated as the total amount of the splashed material from the test
area per unit area, which is calculated as follows:

S =—, )

where S is average splash erosion rate (g m™2), ms is the mass of splashed material, and A; is the
area of the splash cup (0.0084 m?). Splash erosion Sj, (g m~2 h™!) per rainfall event duration (T) was
calculated as

®)

Sl n

Sy =
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The coefficient of determination (R?) and the root mean square error (RMSE) were used to validate

the efficiency of the influencing rainfall erosivity parameters as the predictors of splash erosion. Pearson

During the splash erosion measurements
July 2018 in Mistelbach, and June 2018 in Prague (Figure 3). The Mistelbach site had the highest

cumulative El3j of 4168 MJ mm ha~! h~!; however, the highest monthly El3g of 1352 MJ mm ha ! h™!

was recorded at the Prague site during June 2018.

correlation analysis was used to estimate the relationship between the splash erosion rates and the sand,
200

silt, or clay content of the three soils. The Kruskal-Wallis [58] test by ranks was used to determinate

the differences in splash rates between the three soils.
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Figure 3. Accumulated monthly rainfall precipitation P (mm) and cumulative rainfall erosivity El3

(MJ mm ha=2 h~1) distribution for investigated sites during the measuring period.



Appl. Sci. 2020, 10, 4103 8 of 17

During the measuring period, the Mistelbach site had highest average monthly rainfall, KE, El3,
and erosivity density, as well as the largest mean drop diameter (Table 2). Petzenkirchen was the site
with the noticeably lowest average monthly El3y and erosivity density. The Prague site had lowest
monthly precipitation among the three sites. However, higher average monthly El3y and erosivity
density compared to the Petzenkirchen site were caused by intensive storms recorded in June and
August 2018 (Figure 3). It should be noted that calculated mean drop diameter could be affected by
differences in measured drop size distributions between the disdrometer types used in the study [40].

Table 2. Average monthly rainfall parameters measured at the three study sites.

Study Sites
Petzenkirchen Mistelbach Prague
Number of months measured 12 11 9

Precipitation (mm) 68.7 94.0 46.5
Kinetic energy (J m~2) 1026.0 1876.9 661.7
Rainfall erosivity (MJ mm ha=! h71) 131.6 378.9 241.0

Erosivity density (MJ ha=! h™1) 1.7 3.8 3.6

Raindrop diameter (mm) * 0.9 1.2 0.6

* According to Johannsen et al. [40].

3.2. Splash Erosion as the Function of Total Kinetic Energy

During the measuring period, 99 splash erosion records of the three soils were obtained from the
investigated sites. After the data evaluation, a total of 80 records that had complete rainfall and splash
erosion measurements were selected for further data analysis.

For measured KEg,;;, the mean splash erosion rates ranged between 4 and 2503 g m~2 for ZW, 5 to
1972 g m~2 for MI, and 12 to 2508 g m~2 for BK soils (Figure 4). The variabilities between the splash
erosion replicates were larger for the measurements of KEs;;;;, above 780 ] m2.

Tozw
= 3000 { @ M|

2500 { © BK

0 500 1000 1500 2000 2500 3000
Rainfall event kinetic energy (J m2)

Figure 4. Mean splash erosion for Zwerbach (ZW), Mistelbach (MI), and Bilkovice (BK) soil versus
rainfall event cumulative kinetic energy. The dashed—dotted line represents the fitted linear regression
line for BK soil, while the dashed line represents ZW, and the solid line represents MI.

Significant (p < 0.05) linear regression was obtained for the three soils, as the splash erosion
for each soil was positively correlated to KEg,;; with R? of 0.52, 0.50, and 0.45 for the BK, ZW, and
MI soils, respectively (Table 3). According to the linear model, BK soil yielded the highest splash
erosion, followed by ZW and MI soils. RMSE indicated a high deviation of measured values and
values predicted by linear relationships.
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Table 3. Main outputs of the regression analysis between splash erosion S (g m~2) for Zwerbach (ZW),
Mistelbach (MI), and Bilkovice (BK) soils and rainfall event cumulative kinetic energy KEgy; (J m~2).
R? is the determination coefficient of the regression model, and RMSE (g m~2) indicates the root mean

squared error.

Parameter Soil Equation R? RMSE
ZW S =0.767-KEsym — 75.968 0.50 349.25

KEsum MI S =0.653-KEsy + 22.841 0.45 326.10
BK S =0.825-KEgymm — 1.299 0.52 357.73

3.3. Impact of Rainfall Intensity on Splash Erosion

The points deviating above the fitted linear regression line for the BK soil were mostly measured in
Mistelbach (Figure 4). Considering the site-specific differences (Table 2), it was necessary to distinguish
the erosive events with higher rainfall intensities from the ones with low intensities having the same
KEsym. The example in Figure 5 shows two rainfall events with similar cumulative precipitation and
KE,m measured in Mistelbach (Event 1) and Prague (Event 2) with the corresponding splash erosion.
The rainfall Event 1 was recorded on June 6, 2018, with a duration of 3.5 h. The rainfall Event 2 was
recorded on August 8, 2018, with a duration of 43 min. Cumulative rainfall reached 19 and 20 mm
for Event 1 and Event 2, respectively. Corresponding KEs,;; values were 467 J m~2 for Event 1 and
446 ] m~2 for Event 2. However, during Event 2, up to 86% higher splash erosion rates were measured.
Therefore, to compare the effect of kinetic energies characterized by different rainfall intensities on
splash erosion, the KE;,;, was divided by rainfall duration (T) (defined in Equation (3)).
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Figure 5. Cumulative rainfall P (mm) and kinetic energy KEg;; (J m~2) with corresponding mean splash
erosion for Zwerbach (ZW), Mistelbach (MI), and Bilkovice (BK) soil for (a) Event 1 and (b) Event 2.
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3.4. Regression Analysis of Rainfall Erosivity Parameters with Splash Erosion

Previous results have indicated that the KE;;; could not represent the realistic ability of rainfall to
produce splash erosion. Since rainfall intensity plays an important role in rainfall erosivity, together
with I;, and El3g the results of regression analysis with KEj, are presented in the following section. KE},
represents the average energy load per rainfall duration.

3.4.1. Splash Erosion and Kinetic Energy Per Rainfall Duration

The relationship between KEj and splash erosion resulted in a non-linear (power) regression
function, with an R? of 0.75 for MI soil and 0.76 for ZW and BK soil (Figure 6a, Table 4). The results
indicated a less scattered distribution compared to results for KE;,;;, (Figure 4). However, several
observations in Figure 6a present a difference of 97% between the lowest and the highest splash erosion
rate for a similar range of KEj, (220-280 ] m~2h™1). The splash erosion measurement with KE;, of
220 ] m~2 h~! (E; on Figure 6a) was the result of a rainfall event with short duration. Peak intensity
of 42 mm h~! was reached at the beginning of a rainfall event, with a short duration of 3 min. This
might indicate that the peak intensity duration was too short to produce higher splash erosion rates.
High splash erosion rates up to 1044 ¢ m2 h™! were measured for the rainfall event with a KEj,
of 2237 m~2 h™! (E,). Maximum intensity for this rainfall event reached 60 mm h~!, where a high
percentage of large drops (drop diameter > 3 mm) with high velocities (>6 m s~!) was measured.
The splash erosion rates for the event with KE;, of 280 ] m~2h! (Figure 6a, E3) were remarkably low
considering a high amount of the total rainfall of 44 mm.
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Figure 6. Mean splash erosion for Zwerbach (ZW), Mistelbach (MI) and Bilkovice (BK) soil versus
kinetic energy per time unit, including (a) all observations (1 = 80) and (b) without extreme observations
(n =77). The dashed line represents the regression function for ZW, as does the solid line for MI and
the dashed—dotted line for BK soil. The points inside the dashed boxes indicate extreme observations
(Eq, Ey, and E3) per soil.

Table 4. Main outputs of the regression analysis between splash erosion S;, (g m~2 h™') for Zwerbach
(ZW), Mistelbach (MI), and Bilkovice (BK) soil and rainfall kinetic energy per time unit KEj, (J m~2h71).
The R? is the determination coefficient of the regression model, and RMSE (g m~2 h~!) indicates the
root mean squared error. Eq, E;, and E3 denote extreme observations.

Parameter Soil Equation R? RMSE

ZW Sy, = 0.028-KE,,1-6% 0.76 112.21

KEj, (including Ey, By, E3) MI Sj, = 0.069-KE,;,1:498 0.75 91.30
BK Sp, = 0.113-KE;,1:426 0.76 106.27

ZW Sy, = 1.621-KE;, — 32.289 0.91 43.04

KE}, (excluding Ey, B, E3) MI Sy, = 1.668-KE), — 27.828 0.91 43.40

BK S, = 1.590-KEj, — 20.586 0.90 4310
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Excluding these observations from the regression analysis, the resulting relationship between
splash erosion and KE;, was linear, with R? values of 0.91 for ZW and MI soil, and 0.90 for BK soil
(Figure 6b; Table 4). The difference of 62% between the RMSEs for linear and nonlinear models indicates
better performance of the splash erosion—KE, relationship without extreme observations. According to
RMSE, correlation coefficients, and slope coefficients of regression equations, fewer minor differences
between the soils were noted for the linear than for non-linear regression.

3.4.2. Splash Erosion and Mean Rainfall Intensity

Splash erosion plotted against the I, (calculated according to Equation (4)), resulted in linear
relationships for the three soils (Figure 7). Compared to previous results with KEj,, most of the data
were grouped in the range of low intensities up to 10 mm h™!, and the highest I, corresponds to a
KEj, of 650 ] m~2 h~!. The three extreme measurements from the previous example with KEj, (E1_3)
were more linearly distributed with increasing I;,; however, they still deviate from the regression lines

(Figure 7a).
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Figure 7. Mean splash erosion for Zwerbach (ZW), Mistelbach (MI), and Bilkovice (BK) soil versus
mean rainfall intensity, including (a) all observations (1 = 80) and (b) without extreme observations
(n =77). The dashed line represents the regression function for ZW, as does the solid line for MI and
the dashed-dotted line for BK soil. The points inside the dashed boxes indicate extreme observations

(Eq1, Ey, and E3) per soil.

The regression analysis without extreme observations did not greatly affect the linear regression
for the three soils; nevertheless, R? increased for all soils, with the highest increase from 0.81 to 0.93
calculated for the ZW soil (Table 5).

Table 5. Main outputs of the regression analysis between mean splash erosion S, (g m~2 h™1!) for
Zwerbach (ZW), Mistelbach (MI), and Bilkovice (BK) soil, and mean rainfall intensity I;, (mm h1).
The R? is the determination coefficient of the regression model, and RMSE (g m~2 h™1) indicates the
root mean squared error. E1, E;, and E3 denote extreme observations.

Parameter Soil Equation R? RMSE

ZW Sy = 39.7651;, — 47.492 081 77.08

Iy (including Eq, Ey, E3) MI Sy = 38.379-1;, — 39.707 0.86 62.50
BK Sy, = 38.578:1;, — 34.877 0.82  73.06

ZW Sy = 37.658:1;, — 42.101 093 37.78

I (excluding Eq, E;, E3) MI Sy =38.691-Ip — 36.893 093  37.68

BK Sy =36.960-1,, — 30.124 093  37.66
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3.4.3. Splash Erosion and Rainfall Erosivity (Elsg)

The relationship between splash erosion and El3j resulted in a non-linear power function
(Figure 8a), with R? values of 0.60 for ZW, 0.64 for MI, and 0.65 for BK soil, including the
extreme observations (Table 6). Most of the observations were grouped up to an Elzy value of
250 (MJ ha mm~! h~1), with high variations in splash erosion (from 5 to 1586 g m~2) between the single
observations. Minor differences in R> and RMSE between the analysis with and without extreme
observations indicated better correlation of extreme splash erosion observations to Elzy (Table 6).
The highest splash erosion rates were indicated for BK soil, similar to the results obtained with KEs,,
seen in Figure 4.
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Figure 8. Average splash erosion for Zwerbach (ZW), Mistelbach (MI), and Bilkovice (BK) soil versus
mean rainfall erosivity (El3), including (a) all observations (n = 80) and (b) those without extreme
observations (1 = 77). The dashed line represents regression function for ZW, as does the solid line
for MI and the dashed-dotted line for BK soil. The points inside the dashed boxes indicate extreme
observations (Ej, Ep, and E3) per soil.

Table 6. Main outputs of the regression analysis between mean splash erosion S (g m~2) for Zwerbach
(ZW), Mistelbach (MI), and Bilkovice (BK) soil and rainfall erosivity factor El3g (M] ha mm~! h1). R?
is the determination coefficient of the regression model, and RMSE (g m~2) indicates the root mean
squared error. Eq, Ep, and E; denote extreme observations.

Parameter Soil Equation R? RMSE

ZW S = 3.927-El3, 088 0.60 335.23

El3p (including Ey, Ey, E3) MI S = 6.418-El5)0-8% 0.64 299.95
BK S =10.233-El3,0785 0.65 310.70

ZW S = 3.899-El5,0-854 0.60 322.87

El3g (excluding Ey, Ej, E3) MI S = 6.572-El5, 0836 0.65 287.67
BK $ =10.517-EI3,0778 0.65 294.55

4. Discussion

Comparable studies to our splash erosion experiments under natural rainfall were made in
Portugal by Fernandez-Raga et al. [42], and in Spain by Angulo-Martinez et al. [43]. The Thies
disdrometer was used in both studies to directly assess rainfall KE. The splash erosion rates measured
by Ferndndez-Raga et al. [42] were between 2.3 and 100 g m~2. In the same range of total KE measured
at our sites, splash erosion for loamy sand soil, which was most similar to the texture from the study in
Portugal, was between 12 and 2508 g m~2. However, the Portugal study was based on only nine splash
erosion records, during which low rainfall intensities characterized by small raindrops (<0.55 mm) were
measured. According to findings by Bubenzer and Jones [59], smaller drops produce significantly less
splash erosion than larger ones, even for the same amount of KE. This would explain the lower splash
erosion rates compared to our measurements, where more erosive rainfall events with larger mean
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drop sizes (>0.6 mm) were measured. Furthermore, differences in splash erosion measuring principles
could also play a role when comparing results. In Portugal, the cup was placed directly on the soil
bed, and splashed particles were collected from the surrounding soil. We prepared the soil samples
and measured the particles splashed into the collector surrounding the soil. Fernandez-Raga et al. [42]
described splash erosion as the linear function of total KE, with the R? being 0.51 and 0.69 for different
drop size and intensities thresholds used. That corresponds with our observations for the loamy sand
soil, where an R? of 0.52 was obtained.

The study from Angulo-Martinez et al. [43] was more comparable to ours, considering that the
Morgan splash cups were used for the splash erosion measurements. However, the samples were
kept undisturbed during the whole monitoring period, whereas our samples were exchanged after
each rainfall event. Splash erosion was measured for three soils with silt, sandy loam, and clay loam
textures. The authors suggested El3g as a controlling factor for splash erosion where no differences in
detached rates between the soils were reported. Comparable splash erosion rates from our analysis
with El3y were found up to 200 MJ ha mm~! h~!; however, with increasing El3, our splash erosion
rates increased up to 2500 g m~2, whereas the rates from Spain remained constant with an average rate
of 337 g m~2. The fact that the samples were exchanged between measurements may contribute to
higher rates obtained for soils in our study, which was in seedbed conditions.

There is still no general agreement on which rainfall parameters define splash erosion [12].
Parameters dependent on raindrop size and fall velocity, such as rainfall KE, momentum, intensity, or
a combination of these, are commonly used to describe the raindrop impact on splash detachment.
According to our analysis, KEg,;; could not (Figure 4) explain the variabilities between splash erosion
rates obtained for the same amount of KE. The reason for that lies in different rainfall intensities between
the rainfall events, where high-intensity rainfall produced more splash erosion than low-intensity
rainfall (Figure 5). In the field study by Govers [36], it was also concluded that the use of KE as an
estimate of the rainfall detachment power leads to an underestimation of the relative impact of events
with high intensities. From the strong linear relationship between splash erosion and rainfall intensity
obtained in our study (Figure 7, Table 5), it can be stated that the splash erosion was more related to
rainfall intensity than to other analyzed parameters (KEs,;;, KE, and El3y). Nevertheless, we found
good agreement between the splash erosion and KEg,,; divided by rainfall duration (T) (Figure 6,
Table 4). This indicates that KE can also be used as the parameter to predict splash erosion, even
when events with different rainfall intensities are analyzed, but its erosive impact has to be expressed
through rainfall duration.

The detailed information about drop size distribution allowed us to discern the differences in
rainfall characteristics between the study sites. The differences in the splash rates between the rainfall
events for the same range of KE also contributed to the differing drop size distribution. This was also
noticed for the splash rates measured at the Mistelbach site, which is characterized as the site with the
highest average raindrop diameter. Another example of this is the extreme event (Ey) reported in the
results (Figure 6), where the high splash erosion rates were affected by the large drop size measured
for this event. Bubenzer and Jones [59] found that rainfall with larger drops produce more detachment
than rainfall with smaller drops, for rainfall having the same total KE. Recently, Fu et al. [60] also
reported the gradual increase of splash erosion rates with increasing raindrop diameter. Detailed
information about raindrop size distribution plays an important role for splash erosion studies like
ours, where the direct measurements of the parameters is needed to describe the factors affecting the
splash erosion process.

The soil’s physical characteristics (texture, soil moisture, organic matter, structure, infiltration
capacity, etc.) play an important role in understanding the soil detachment by raindrop splash [2].
Splash erosion of the three soils was positively correlated to the sand content, and significantly (p < 0.05)
negatively correlated to clay content. For this reason, cumulative splash erosion rates were highest
for the BK soil with highest sand content, and significantly different (p < 0.05) from ZW soil with the
highest clay content (Table 1). Equivalent results were reported in a recent study by Zambon et al. [61],



Appl. Sci. 2020, 10, 4103 14 of 17

using simulated rainfall on same soils. The high splash detachability of soils with dominating sand
content was also confirmed in experiments by Salles et al. [3], Cheng et al. [19], and Xiao et al. [62].
However, the results of the regression and correlation analysis between splash erosion per rainfall
duration and KEj, as well as I, indicates small differences between the three soils. Other soil properties,
such as soil moisture, also have a significant impact on splash erosion [17,63,64]. The results reported
by Zambon et al. [61] show that lower splash erosion rates are related to high initial soil water content,
followed by surface ponding and changes in saturated hydraulic conductivity induced by surface
crusting under high rainfall intensities. Although it was not possible to monitor the changes in soil
moisture and surface conditions in the field, these effects probably contributed to results obtained
in this field study, especially for the extreme observation Ez. During this observation, two rainfall
sub-events were recorded. The second major rainfall sub-event (with total rainfall of 40 mm) occurred
48 h later. Therefore, low splash erosion rates could be related to the long drying period between the
first and second rainfall-sub event, resulting in increasing soil surface resistance against the raindrop
impact [65]. A more detailed study, including the temporal monitoring of surface changes and soil
moisture properties, would possibly contribute to clarifying the complex interaction between soil
properties and rainfall controlling the splash erosion process.

Apart from the differences in the rainfall characteristic and soil properties, the experimental design
for splash erosion assessment plays an important role when comparing the results from different
studies. Recently, a study was published by Fernandez-Raga et al. [25] that compared different devices
for splash erosion measurements, where the results were strongly affected by the measurement device.
This was also visible when comparing our results to the above-described studies. However, low
standard deviations between the replicates for each soil obtained in our study confirm that the modified
version of the Morgan splash cup provided reliable results for splash erosion measurements.

5. Conclusions

This study analyzed the effect of rainfall parameters on splash erosion under natural rainfall on
three sites in Central Europe. Based on the results obtained during the three seasons of measurements,
we conclude that splash erosion is more dependent on rainfall intensity than on total kinetic energy and
rainfall erosivity (Elzp). Still, the kinetic energy of a natural rainfall event can be used as suitable erosivity
parameter when dividing it by the rainfall duration. Monitoring of rainfall properties (intensity and
kinetic energy) is important to discern the spatial and temporal differences in rainfall characteristics,
which influence splash erosion. The dynamic changes in soil moisture, infiltration capacity, and surface
roughness affected by weather conditions can lead to uncertainties in the evaluation of splash erosion
in the field. Minor differences between the replicates during splash erosion measurements indicate
that the modified Morgan splash cup provides a good tool for soil erosion assessment.
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ARTICLE INFO ABSTRACT

Soil erosion by water is one of the most severe soil degradation processes. Splash erosion is the initial stage of
soil erosion by water, resulting from the destructive force of rain drops acting on soil surface aggregates. Apart
from rainfall properties, constant soil physical properties (texture and soil organic matter) are crucial in un-
derstanding the splash erosion. However, there is lack of information about the effect of variable soil properties
such as soil initial water content and surface condition (seal formation) on splash erosion. The objective of the
present study was to determine how initial water content and surface condition affected soil splash erosion under
simulated rainfall. The changes in soil surface condition were characterized by hydraulic variability (saturated
hydraulic conductivity) due to surface seal formation. Slit loam and loamy sand soil textures were used in the
experiment. The soil samples were collected from the top layer; air dried, and filled into modified Morgan splash
cups for splash erosion measurements. Rainfall was created in the laboratory using two types of rainfall simu-
lators covering intensity range from 28 to 54 mm h ™! and from 35 to 81 mm h ™. The soil samples were exposed
to three consecutive rainfall simulations with different time intervals between simulations and different initial
water content and surface conditions (air-dried, wet-sealed, and dry-crusted). Wet-sealed soil samples had up to
70% lower splash erosion rate compared to air-dried samples, due to surface ponding followed by seal formation.
A significant decrease in soil saturated hydraulic conductivity indicated the formation of surface seal for silt
loam soils. A non-significant decrease in saturated hydraulic conductivity for loamy sand soil was attributed to
earlier formation of stable seals. Two different rainfall simulators produced different amount of splash erosion
rates; however, the splash erosion development for increasing rainfall intensity was almost equal considering
same initial surface condition. These results provide insight into dynamic changes of individual soil parameters
affected by rainfall, and could find wider application for more complex soil erosion prediction models.

Keywords:

Splash erosion

Rainfall kinetic energy

Rainfall simulator

Saturated hydraulic conductivity
Surface sealing

Ponding

1. Introduction

Detachment of soil by rain drop impact is the first stage of the soil
erosion process by water (Quansah, 1981). According to Rose (1960)
and Hairsine and Rose (1991), splash has more influence on detached
soil particles than surface runoff, before the stage of rill and gully
erosion is reached. Bare soil surface exposed to rain drops changes its
structural and hydraulic properties, which remarkably influences soil
infiltration, soil water repellency, overland flow, and final soil erosion
rates (Fernandez-Raga et al., 2019). The main driver for the splash
detachment process is the kinetic energy (KE) of rainfall, which

depends on the amount, size, and fall velocities of the drops according
to Wischmeier et al. (1971), Ghadiri and Payne (1977) and Morgan
(2005). Together with rainfall characteristics, soil physical parameters
are crucial in defining the soil erosion process. Wischmeier and Smith
(1978) concluded that particle size distribution and organic matter
content were the most dominant indicators of soil erodibility. Le
Bissonnais (2016) also reported that soil mineralogy, soil texture, or-
ganic matter content and initial water content (6,) influence the for-
mation of aggregates, where higher 0, increases the resistance of ag-
gregates against the rain drop impact.

At the beginning of rainfall, KE of rain drops has to exceed a
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threshold, in order to induce destruction of soil aggregates (Kinnell,
2005). If detached soil particles are deposited on the soil surface, they
can cause pore filling and clogging by wash-in of fine soil particles
(Assouline, 2004; Mclntyre, 1958). Soil infiltration rate is then reduced
with incipient surface ponding. During ponding the soil surface is ra-
pidly sealed and the crust formation is dependent on cumulative rainfall
KE (Baumbhardt et al., 1990). Development of seal on soil surface de-
pends on the soil characteristics, being mostly common for soils with
high silt content and low organic matter (Armenise et al., 2018). When
observing the interaction of splash erosion and seal development,
Cheng et al. (2008) discovered that the splash erosion fluctuations are
related to surface crust development, where the final splash rates were
lower for the soils suspected to surface sealing. Furthermore, several
researches have investigated the effect of ponding on soil erosion. For
instance, Gao et al. (2003) proved that shallow water layer can accel-
erate the rain drop impact force on soil erosion, until it reaches a cri-
tical depth when the soil detachability decreases. However, they did not
consider surface seal formation during ponding phase. Proposed by Guy
et al. (1987), the defined critical ponding depth on soil surface is
rainfall dependent and equal to three drop diameter.

During the rainfall, soil hydraulic and structural properties define
the soil erosion and runoff production. Different approaches have been
developed to describe the water movement through the soil affected by
surface sealing. Assouline and Mualem (1997) related the seal forma-
tion to increase in soil bulk density. Furthermore, in later study
(Assouline and Mualem, 2002), they proved that the use of saturated
hydraulic conductivity (K;) for an infiltration model can sufficiently
describe the heterogeneity in soil hydraulic properties.

Many experimental studies (e.g. Kinnell, 1982; Salles et al., 2001;
Salles and Poesen, 2000; Sharma et al., 1991) have been dealing with
rainfall properties controlling splash erosion. However, there is still
scarce information in most of these studies about the influence of soil
physical properties (moisture, texture, structure, infiltration capacity
etc.) on splash erosion. Few authors (Beczek et al., 2019; Truman and
Bradford, 1990; Vermang et al., 2009) investigated the effect of dif-
ferent soil moisture on splash erosion, however, different results re-
ported could be contributed to particular conditions in the experiment.
Variable results were mainly concerning the different preventing mode,
soil organic carbon and clay content of soil samples (Vermang et al.,
2009), which can affect the result interpretation. Furthermore, there is
lack of studies relating splash erosion with sealing and crust formation
and its influence on infiltration (Fernandez-Raga et al., 2017).

The main aim of this study is to investigate the effect of different soil
moisture content and surface condition (seal formation) on splash
erosion for three soils under simulated rainfall. The changes on soil
surface were related to changes in soil K;. Consequently, second ob-
jective is to quantify the differences in soil K; affected by different
rainfall intensities and corresponding KE. According to the recent
knowledge of authors, the influence of different rainfall characteristics
produced by two rainfall simulators on splash erosion development has
never been investigated within one study. Therefore, a third objective is
to quantify the differences between rainfall characteristics produced by
two rainfall simulators and their impact on soil splash erosion for dif-
ferent soil initial conditions.

2. Materials and methods
2.1. Soil sampling

Soil samples were taken from three different locations. Two loca-
tions, Zwerbach (15°14’46.09”E, 48° 8’21.91”N) and Mistelbach
(16°35’16.07”E, 48°35’2.60”N), are located in agricultural parts of
Lower Austria. Third location is situated in Bykovice (14°50°20.0”E,
49°45’41.5”N) within the Central Bohemian Region in Czech Republic.
Further on, the soils from Mistelbach, Zwerbach and Bykovice will be
referred as MI, ZW and BK, respectively. The samples were collected in
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spring 2017, after seed-bed preparation from the top soil layer
(0-10 cm), air dried and sieved through 10 mm sieve. Particle size
distribution was determined with a combined wet sieving and sedi-
mentation method (ONORM L 1061-1; ONORM L 1061-2, 2002). Soil
textures varied from silt loam to loamy sand (ONORM L 1050, 2016)."
According to World Reference Base (WRB) classification (IUSS Working
Group WRB, 2014) soils MI, ZW and BK are classified as Calcic Cher-
nozem, Dystric Planosol and Dystirc Cambisoil, respectively.

Samples for chemical analyses were air-dried, crushed, mixed and
passed through a 2 mm sieve. Total carbon content was analysed by dry
combustion (ONORM L 1080, 2013, 2013) using a C/N Analyzer (Vario
Max CN, Elementar). Soil organic carbon content (OC) was obtained by
subtracting inorganic carbon content measured volumetrically by the
Scheibler method with a Calcimeter (ONORM L 1084, 2016) from total
carbon content measured by C/N Analyzer. Further, the calcium car-
bonate was measured with the calcimeter using the method by Schei-
bler (ONORM L 1084, 2016). Soil pH was determined in a 1:2.5 soil to
water solution, using a glass electrode by Metrohm. Cation exchange
capacity (CEC) was estimated by extraction of the effective exchange-
able cations by barium chloride solution following ONORM L 1086-1,
2014. Aggregate stability (AS) of soils was determined with the wet
sieving method according to Kemper and Koch (1966) in modified
form. The physical and chemical properties of soils obtained from la-
boratory analysis are listed in Table 1.

2.2. Experimental design

The experiments took place at the Institute for Soil Physics and
Rural Water Management at University of Natural Resources and Life
Sciences in Vienna, Austria (BOKU) and the Institute of Land and Water
Management Research in Petzenkirchen, Austria (BAW). Modified
Morgan splash cups (Morgan, 1981) were used for the splash erosion
measurements. The splash cups were constructed from PVC drainage
pipe tops with the inner diameter of 10.5 cm (Fig. 1-a) and height of
5 cm (Fig. 1-b). In the bottom of the splash cup, holes were drilled, to
ensure water drainage through the soil layer during the rainfall. First,
two nylon meshes (500 and 1000 um) were placed on the bottom of the
splash cup, to prevent soil loss trough the holes (Fig. 1-a). Air-dried and
sieved (aggregates < 10 mm) soil material was filled into the splash
cups. The soil was loosely packed in three layers to reach similar bulk
density as in seedbed condition (1-1.2 g cm ™) for each corresponding
soil. Soil layers were levelled with a long metal needle. Top layer was
filled up to 1 cm below the splash cup edge to prevent surface overflow
during high intensities (Fig. 1-c). At the top layer soil aggregates were
randomly distributed to achieve heterogeneous arrangement of the all
fractions (from fine to coarse).

Splash cups were placed in the middle of a splash collector, with
standing height of 30 cm and diameter of 45.5 cm (Fig. 1-d). Splash
collector had an outlet, ensuring the drainage of rainfall water with
detached soil into buckets placed underneath. After the exposure to
rainfall, eroded soil was rinsed from the collector rim, filtered and oven
dried at 105 °C. The splash weighted from the filters corresponds to
splashed soil from the splash cup surface of 86.6 cm?.

Fig. 2 illustrates schematic overview of experiments made with two
rainfall simulators. The three soils (MI, ZW, BK) were subjected to three
rainfall simulations of 30 min, with various rainfall intensities across
the positions under the rainfall simulator and different initial soil sur-
face conditions. The first rainfall simulation was performed on air-dried
soil surface (AD, 8 < 5%). Second rainfall simulation followed after
24 h on wet-sealed (WS, 8, ~ 30%) and final (third) simulation on dry-

! Primary classifications of particle size distribution following ONORM L
1050, 2016 (1994): sand (particle sizes from 0.2 mm — 0.063 mm diameter),
silt (particle sizes from 0.063 mm — 0.002 mm diameter), clay (particle sizes
smaller than 0.002 mm).
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Table 1
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Physical and chemical properties of soil material (0-10 cm soil depth) including: particle size distribution, aggregate stability (AS), alkalescence (pH), calcium
carbonate content (CaCO3), organic carbon (OC) and cation exchange capacity (CEC).

Soil location Sand [%] Silt[%] Clay [%] Soiltexture AS [%] CaCOj3 [%] pH 0C[%] CEC [cMol/kg]
Mistelbach 11.2 70.4 18.4 Silt loam 18.3 10.3 7.7 1.6 26.2
Zwerbach 14.0 60.2 25.8 Silt loam 41.4 3.9 7.7 1.5 25.8
Bykovice 41.6 46.3 12.1 Loamy sand 63.3 < 0.92 7.2 1.7 20.7

Fig. 1. Figure showing: (a) splash cup design from above; (b) splash cup design from side; (c) splash cup filled with soil and (d) splash collector design.

crusted soil surface (DC, 5% < 6, < 10%) after approximately ten
days of drying. A total of 9, 6 and 3 replications of splash erosion
measurements were made for the AD, WS and DC surface condition,
respectively. At the end of each rainfall simulation, K of soil samples
was measured using constant head method, according to description by
Klute and Dirksen (1987) at the BAW. Each measurement of soil K was
replicated three times. Furthermore, the changes in soil infiltration rate
were observed by measuring the time from the beginning of the rainfall
until the appearance of surface ponding (accumulated water layer).
This was defined as ponding time (t,). Ponding was recorded by two
cameras installed on the corners of experimental area under the BAW
rainfall simulator. The cameras recorded a photo in one-minute interval
during the rainfall simulation. Photos from the camera were analysed
and the t, was registered. Additionally, ponding was visually observed
during the rainfall simulation where t, for each soil sample was noted.
The final t, form camera and visual observation varied in * 1 min,
therefore t, form the camera observations were taken as a reference.

Ponding was not temporary observed under the rainfall simulator at
BOKU due to technical reasons; it was only noted if the samples had
surface ponding or not after each experiment.

2.3. Rainfall simulators

For generating artificial rainfall two types of rainfall simulators
were used. Norton Ladder type of rainfall simulator located at the
BOKU consisted of four oscillating VeeJet 80100 spray nozzles, ar-
ranged in two rows and elevated 2.3 m above the splash cups. The

simulated rainfall was operated with a pressure of 0.45 bar at the
nozzles and the water was distributed from deionized water supply.
Totally, nine different positions were arranged under the rainfall si-
mulator for splash erosion measurements, as presented on the Fig. 3-a.

The rainfall simulator at BAW was equipped with one FullJet nozzle
(2 HH-30WSQ), where intensity was controlled electronically by dis-
continuous spraying (Strauss et al., 2000). This design was deviating
from normal use (three nozzles) to produce as much heterogeneity in
rainfall intensity as possible. The nozzle was elevated 2.3 m above the
splash cups and six positions were selected for splash erosion mea-
surements (Fig. 3-b). The BAW rainfall simulator used deionized water
with a constant water pressure of 0.25 bar at nozzles.

Rainfall simulations were performed for 30 min with a constant
rainfall intensity rate. The maximum rainfall intensity tended to be
between 40 and 80 mm h ™%, since it was attempted to keep the average
intensity equal to those measured (data not shown) under natural
rainfall at the locations from which the soil samples were collected.
Real distribution of rainfall intensities below the simulators was mea-
sured for each position defined for splash erosion measurements, as
shown on Fig. 3. Intensities were calculated from the accumulated
water volume captured by the splash collectors and drained into the
buckets beneath during 30 min rainfall simulation. Total volume of
accumulated water in the buckets below the splash collectors was di-
vided by the splash collector area (1625 cm?). The intensities under the
rainfall simulator at BOKU were measured after each experiment with
soil samples. The mean of totally three replicates per soil type and in-
itial condition for defined position was used in the results. Under the
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Fig. 2. Schematic overview of the splash erosion experiments for two rainfall simulators. The numbers in the parenthesis under splash erosion and saturated
hydraulic conductivity indicate the number of replications per each soil. 8, denotes the initial soil water content.

rainfall simulator at BAW, the intensity for defined positions of splash
cups was calculated as the mean value obtained from totally six rainfall
simulations (independent from soil or initial condition).

Rainfall KE, mean drop diameter, median drop diameter and mean
drop fall velocity were derived from drop size distribution (DSD)
measured with an optical laser disdrometer Weather Sensor OTT
Parsivel Version 1 (Parsivel) by OTT Messtechnik. Parsivel disdrometer
has a measuring area of 54 cm? and categorises the drops into 32 drop
size and velocity classes (OTT, 2005). The KE under both rainfall si-
mulators was obtained for each position defined for splash erosion
measurements, as shown in Fig. 3. Disdrometer was centred on the
positions of corresponding splash cups, which were previously marked
on the ground. It was ensured that the height of the disdrometer laser
beam is equal to the height of soil surface in the splash cup. For each
position 15 min of rainfall was measured with the disdrometer.

The kinetic energy KE;; (J m~?) of rainfall per minute was com-
puted for the diameter class i and velocity class j, that are provided by
disdrometer, as follows:

— 1 2 _ —6 341).2
KE,'J' = Emivj = Z Ne 124 '7pr'10 'Di *V; (1)

where m; is the mean mass [g] corresponding to the drop diameter class
i; N is number of detected raindrops of a certain size class i and velocity

class j; A is the is the sampling area of the disdrometer (m?); py, is
density of water (g cm ™ 3); D; is mean drop diameter (mm) of size class i;
and v; is mean fall velocity (m s~ 1) of velocity class j. The mass of
raindrop was calculated assuming a spherical drop shape. Total KE is
the sum of KEs for each drop size and velocity, multiplied with number
of drops in the corresponding classes.

2.4. Statistical analysis

Statistical analyses were performed in R Studio (R Development
Core Team, 2015). The Kruskal and Wallis (1952) test (one-way
ANOVA on ranks) was used to identify statistical differences in K; for
different intensity rates (positions). Each position under the rainfall
simulator represented one group of data for which the K was obtained.
The positions (groups) differ in intensity rates which they are exposed
to. The comparison is based on three replicates (n = 3) of K values
obtained for each group (intensities). Multiple comparison between
groups (post hoc) was further conducted with Dunn’s test (Dunn, 1964)
with p-adjustments of Benjamini-Hochberg (Benjamini and Hochberg,
1995). The differences in splash erosion rates between the three soils
were analysed using the Student’s t-test.
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Fig. 3. Schematic representation of splash collectors (outer circle) and splash cup (inner circle) under positions marked for rainfall simulator at (a) BOKU and (b)

BAW.

3. Results
3.1. Intensity and kinetic energy

According to intensity measurements, the rainfall simulators at
BOKU and BAW covered intensity range from 28.2 to 54.2 mm h™*!
(Table 2) and 35.3 to 81.2 mm h~! (Table 3), respectively. Drop size
distribution indicated that the rainfall simulator at BAW produced
higher percentage of drops with drop diameter larger than 0.6 mm
(Fig. 4-a), however, rainfall simulator at the BOKU had higher per-
centage of drops with velocity greater than 5.2 mm s~ ! (Fig. 4-b). This
resulted in larger mean and median drop size obtained for positions
under the BAW rainfall simulator (Table 2) and higher mean raindrop
velocity for positions under the BOKU rainfall simulator (Table 3).
Distribution of mean drop velocity per drop size class (Fig. 5), indicated
that 14% of total drops with diameter larger than 1.3 mm under the
BAW rainfall simulator did not reach their terminal velocity, as speci-
fied by Atlas et al. (1973). Since the rainfall simulator at the BOKU
produced higher velocity of larger drops, the resulting KE per mm of
rainfall was on average 62% higher (Table 2) compared to KE per mm
of rainfall for rainfall simulator at the BAW (Table 3). Total KE ranged
between 504.4 and 923.1 J m~2 h™ " for the BOKU rainfall simulator
(Table 2), and between 375.8 and 961.8 Jm~2h ™! for the BAW rainfall

Table 2

simulator (Table 3).

3.2. Splash erosion

Due to higher KE per mm of rainfall measured under the rainfall
simulator at the BOKU, overall splash erosion rates were almost twice
as high compared to results obtained with BAW simulator as shown on
Fig. 6 (excluding the ZW soil for AD condition on Fig. 6-d).

For the rainfall simulator at BOKU, the MI soil had widest range of
splash rates (0.06-0.58 kg m~™2 h™') compared to ZW
(0.02-0.31 kg m~2 h™') and BK (0.12-0.43 kg m~2 h™') soil. Splash
erosion under the BAW rainfall simulator ranged similarly between
three soils (0.02-0.23 kg m~2 h™") for AD initial condition (Fig. 6-
a,d,g). The highest splash erosion was measured for samples exposed to
KE of 667 J m ™2 h~! with largest drop diameter (Table 3). Relationship
between splash erosion for three soils and KE was linear for the BOKU
rainfall simulator, and non-linear for the BAW rainfall simulator
(Table 4). Highest coefficient of determination (R?) was calculated for
ZW soil, considering both rainfall simulators. Between 60 and 72% less
splash erosion, compared to simulation with AD initial condition, was
measured for three soils with WS initial condition under both rainfall
simulators. This reduction was evident for samples exposed to KE >

660 J m~2 h™?, which were affected by surface ponding. However,

Rainfall properties measured with collectors (intensity) and optical laser disdrometer under rainfall simulator at BOKU.

Position Intensity [mm Kinetic energy [J Mean drop diameter* Median drop diameter = Mean drop velocity [m Kinetic energy/intensity [J
h™1] m 2h™!] [mm] [mm] s71] m 2 mm™']
1 28.3 504.4 0.7 0.5 4.2 17.8
2 37.8 619.0 0.7 0.6 4.3 16.4
3 35.3 681.0 0.7 0.5 4.4 19.3
4 42.5 701.0 0.8 0.6 4.4 16.5
5 49.6 716.5 0.8 0.7 4.4 14.4
6 54.2 923.1 0.8 0.6 4.4 17.0
7 28.2 566.3 0.7 0.5 4.3 20.0
8 32.3 546.3 0.7 0.6 4.3 16.9
9 35.9 712.2 0.7 0.5 4.4 19.8

The standard deviations of mean drop diameter were < 0.1 mm.

The standard deviations of mean drop diameter were < 0.1 m s .
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Table 3
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Rainfall properties measured with collectors (intensity) and optical laser disdrometer under rainfall simulator at BAW.

Position Intensity [mm Kinetic energy [J Mean drop diameter Median drop diameter* Mean drop velocity [m Kinetic energy/intensity [J
h™1] m~2h™] [mm] [mm] s m 2mm™']
1 70.2 773.6 0.8 0.7 4.1 11.0
2 81.2 961.8 1.0 0.8 4.2 11.8
3 56.7 667.0 1.3 1.0 4.3 11.8
4 35.3 375.8 1.2 1.0 4.3 10.6
5 43.5 421.2 0.8 0.8 4.1 9.7
6 56.3 560.7 0.7 0.6 4.0 10.0
* The standard deviations of mean drop diameter were < 0.1 mm.
** The standard deviations of mean drop diameter were < 0.1 m s~ ..
splash erosion increased for samples exposed to lower KE. This was 10
particularly noted for MI and ZW soil under the BOKU rainfall simulator * BOKU e BRIV ——tias Stal (1940
(Fig. 6-b,e). Reduction in splash erosion for WS initial condition re- 58 A
sulted in negative linear function between splash and KE with low R? 2
(mostly < 0.10) considering both rainfall simulators (Table 4). The ; 6 -
splash erosion for the samples with DC surface condition increased with s °
KE, except for BK soil under the BOKU rainfall simulator (Fig. 6-i). Si- E 4 4
milarly to splash erosion results with WS condition, MI and ZW soil s
showed increase of roughly 50% in splash erosion rates for the samples % 2 4
exposed KE < 660 J m~ 2 h™! (Fig. 6-¢,f). Highest R? between splash
erosion for three soils and KE was obtained for samples under the BAW 0 . . . :
rainfall simulator (Table 4). 0 1 2 3 4 5

3.3. Saturated hydraulic conductivity

Splash erosion affected by surface ponding during the rainfall si-
mulations was contributed to different 6, and changes in soil hydraulic
properties. To quantify this changes soil K; was measured after each
rainfall simulation with different soil initial condition. Fig. 7 represents
average Ks; (n = 3) for the three soils and three initial conditions.
Highest K between three soils were measured for ZW soil with the
maximum of 1,102.9 mm h ™! obtained for initial AD surface condition
(Fig. 7-d). Lowest values were measured for DC surface condition
(Fig. 7-f). Similar trend was observed for MI soil, where highest K of
461.7 mm h™! decreased to 56.3 mm h™! for DC surface condition
(Fig. 7-a,c). Generally, BK soil exhibited lowest K between three soils
with maximum K, of 193 mm h~! for WS initial surface condition
(Fig. 7-g-i). When comparing the K values measured for individual
surface conditions it was observed that the samples exposed to lower
(< 56.7 mm h™?!) intensities had higher K than samples exposed to
high intensities. These differences were significant (P < 0.05) for MI
soil with AD samples (Fig. 7-a), including ZW soil with WS and DC
samples (Fig. 7-e,f). Furthermore, high variations between the re-
plicates, typical for the samples exposed to lower intensities
(< 56.7 mm h™1), could result in no significant (P > 0.05) difference
between K obtained for AD and WS surface condition considering three
soils (Fig. 7-b,d,h).

% drops of total

Diameter (mm)

b) 70

% drops of total

= N W b O
o
L

Diameter (mm)

Fig. 5. Mean drop velocity of each drop size class for all positions measured
under rainfall simulator at BAW and BOKU and terminal fall velocity line drawn
according to Atlas et al. (1973). The velocities are shown for drop size classes
within the total drops amount was larger than 100.

3.4. Relationship between soil saturated hydraulic conductivity and rainfall
kinetic energy

As shown in previous results, the K of soil samples tend to decrease
with the increasing intensity and after subsequent exposure to rainfall.
To investigate the impact of KE on Kj, total KE applied on soil surface
during the three rainfall simulations was plotted against K; measured
for each soil initial condition (Fig. 8). The relationship obtained for MI,
ZW and BK soil can be described as a power function of accumulated
KE, which agrees best for MI and ZW soil with R® of 0.54 and 0.74,
respectively, where for BK soil low R? of 0.22 was obtained.

From the KE-K; functions obtained, the decrease in K, with in-
creasing KE was observed until reaching a steady state, where KE had
no impact on further K reduction. Assuming that the decrease in K was
accompanied with a surface sealing, constant K, values would indicate a
final stage in the surface seal formation. The amount of KE needed for
fully developed surface sealing could be calculated by considering the
impact of KE on soil K. After a certain amount of KE applied on the soil

——BOKU
— —BAW

60 -

o o
1 1

o
1

o o

Velocity (m s™1)

Fig. 4. Mean drop size and velocity distribution including all positions under rainfall simulator at BOKU and BAW. Each drop size and velocity class is percentage of
drops within the class out of the total drops amount (classes with < 100 drops were not considered).
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Fig. 6. Mean splash erosion plotted against rainfall kinetic energy (KE) obtained under rainfall simulator at BOKU and BAW. Splash erosion is shown for: (a-c)
Mistelbach (M), (d-f) Zwerbach (ZW) and (g-i) Bykovice (BK) soil with respect to air-dried (AD), wet-sealed (WS) and dry-crusted (DC) surface initial condition.
Whiskers indicate *+ standard deviation of mean splash erosion within replicates (n = 3, 6, 9).

Table 4 kinetic energy (KE,) was found to be 0.39 kJ m~2 for MI soil and
Linear and nonlinear regression with associated determination coefficient (R%) 0.59 kJ m ™2 for ZW soil (Fig. 8-a,b). The BK soil showed no significant
between kinetic energy (KE) (kJ m~? h™") and splash erosion (S) (kgm~*h™") impact of increasing KE on Kj; therefore, the threshold value could not

obtained for two rainfall simulators, at BOKU and BAW institute, and be obtained (Fig. 8-c).
Mistelbach (MI), Zwerbach (ZW) and Bykovice (BK) soil with air-dried (AD),
wet-sealed (WS) and dry-crusted (DC) soil initial condition (IC).

3.5. Surface ponding

Soil IC BOKU R? BAW R?

MI  AD S = 9E-04KE — 0.35 073 S — 5E.07 KE * 1.92 0.77 Present.surface ponding was mqstly concentrated within sa.mples in
ZW AD S = 6E-04 KE — 0.33  0.80 S = 2E-10 KE " 3.02 0.90 central positons under the rainfall simulator at BOKU (e.g. positon 2, 4,
BK AD S = 5E-04KE — 0.05 0.65 S = 3E-06 KE"1.59  0.56 5, 6, and 8), where the drops overlapped (Table 2). For these positons
MI WS S =-6E05KE + 0.27 <010 S =-2E05KE + 0.07 <0.10 higher KE and lower final splash erosion rates were measured, com-
ZW WS S =-1E04KE + 031 <0.10 S =9E-05KE + 0.04 0.11 . . - - . .

BK WS S — 1EO4KE + 025 <010 S — 6E05KE + 008 032 Pared to positons with no surface ponding. DuI"ll’lg the ra'lnfall simula-
MI DC S = 4E-04KE — 0.02 0.32 S = 1E-04 KE + 007 0.68 tion at the BAW, t, was recorded for each soil sample in splash cup
ZW DC S = 3E-04KE — 0.04 0.18 S = 7E-06 KE ~ 1.48 0.70 (Table 5). Generally, highest t, was measured for the AD and DC surface
BK  DC S =-5E-05KE + 024 <010 S = 3E-03KE"0.90 0.56 condition, and lowest for WS surface condition. This was expected

considering that samples with AD and DC initial condition had higher
infiltration capacity due to lower 6, and samples with WS initial con-
dition had lower infiltration capacity due to higher 6,. Furthermore,
this results correlated to the K values obtained for the three soils. The
shortest t, was measured for BK soil, which had the lowest K; and
longest t, for the ZW soil with highest K compared to other soils.
Measured t, for the samples with WS initial condition was related to

surface, K significantly (P < 0.05) varied for increasing KE until
reaching a constant value (Fig. 8). This amount of KE was addressed as
the threshold value required for fully developed seal formation and it
represented the transformation point between variable and constant
soil K. Accordingly, the calculated threshold value of accumulated
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Fig. 7. Mean soil saturated hydraulic conductivity (K) obtained for (a-b) Mistelbach (MI), (d-f) Zwerbach (ZW) and (g-i) Bykovice (BK) soil with (AD), wet-sealed
(WS), and dry-crusted (DC) surface initial condition. Letters indicate difference at significance level P < 0.05 between Ks obtained for different intensity rates under
BAW rainfall simulator. Whiskers indicate + standard deviation of the mean K within replicates (n = 3).
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Fig. 8. Regression analysis of mean soil saturated hydraulic conductivity (K,) in logarithmic scale plotted against accumulated rainfall kinetic energy (Acc KE) for: (a)
Mistelbach (MI), (b) Zwerbach (ZW) and (c) Bykovice (BK) soil. The dashed line shows the threshold (KE,) separating the variable from constant K values. Whiskers
represent + standard deviation of mean K within replicates (n = 3).
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Table 5

Average time to ponding (t,) ( * standard deviation) from three observations
(n = 3) during rainfall simulation with Mistelbach (MI), Zwerbach (ZW) and
Bykovice (BK) soil obtained for three different soil initial conditions: air-dried
(AD), wet-sealed (WS) and dry-crusted (DC). Positons with soil samples where
no ponding was detected are marked as (—) under the column t,.

Soil Position Intensity [mm t, AD t, WS t, DC
h™1] [min] [min] [min]
MI 1 70.2 21 (+0) 6(x1) 17 (= 3)
MI 2 81.2 20(*2) 4(x0) 10 (% 3)
MI 3 56.7 23 (x0) 6 (=0 18(x2)
MI 4 35.3 - 27 (x0) -
MI 5 43.5 - 11(x0) -
MI 6 56.3 - 8(x2) 28(+1)
ZIW 1 70.2 - 10(x2) 24(x0)
IW 2 81.2 - 6(=x2) 22 (%2
IW 3 56.7 - 8(x2) -
IW 4 35.3 - - -
IW 5 43.5 - - -
IW 6 56.3 - 25(%0) -
BK 1 70.2 24 (%2 4(x0) 18(x=1)
BK 2 81.2 18 (£3) 3(x0) 10(+0)
BK 3 56.7 21 (1) 4(x0) 20(x0)
BK 4 35.3 - - -
BK 5 43.5 - 11(%=5) -
BK 6 56.3 20(=0) 7(x0) 21 (x3)
30 ™
% oMl ©ZW ABK
AY
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t, = 340131207
_20 RI=090 | 1=~~~ 33"
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Fig. 9. Regression analysis of mean ponding time (t,WS) for soil samples with
wet-sealed (WS) surface initial condition and Mistelbach (MI), Zwerbach (ZW)
and Bykovice (BK) soil, in correlation with rainfall intensity obtained under
rainfall simulator at BAW. P3 and P6 show results obtained for positions 3 and 6
under rainfall simulator, respectively. Whiskers represent * standard devia-
tion of mean t, within replicates (n = 3).

the intensity rates (Fig. 9). The results showed high agreement between
t, and rainfall intensity with R of 0.90 and 0.91 obtained for MI and BK
soil, respectively. The R? for ZW soil was remarkably lower, due to high
difference in t, between the positons 3 and 6, with same intensity rate
of 56 mm h™! (P3, P6 on Fig. 9). Larger drop diameter measured for
position 3 (Table 3) could contribute to greater surface compaction
during the previous simulation with AD initial condition. This even-
tually resulted in lower K; for positon 3 and therefore, shorter t, during
the simulation with WS samples (Fig. 7-e). Similar results of t, for po-
sition 3 and 6 were also observed for MI soil during the simulation with
AD initial condition (Table 5).
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4. Discussion

4.1. Effect of rainfall kinetic energy produced by two rainfall simulators on
splash erosion

The results of splash erosion obtained from both rainfall simulators
revealed comparable trend of splash development in relation with KE
(Fig. 6). However, twice as high splash erosion rates were measured for
the rainfall simulator at BOKU. The velocities of raindrops were crucial
in defining rainfall kinetic energy, where higher velocities contributed
to higher KE for BOKU rainfall simulator (Fig. 4-b). The differences in
drop size-velocity distribution between different rainfall simulators can
result in the significantly different splash erosion rates. This should be
considered when comparing the splash erosion results from different
studies.

The rainfall KE produced by rainfall simulator is often defined by
(uniform) drops of different size and fall height, while the KE obtained
in the field conditions depends primarily on drop size distribution (Van
Dijk et al., 2003). Similar was observed with the two rainfall simulators
used in present study. The drop distribution of rainfall simulator at the
BAW was too uniform to describe the natural rainfall and the velocities
of larger drops (> 1.3 mm) were far from the terminal velocity, defined
by Atlas et al. (1973). On the contrary, the BOKU rainfall simulator
produced higher velocities for most of drops in the same diameter class.
However, large drops were still under the terminal velocity line (Fig. 5).
Related to drop terminal velocity under the simulated rainfall, Iserloh
et al. (2013) concluded that larger drops produced by different rainfall
simulators are usually not able to reach their terminal velocity (mostly
due to low fall height). For this reason, the rainfall KE produced in the
laboratory cannot completely represent KE of natural rainfall.

4.2. Effect of soil water content and surface condition on splash erosion

Fluctuations in splash rates obtained from individual rainfall si-
mulator were combined effect of 6, and seal development affected by
KE. Lower 6, (AD initial condition) contributed to greater splash ero-
sion for samples exposed to high intensities and KE. Therefore, splash
erosion could be described as a linear or power function of increasing
KE for AD initial condition, which was also obtained in previous studies
(Fernandez-Raga et al., 2010; Sharma et al., 1991; Zumr et al., 2019).
However, appearance of surface ponding in the last stage of rainfall
simulation indicated the reduction in soil infiltration rate, characterized
by lower soil permeability due to surface seal formation (Assouline,
2004; Liu et al., 2011; Sharma et al., 1995). Surface seal was easily
observable on the soil samples exposed to high intensities
(> 50 mm h™') with completely smooth soil surface after the rainfall
simulation. In addition, significantly lower K (Fig. 7) for the samples
exposed to high intensities indicated the beginning of surface seal for-
mation.

In the following rainfall simulation with WS soil samples splash
erosion decreased with increased rainfall KE (Fig. 6-b,e,h). The final
splash erosion rates for samples exposed to highest KE were evidently
lower compared to rates for AD surface condition. According to results
in Table 5, surface ponding was initiated earlier than for AD and DC
initial condition. This was contributed to high 6,, where early surface
ponding at higher 0, results from rapid decline in the hydraulic gradient
for intensive rainfall in combination with a lower storage capacity (Liu
et al.,, 2011; Vermang et al., 2009). Furthermore, partly formed seals
(for MI and ZW soil) from previous simulation with AD soil samples
probably resulted in higher resistance of soil surface to splash erosion
prior to surface ponding. Following surface ponding eventually lowered
the raindrop impact on soil surface preventing the further splash ero-
sion (Poesen, 1981). Similar results were reported by Vermang et al.
(2009), where soil detachment decreased along with surface seal de-
velopment and formation of shallow water layer by surface runoff.

During the simulation with DC initial condition, the influence of the
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6, on reduction in t, could be excluded, since the initial 6, was ap-
proximately three times lower. Therefore, the reduction in infiltration
rates followed by surface ponding (Table 5) may be due to already
developed seals, after previous exposure of the samples to rainfall (with
AD and WS initial condition). Unlikely to splash erosion for WS initial
condition, the reduction in splash erosion rates was noticed only for BK
soil under the BOKU rainfall simulator (Fig. 6-i). Results for other soils,
however, suggested the increase in splash erosion compared to samples
with AD initial condition under lower rainfall intensities. Opposite re-
sults were reported by Le Bissonnais et al. (1995), where drying of
aggregates increased the stability against aggregate breakdown. Ac-
cording to Lado et al. (2004), the wetting rate in combination with
initial water content determined the magnitude of slaking forces
causing aggregate break down. These forces are greater if the ag-
gregates are drier. Therefore, it could be hypothesized that the higher
splash erosion rates during the rainfall simulation with DC initial con-
dition for the MI and ZW samples could be contributed to aggregate
destruction by slaking.

Generally splash erosion increased or did not vary between the si-
mulations on samples with different initial conditions which were not
affected by surface ponding. This was related mostly to samples ex-
posed to lower intensity and KE (< 660 J m~2 h™1). High 6, for WS
samples may result in higher splash erosion (compared to AD initial
condition) for the slow ponding soil samples considering both ZW and
MI soil (Fig. 6-a-f). The findings of Beczek et al. (2019) and Gao et al.
(2003) confirmed that the mass of monitored eroded material increased
with higher 8, due to lower cohesion between soil particles, considering
that no surface seal was present.

Following the above lines discussed, it is difficult to select one factor
that describes the differences in splash erosion rates for different initial
conditions and soils. Soil conditions before rainfall and their variability
during the rainfall will contribute to variation in splash characteristics.
Depending on rainfall, soil structure, physico-chemical properties and
0,, response of the soil to raindrop impact will vary. Nevertheless, for
the three soils studied under rainfall conditions in this experiment can
be concluded that reduction in splash erosion was primarily attributed
to surface ponding initiated by high rainfall intensities and subsequent
sealing formation. High initial 8, reduced soil infiltration capacity and
induced faster surface ponding (for WS initial condition) with decrease
in splash erosion rates (Walker et al., 2007). In the case of the three
soils studied here, initially lower K for MI and BK soil could be at-
tributed to lower porosity considering lower clay content (12-18%)
than for ZW soil, as indicated by Wei et al. (2015). Furthermore, it
should be noted that beside the soil texture other soil properties, such as
OC and calcium cations (Ca®*) could affect the soil hydraulic properties
(Wuddivira and Camps-Roach, 2007) and eventually splash erosion
rates. However, we could not establish correlation between Ky and OC
or CaCO; (contains Ca®*) for the three soils presented here (Table 1,
Fig. 7).

4.3. Effect of soil properties on surface seal formation

Soil detachment is depended on aggregate strength and after seal
development on seal strength (Vermang et al., 2009). The both are
highly related to soil physico-chemical properties (Mualem et al.,
1990). Stability of aggregates obtained for three soils could not explain
differences in the splash rates or the seal development in the present
study. For example, BK soil had highest ratio of stable aggregates
(Table 1), however, the splash erosion rates for AD surface condition
did not significantly (P < 0.05) differ compared to MI soil with lowest
AS. High OC and CaCOs; content could be favourable for higher soil AS
(Le Bissonnais et al., 1993). Similar OC content between the soils
(Table 1) and low CaCOj soil could not explain higher AS for BK.
However, it might be considered that higher clay content for MI and ZW
soil could promote the slaking forces during the wet-sieving and de-
crease of the AS. Furthermore, the K; obtained for BK was lowest
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compared to other two soils and did not vary between the simulations
(Fig. 8-c, Fig. 7-g-i). On the one hand, this could indicate that the KE did
not have major effect on the surface seal formation. On the other hand,
stable surface seal formation could be initiated in early stage of rainfall
simulation with AD soil samples. Therefore, further development (de-
crease) was not detected. In addition to that, the BK soil had visibly
smaller aggregates compared to other two soils. For this reason, the
lower KE was needed to destroy aggregates and to form crust. In the
study by Fox et al. (2007), smaller fractions were more susceptible to
surface crusting and splash erosion than the coarser fractions. Fur-
thermore, lower surface roughness due to smaller aggregates might
indicate smaller depressional storage, which induced earlier surface
runoff (Truman and Bradford, 1990).

ZW soil showed lowest splash erosion rates and high K for AD
surface condition compared to three soils. Le Bissonnais et al. (1995)
reported that soils with high OC content have lowest erosion rate in AD
conditions. Similar values of OC content were obtained for three soils
(Table 1). Considering this, low splash erosion rates for ZW soil in AD
condition were not contributed to OC content. However, according to
Vermang et al. (2009) and Xiao et al. (2018) during the fast wetting
period on dry surface, formation stable aggregates is affected by ce-
menting effect of clay particles trough the surface water tension. This
may be the reason for higher resistance of the ZW soil to soil erosion
and seal development.

Manny studies provided the evidence that formation of sealing was
characteristics of soils with high silt content (Cheng et al., 2008;
Rodrigo Comino et al., 2017; Truman and Bradford, 1990). This could
be also applied on results obtained in this study for MI soil, char-
acterized by high silt content and low AS (Table 1). Assuming that the
decrease in splash erosion and K was affected by surface seal forma-
tion, the MI soil showed highest reduction in K between the rainfall
simulations among the three soils.

4.4. Effect of rainfall kinetic energy on surface seal formation

The obtained threshold values of KE required to form stable seal
formation, confirmed the assumption of greater seal development under
the soil surfaces exposed to higher KE. This was also stated by Bedaiwy
(2008), where the important influence of KE on surface formation was
highlighted. Constant or increasing splash erosion rates obtained for all
three soils exposed to low intensity rates (< 35.3 mm h~') implied that
accumulated KE throughout the simulations was lower than critical KE
to initiate surface seal formation. However, high deviations between
the replicates for K, require more measurements in order to more pre-
cisely describe the process of surface crust development for certain
scenarios.

5. Conclusion

In this study different scenarios of splash erosion development were
obtained by applying simulated rainfall produced from two different
rainfall simulators on soil samples with air-dried, wet-sealed and dry-
crusted surface condition. Both rainfall simulators exhibited same trend
of splash erosion development by applying similar range of intensities,
though the total amount of splash rates where significantly different.
This was contributed to differences in drop and velocity spectrum re-
sulting in different kinetic energy produced for the same rainfall
amount. Since splash erosion in primarily affected by raindrop impact,
a special attention should be given when comparing the results ob-
tained with different rainfall simulators due to variabilities in drop and
velocity distribution.

The splash erosion rates increased with increasing kinetic energy for
air-dried and dry-crusted soil samples with lower initial water content.
Higher initial water content contributed to decrease (up to 70%) in
splash erosion rates for the wet-sealed initial condition due to early
surface ponding and sealing. Time to ponding measurements verified



N. Zambon, et al.

that decrease in soil infiltration rate for wet-sealed condition is the
function of increasing intensity with R? of 0.90 and 0.91 for silt loam
and loamy sand soil, respectively. The formed seal layer can be re-
flected on decrease in saturated hydraulic conductivity, where the
predominant factor for its reduction was kinetic energy. We identified a
threshold rainfall kinetic energy from which stable surface seals are
formed, which equals to 0.39 and 0.59 kJ m~2? h™? for two silt loam
soils used in this experiment. Considering high variability among re-
plicates for saturated hydraulic conductivity measurements, it is diffi-
cult to identify clear relationship for some scenarios. Further experi-
ments comparing more soil types should be conducted in order to
precisely define soil specific properties controlling the splash erosion. In
natural conditions soil is exposed to frequent changes in soil moisture
and surface structure due to variable weather impacts. This research
presents that the conditions before rainfall such as initial water content
and surface condition highly affect soil erodibility, infiltration and final
splash erosion. Therefore, including these parameters into soil erosion
prediction models could significantly improve their accuracy.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgements

This research was performed within the project “Kinetic energy of
rainfall as driving force of soil detachment and transport“, jointly
funded by the Austrian Science Fund (FWF), grant number I 3049-N29
and the Czech Science Foundation (GACR), grant number GF17-
33751L. The authors would like to thank to editors and anonymous
reviewers for their useful comments and suggestions.

References

Armenise, E., Simmons, R.W., Ahn, S., Garbout, A., Doerr, S.H., Mooney, S.J., Sturrock,
C.J., Ritz, K., 2018. Soil seal development under simulated rainfall: Structural, phy-
sical and hydrological dynamics. J. Hydrol. 556, 211-219. https://doi.org/10.1016/
j.jhydrol.2017.10.073.

Assouline, S., 2004. Rainfall-induced soil surface sealing: a critical review of observations,
conceptual models, and solutions. Vadose Zo. J. 3, 570-591. https://doi.org/10.
2113/3.2.570.

ONORM L 1080, 2013. Chemische Bodenuntersuchungen — Bestimmung des organischen
Kohlenstoffs durch trockene Verbrennung mit und ohne Beriicksichtigung von
Carbonaten. Austrian Standards, Vienna, Austria.

ONORM L 1050, 2016. Boden als Pflanzenstandort — Begriffsbestimmungen,
Untersuchungsverfahren. Austrian Standards, Vienna, Austria.

Assouline, S., Mualem, Y., 2002. Infiltration during soil sealing: The effect of areal het-
erogeneity of soil hydraulic properties. Water Resour. Res. 38, 22-1-22-9. https://
doi.org/10.1029/2001wr001168.

Assouline, S., Mualem, Y., 1997. Modeling the dynamics of seal formation and its effect
on infiltration as related to soil and rainfall characteristics. Water Resour. Res. 33 (7),
1527-1536. https://doi.org/10.1029/96 WR02674.

Atlas, D., Srivastava, R.C., Sekhon, R.S., 1973. Doppler radar characteristics of pre-
cipitation at vertical incidence. Rev. Geophys. 11, 1-35. https://doi.org/10.1029/
RG011i001p00001.

Baumbhardt, R.L., Romkens, M.J.M., Whisler, F.D., Parlange, J.-Y., 1990. Modeling in-
filtration into a sealing soil. Water Resour. Res. 26 (10), 2497-2505. https://doi.org/
10.1029/WR026i010p02497.

Beczek, M., Ryzak, M., Sochan, A., Mazur, R., Bieganowski, A., 2019. The mass ratio of
splashed particles during raindrop splash phenomenon on soil surface. Geoderma.
https://doi.org/10.1016/j.geoderma.2019.03.028.

Bedaiwy, M.N.A., 2008. Mechanical and hydraulic resistance relations in crust-topped
soils. Catena 72, 270-281. https://doi.org/10.1016/j.catena.2007.05.012.

Benjamini, Y., Hochberg, Y., 1995. Controlling the False Discovery Rate: A Practical and
Powerful Approach to Multiple Testing. J. R. Stat. Soc. Ser. B. https://doi.org/10.
1111/§.2517-6161.1995.tb02031.x.

Cheng, Q., Cai, Q., Ma, W., 2008. Comparative study on rain splash erosion of re-
presentative soils in China. Chin. Geogr. Sci. 18, 155-161. https://doi.org/10.1007/
s11769-008-0155-9.

Dunn, J.O., 1964. Multiple comparison using rank sums. Technometrics.

Fernandez-Raga, M., Campo, J., Rodrigo-Comino, J., Keesstra, S.D., 2019. Comparative
analysis of splash erosion devices for rainfall simulation experiments: A laboratory

11

Catena 196 (2021) 104827

study. Water (Switzerland) 11, 1-21. https://doi.org/10.3390/w11061228.

Ferndndez-Raga, M., Fraile, R., Keizer, J.J., Varela Teijeiro, M.E., Castro, A., Palencia, C.,
Calvo, A.L, Koenders, J., Da Costa Marques, R.L., 2010. The kinetic energy of rain
measured with an optical disdrometer: An application to splash erosion. Atmos. Res.
https://doi.org/10.1016/j.atmosres.2009.07.013.

Fernandez-Raga, M., Palencia, C., Keesstra, S., Jordan, A, Fraile, R., Angulo-Martinez, M.,
Cerda, A., 2017. Splash erosion: A review with unanswered questions. Earth-Sci. Rev.
https://doi.org/10.1016/j.earscirev.2017.06.009.

Fox, D.M., Darboux, F., Carrega, P., 2007. Effects of fire-induced water repellency on soil
aggregate stability, splash erosion, and saturated hydraulic conductivity for different
size fractions. Hydrol. Process. https://doi.org/10.1002/hyp.6758.

Gao, B., Walter, M.T., Steenhuis, T.S., Parlange, J.Y., Nakano, K., Rose, C.W., Hogarth,
W.L., 2003. Investigating ponding depth and soil detachability for a mechanistic
erosion model using a simple experiment. J. Hydrol. 277, 116-124. https://doi.org/
10.1016/50022-1694(03)00085-4.

Ghadiri, H., Payne, D., 1977. Raindrop impact stress and the breakdown of soil crumbs. J.
Soil Sci. https://doi.org/10.1111/j.1365-2389.1977.tb02233.x.

Guy, B.T., Dickinson, W.T., Rudra, R.P., 1987. Roles of rainfall and runoff in the sediment
transport capacity of interrill flow. Trans. Am. Soc. Agric Eng. https://doi.org/10.
13031/2013.30575.

Hairsine, P.B., Rose, C.W., 1991. Rainfall detachment and deposition: sediment transport
in the absence of flow-driven processes. Soil Sci. Soc. Am. J. https://doi.org/10.
2136/5552j1991.03615995005500020003x.

Iserloh, T., Ries, J.B., Arndez, J., Boix-Fayos, C., Butzen, V., Cerda, A., Echeverria, M.T.,
ernandez-Gélvez, J., Fister, W., Geiller, C., Gémez, J.A., Gémez-Macpherson, H.,
Kuhn, N.J., Lazaro, R., Le6n, F.J., Martinez-Mena, M., Martinez-Murillo, J.F., Marzen,
M., Mingorance, M.D., Ortigosa, L., Peters, P., Regiiés, D., Ruiz-Sinoga, J.D., Scholten,
T., Seeger, M., Solé-Benet, A., Wengel, R., Wirtz, S., 2013. European small portable
rainfall simulators: A comparison of rainfall characteristics. Catena 110, 100-112.
https://doi.org/10.1016/j.catena.2013.05.013.

1USS Working Group WRB, 2014. World Reference Base for Soil Resources 2014. World
Soil Resources Report. FAO, Rome.

Kemper, W.D., Koch, E.J., 1966. Aggregate stability of soils from western United States
and Canada. United State Dep. Agric.

Kinnell, P.I.A., 2005. Raindrop-impact-induced erosion processes and prediction: A re-
view. Hydrol. Process. 19, 2815-2844. https://doi.org/10.1002/hyp.5788.

Kinnell, P.I.A., 1982. Laboratory studies on the effect of drop size on splash erosion. J.
Agric. Eng. Res. 27, 431-439. https://doi.org/10.1016/0021-8634(82)90081-6.
Klute, A., Dirksen, C., 1987. Hydraulic conductivity of Saturated soils. In: Klute, A. (Ed.),
Methods of Soil Analysis, Part 1. Physical and Mineralogical Methods. American

Society of Agronomy - Soil Science Socity of America, Madison, WI, pp. 694-700.

Kruskal, W.H., Wallis, W.A., 1952. Use of ranks in one-criterion variance analysis. J. Am.
Stat. Assoc. https://doi.org/10.1080/01621459.1952.10483441.

Lado, M., Ben-Hur, M., Shainberg, 1., 2004. Soil wetting and texture effects on aggregate
stability, seal formation, and erosion. Soil Sci. Soc. Am. J. https://doi.org/10.2136/
5552j2004.1992.

Le Bissonnais, Y., 2016. Aggregate stability and assessment of soil crustability and
erodibility: I. Theory and methodology. Eur. J. Soil Sci. 67, 11-21. https://doi.org/
10.1111/ejss.4_12311.

Le Bissonnais, Y., Singer, M.J., Bradford, J.M., 1993. Assessment of soil erodibility: the
relationship between soil properties, erosion processes and susceptibility to erosion.
Farm L. Eros. Temp. plains Environ. hills. Proc. Symp. Saint-Cloud, Paris, 1992.
https://doi.org/10.1016/b978-0-444-81466-1.50012-5.

Le Bissonnais, Y., Renaux, B., Delouche, H., 1995. Interactions between soil properties
and moisture content in crust formation, runoff and interrill erosion from tilled loess
soils. Catena 25, 33-46. https://doi.org/10.1016/0341-8162(94)00040-L.

Liu, H., Lei, T.W., Zhao, J., Yuan, C.P., Fan, Y.T., Qu, L.Q., 2011. Effects of rainfall in-
tensity and antecedent soil water content on soil infiltrability under rainfall condi-
tions using the run off-on-out method. J. Hydrol. 396, 24-32. https://doi.org/10.
1016/j.jhydrol.2010.10.028.

Mclntyre, D.S., 1958. Soil splash and the formation of surface crusts by raindrop impact.
Soil Sci. https://doi.org/10.1097/00010694-195805000-00005.

Morgan, R.P.C., 2005. Soil Erosion and Conservation, third ed. Blackwell Publishing
company, Oxford.

Morgan, R.P.C., 1981. Field measurement of splash erosion. Int. Assoc. Sci. Hydrol. Publ.
133, 373-382.

Mualem, Y., Assouline, S., Rohdenburg, H., 1990. Rainfall induced soil seal (A) A critical
review of observations and models. Catena. https://doi.org/10.1016,/0341-8162(90)
90008-2.

ONORM L 1084, 2016. Chemische Bodenuntersuchungen - Bestimmung von Carbonat
unter Beriicksichtigung von Luftdruck und Temperatur. Austrian Standards, Vienna,
Austria.

ONORM L1061-1, 2002. Physikalische Bodenuntersuchungen — Bestimmung der
KorngroBenverteilung des Mineralbodens; Teil 1: Grobboden. Austrian Standards,
Vienna, Austria.

ONORM L1061-2, 2002. Physikalische Bodenuntersuchungen — Bestimmung der
KorngroBenverteilung des Mineralbodens; Teil 2: Feinboden. Austrian Standards,
Vienna, Austria.

ONORM L 1086-1, 2014. Chemische Bodenuntersuchungen - Extraktion der effektiv
austauschbaren Kationen Ca+ +, K+, Mg+ +, Na+ sowie Al+ + +, Fe+ + +, Mn
+ + und H+ mit Bariumchlorid-Lésung und Ermittlung der Austauschkapazitét.
Wien.

OTT, 2005. Operating instructions. Present weather sensor Parsivel. Kempten.

Poesen, J., 1981. Rainwash experiments on the erodibility of loose sediments. Earth Surf.
Process. Landforms. https://doi.org/10.1002/esp.3290060309.

Quansah, C., 1981. The effect of soil type, slope, rain intensity and their interactions on


https://doi.org/10.1016/j.jhydrol.2017.10.073
https://doi.org/10.1016/j.jhydrol.2017.10.073
https://doi.org/10.2113/3.2.570
https://doi.org/10.2113/3.2.570
http://refhub.elsevier.com/S0341-8162(20)30377-5/h0180
http://refhub.elsevier.com/S0341-8162(20)30377-5/h0180
http://refhub.elsevier.com/S0341-8162(20)30377-5/h0180
http://refhub.elsevier.com/S0341-8162(20)30377-5/h0175
http://refhub.elsevier.com/S0341-8162(20)30377-5/h0175
https://doi.org/10.1029/96WR02674
https://doi.org/10.1029/RG011i001p00001
https://doi.org/10.1029/RG011i001p00001
https://doi.org/10.1029/WR026i010p02497
https://doi.org/10.1029/WR026i010p02497
https://doi.org/10.1016/j.geoderma.2019.03.028
https://doi.org/10.1016/j.catena.2007.05.012
https://doi.org/10.1007/s11769-008-0155-9
https://doi.org/10.1007/s11769-008-0155-9
http://refhub.elsevier.com/S0341-8162(20)30377-5/h0055
https://doi.org/10.3390/w11061228
https://doi.org/10.1016/j.earscirev.2017.06.009
https://doi.org/10.1016/S0022-1694(03)00085-4
https://doi.org/10.1016/S0022-1694(03)00085-4
https://doi.org/10.1111/j.1365-2389.1977.tb02233.x
https://doi.org/10.13031/2013.30575
https://doi.org/10.13031/2013.30575
https://doi.org/10.2136/sssaj1991.03615995005500020003x
https://doi.org/10.2136/sssaj1991.03615995005500020003x
https://doi.org/10.1016/j.catena.2013.05.013
https://doi.org/10.1002/hyp.5788
https://doi.org/10.1016/0021-8634(82)90081-6
https://doi.org/10.1080/01621459.1952.10483441
https://doi.org/10.2136/sssaj2004.1992
https://doi.org/10.2136/sssaj2004.1992
https://doi.org/10.1111/ejss.4_12311
https://doi.org/10.1111/ejss.4_12311
https://doi.org/10.1016/0341-8162(94)00040-L
https://doi.org/10.1016/j.jhydrol.2010.10.028
https://doi.org/10.1016/j.jhydrol.2010.10.028
https://doi.org/10.1097/00010694-195805000-00005
http://refhub.elsevier.com/S0341-8162(20)30377-5/h0160
http://refhub.elsevier.com/S0341-8162(20)30377-5/h0160
http://refhub.elsevier.com/S0341-8162(20)30377-5/h0165
http://refhub.elsevier.com/S0341-8162(20)30377-5/h0165
https://doi.org/10.1016/0341-8162(90)90008-2
https://doi.org/10.1016/0341-8162(90)90008-2
http://refhub.elsevier.com/S0341-8162(20)30377-5/h0185
http://refhub.elsevier.com/S0341-8162(20)30377-5/h0185
http://refhub.elsevier.com/S0341-8162(20)30377-5/h0185
http://refhub.elsevier.com/S0341-8162(20)30377-5/h0195
http://refhub.elsevier.com/S0341-8162(20)30377-5/h0195
http://refhub.elsevier.com/S0341-8162(20)30377-5/h0195
http://refhub.elsevier.com/S0341-8162(20)30377-5/h0200
http://refhub.elsevier.com/S0341-8162(20)30377-5/h0200
http://refhub.elsevier.com/S0341-8162(20)30377-5/h0200

N. Zambon, et al.

splash detachment and transport. J. Soil Sci. https://doi.org/10.1111/j.1365-2389.
1981.tb01701.x.

R Development Core Team, 2015. R: A language and environment for statistical com-
puting. R Foundation for Statistical Computing, Vienna, Austria. URL http://www.R-
project.org/. R Found. Stat. Comput. Vienna, Austria. https://doi.org/10.1007/978-
3-540-74686-7.

Rodrigo Comino, J., Senciales, J.M., Ramos, M.C., Martinez-Casasnovas, J.A., Lasanta, T.,
Brevik, E.C., Ries, J.B., Ruiz Sinoga, J.D., 2017. Understanding soil erosion processes
in Mediterranean sloping vineyards (Montes de Méalaga, Spain). Geoderma 296.
https://doi.org/10.1016/j.geoderma.2017.02.021.

Rose, C.W., 1960. Soil detachment caused by rainfall. Soil Sci. 89, 28-35. https://doi.org/
10.1097/00010694-196001000-00005.

Salles, C., Poesen, J., 2000. Rain properties controlling soil splash detachment. Hydrol.
Process. 14, 271-282. https://doi.org/10.1002/(SIC1)1099-1085(20000215)
14:2<271::AID-HYP925 > 3.0.CO;2-J.

Salles, C., Poesen, J., Govers, G., 2001. A comparison of rain erosivity parameters for
predicting soil detachment on interrills. Sustain. Glob. Farm, 10th Int. Soil Conserv.
Organ. Meet. My 24-29, 1999 834-837.

Sharma, P.P., Gupta, S.C., Foster, G.R., 1995. Raindrop-induced soil detachment and
sediment transport from interrill areas. Soil Sci. Soc. Am. J. 59, 727. https://doi.org/
10.2136/s552j1995.0361599500590003001 4x.

Sharma, P.P., Gupta, S.C., Rawls, W.J., 1991. Soil detachment by single raindrops of
varying kinetic energy. Soil Sci. Soc. Am. J. 55, 301. https://doi.org/10.2136/
§552j1991.03615995005500020001x.

Strauss, P., Pitty, J., Pfeffer, M., Mentler, A., 2000. Rainfall simulation for outdoor ex-
periments. Curr. Res. methods to assess Environ. fate Pestic. 329-333.

Truman, C.C., Bradford, J.M., 1990. Effect of antecendet soil moisture on splash de-
tachment under simulated rainfall.

12

Catena 196 (2021) 104827

Van Dijk, A.I.J.M., Bruijnzeel, L.A., Eisma, E.H., 2003. A methodology to study rain splash
and wash processes under natural rainfall. Hydrol. Process. 17, 153-167. https://doi.
org/10.1002/hyp.1154.

Vermang, J., Demeyer, V., Cornelis, W.M., Gabriels, D., 2009. Aggregate stability and
erosion response to antecedent water content of a loess soil. Soil Sci. Soc. Am. J. 73,
718. https://doi.org/10.2136/sssaj2007.0134.

Walker, J.D., Walter, M.T., Parlange, J.Y., Rose, C.W., van Meerveld, H.J.T., Gao, B.,
Cohen, A.M., 2007. Reduced raindrop-impact driven soil erosion by infiltration. J.
Hydrol. 342, 331-335. https://doi.org/10.1016/j.jhydrol.2007.06.003.

Wei, Y., Wu, X., Cai, C., 2015. Splash erosion of clay-sand mixtures and its relationship
with soil physical properties: The effects of particle size distribution on soil structure.
Catena 135, 254-262. https://doi.org/10.1016/j.catena.2015.08.003.

Wischmeier, W., Smith, D., 1978. Predicting rainfall erosion losses: a guide to con-
servation planning, U.S. Department of Agriculture Handbook No. 537. https://doi.
org/10.1029/TR039i002p00285.

Wischmeier, W.H., Johnson, C.B., Cross, B.V., 1971. Soil erodibility nomograph for
farmland and construction sites. J. Soil Water Conserv.

Wuddivira, M.N., Camps-Roach, G., 2007. Effects of organic matter and calcium on soil
structural stability. Eur. J. Soil Sci. 58, 722-727. https://doi.org/10.1111/j.1365-
2389.2006.00861.x.

Xiao, H., Liu, G., Zhang, Q., Fenli, Z., Zhang, X., Liu, P., Zhang, J., Hu, F., Elbasit,
M.A.M.A., 2018. Quantifying contributions of slaking and mechanical breakdown of
soil aggregates to splash erosion for different soils from the Loess plateau of China.
Soil Tillage Res. 178, 150-158. https://doi.org/10.1016/j.still.2017.12.026.

Zumr, D., Miitzenberg, D.V., Neumann, M., Jefdbek, J., Laburda, T., Kavka, P.,
Johannsen, L.L., Zambon, N., Klik, A., Strauss, P., Dostél, T., 2019. Experimental
setup for splash erosion monitoring—study of silty loam splash characteristics.
Sustainability 12, 157. https://doi.org/10.3390/5u12010157.


https://doi.org/10.1111/j.1365-2389.1981.tb01701.x
https://doi.org/10.1111/j.1365-2389.1981.tb01701.x
https://doi.org/10.1016/j.geoderma.2017.02.021
https://doi.org/10.1097/00010694-196001000-00005
https://doi.org/10.1097/00010694-196001000-00005
https://doi.org/10.1002/(SICI)1099-1085(20000215)14:2<271::AID-HYP925>3.0.CO;2-J
https://doi.org/10.1002/(SICI)1099-1085(20000215)14:2<271::AID-HYP925>3.0.CO;2-J
https://doi.org/10.2136/sssaj1995.03615995005900030014x
https://doi.org/10.2136/sssaj1995.03615995005900030014x
https://doi.org/10.2136/sssaj1991.03615995005500020001x
https://doi.org/10.2136/sssaj1991.03615995005500020001x
http://refhub.elsevier.com/S0341-8162(20)30377-5/h0255
http://refhub.elsevier.com/S0341-8162(20)30377-5/h0255
https://doi.org/10.1002/hyp.1154
https://doi.org/10.1002/hyp.1154
https://doi.org/10.2136/sssaj2007.0134
https://doi.org/10.1016/j.jhydrol.2007.06.003
https://doi.org/10.1016/j.catena.2015.08.003
http://refhub.elsevier.com/S0341-8162(20)30377-5/h0290
http://refhub.elsevier.com/S0341-8162(20)30377-5/h0290
https://doi.org/10.1111/j.1365-2389.2006.00861.x
https://doi.org/10.1111/j.1365-2389.2006.00861.x
https://doi.org/10.1016/j.still.2017.12.026
https://doi.org/10.3390/su12010157

	Dissertation-NZ.pdf
	applsci-10-04103
	Introduction 
	Materials and Methods 
	Study Sites 
	Investigated Soils 
	Splash Erosion Measurements 
	Rainfall Parameters 
	Data Analysis 

	Results 
	Rainfall Data 
	Splash Erosion as the Function of Total Kinetic Energy 
	Impact of Rainfall Intensity on Splash Erosion 
	Regression Analysis of Rainfall Erosivity Parameters with Splash Erosion 
	Splash Erosion and Kinetic Energy Per Rainfall Duration 
	Splash Erosion and Mean Rainfall Intensity 
	Splash Erosion and Rainfall Erosivity (EI30) 


	Discussion 
	Conclusions 
	References

	1-s2.0-S0341816220303775-main
	Splash erosion affected by initial soil moisture and surface conditions under simulated rainfall
	Introduction
	Materials and methods
	Soil sampling
	Experimental design
	Rainfall simulators
	Statistical analysis

	Results
	Intensity and kinetic energy
	Splash erosion
	Saturated hydraulic conductivity
	Relationship between soil saturated hydraulic conductivity and rainfall kinetic energy
	Surface ponding

	Discussion
	Effect of rainfall kinetic energy produced by two rainfall simulators on splash erosion
	Effect of soil water content and surface condition on splash erosion
	Effect of soil properties on surface seal formation
	Effect of rainfall kinetic energy on surface seal formation

	Conclusion
	Declaration of Competing Interest
	Acknowledgements
	References





