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between splash erosion and OM.

Introduction

Splash erosion involves the detachment of soil parti-
cles as a result of raindrops (Poesen 2018) and is the
first stage of soil erosion by water (Fernindez-Raga
et al. 2010, 2017). In addition, it is one of the most
important factors affecting the denudation system of
river catchments through destruction of soil struc-
ture and reduction of soil permeability (Ma et al.
2014, Liu et al. 2015). Furthermore, detached soil
particles by raindrops can be transported to river
channel throughout the road networks or/and rills
system (Affek et al. 2017, Bryndal et al. 2017, Kijows-
ka-Strugala et al. 2017, Kroczak, Bryndal 2017).
Numerous studies show different aspects of
splash erosion, which depend on many factors such
as rainfall parameters (e.g. intensity, size and veloc-
ity of raindrop, kinetic energy) (Renard et al. 1997,
Ghahramani et al. 2012, Swiqchowicz 2012b, Liu et
al. 2015, Mahmoodabadi, Sajjadi 2016, Beczek et al.
2018, Swiechowicz 2018), wind (Marzen et al. 2017),
topography (Saedi et al. 2016), soil properties (Ryzak
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et al. 2015), and land use and land cover (LULC)
(Wainwright 1996, Szpikowski 2001, Ghahramani et
al. 2011, Moghadam et al. 2015, Yao et al. 2018). The
soil management practices and soil particle size are
also important (Sharma et al. 1995, Moghadam et al.
2015). However, there is still a need to analyze the
impact of many different environmental factors on
splash erosion under different environmental condi-
tions (Mahmoodabadi, Sajjadi 2016, Li et al. 2018a,
Li et al. 2018b). This is important for the develop-
ment of soil erosion models in various areas, espe-
cially mountainous ones.

In the Western Polish Carpathians, splash erosion
studies were conducted, among others by Gerlach
(1976a, b), Chmielowiec (1977), Froehlich, Stupik
(1980), Smietana (1987), Swiechowicz (2012a, b),
Kijowska-Strugata, Kiszka (2014). Swiqchowicz
(2012b), in the lowest marginal zone of the Carpathi-
an Foothills (the Dworski Potok Stream catchment)
with slope with loess-like formation, showed for the
first time, functional relationships between precipi-
tation parameters (rainfall amount, rainfall erosivity
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index, kinetic energy, maximum 30-minute inten-
sity) and splash erosion in the single events during
the 3-year study period (2007-2009). Several years
of splash erosion studies on Inceptisoil in Polish Car-
pathians have not been conducted yet.

In the Western Polish Carpathians after transfor-
mation from centrally planned to free market econ-
omy in 1989, most cultivated land was transformed
to grassland and forest, and soil erosion decreased
due to these land use and land cover changes (Kozak
2010, Bucala-Hrabia 2017, Kijowska-Strugata 2019).
Nevertheless, in Carpathians the negative effects
associated with soil erosion are still being observed
(Gil 2009, éwiqchowicz 2010, 2012b, 2017, 2018). In
particular, agricultural fields are especially suscepti-
ble to splash erosion because they are bare during
several months of the year (Kijowska-Strugata et al.
2018). Many studies showed that erosion is the high-
est on bare soil (Gil 1976, Thornes 1990, Ghahrama-
ni et al. 2011, Swiechowicz 2018)

Many publications have also focused on trajecto-
ries of material movement during splash erosion (e.g.
Gerlach 1976a, Froehlich, Stupik 1980, Van Dijk et
al. 2003, Saedi et al. 2016, Fu et al. 2017), but the
problem of particle size distribution versus different
directions of movement remains less recognized (Le-
gout et al. 2005, Wei et al. 2015, Sadeghi et al. 2017).
This type of research has led to a significant under-
standing of the basic mechanisms of detaching soil
particles during rainfall and can be used to develop
models of soil erosion with different particle sizes in
relation to the transport of particles.

It is also important that a number of correlations
between environmental factors (e.g. rainfall parame-
ter, slope gradient, wind, soil properties) and splash
erosion have been found under laboratory conditions
(e.g. Legout et al. 2005, Marzen et al. 2015, Saedi
et al. 2016). However, many studies claim that the
results of laboratory and theoretical studies should
be verified by field measurements, under natural pre-
cipitation conditions (Van Dijk et al. 2003, Nanko et
al. 2008).

The results of this study supplement the knowledge
about splash erosion dynamics in the mid-mountain
areas and could be important for the development of
rainfall erosion models and be applied in soil con-
servation planning, especially in the Western Polish
Carpathians. In the literature, there is also a lack of
studies on the impact of the time of use of the plots
on the splash erosion. Swiqchowicz (2012b) paid at-
tention to the impact of time of conducting research
(2007-2009) on splash erosion in the one plot with
black fallow in the Dworski Potok stream catchment
(with loess-like formation). In the Bystrzanka catch-
ment, the experimental study was carried out in few
plots simultaneously (with different time of the plots
— used as black fallow). In the Western Polish Car-
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pathians, this type of experimental research, under

natural precipitation conditions, with few plots has

not been conducted yet. This study reports about an

experiment consisting of changing land use, from a

meadow to a black fallow, additionally demonstrating

the impact of the plot usage time on splash erosion
changes. The erosion processes are different in are-
as with permanent vegetation compared with black
fallow due to the organic matter content and the size

of soil aggregates (Ekwue 1991, Cerdan et al. 2010).

The meadow areas are characterized by a high spatial

variation in infiltration capacity (Cammeraat 2002).

The literature has documented the negative impact

of intensification of agricultural activities on erosion

processes (Brandolini et al. 2018, Perovi¢ et al. 2018).

One example is the transition from meadows to cul-

tivated land, which increases splash and risk of soil

erosion (Martinez-Casasnovas, Sanchez-Bosch 2000,

Swiechowicz 2012b).

The objectives of this study are to examine:

— the effect of different environmental factors in-
cluding rainfall parameters, land use, slope gra-
dient and also the particle size of soil and usage
time (organic matter content, OM) on splash ero-
sion mass (g) and rate (kg m~2) over intermediate
timescale (2012-2016) in the Western Polish Car-
pathians (in the Bystrzanka catchment),

— the effect of soil particle size and distribution on
splash erosion,

— the impact of the plot usage time on splash ero-
sion,

— the relationship between splash erosion and wash
erosion.

The wash and splash erosion were examined sepa-
rately to show the interaction between those two pro-
cesses. Previous studies showed different proportions
between splash erosion and wash under different en-
vironmental conditions, mainly due to soil properties,
rainfall parameters, and the specifics of the study area
(Szpikowski 2001, Van Dijk et al. 2003, Swiqchow-
icz 2012b, Mahmoodabadi, Sajjadi 2016). Swiechow-
icz (2012b) showed that the occurrence of wash and
linear erosion did not occur during every splash ero-
sion event. The recognition of splash and wash under
natural rainfall conditions in the Western Polish Car-
pathians will improve the understanding of sediment
production and redistribution processes.

Study area and methods

Monitoring of splash and wash erosion was conduct-
ed from May to October (season without snow cov-
er) in 2012-2016 on five experimental plots for each
process (A, B, C, D, E - splash plots, L2, L4, L8, L16,
L32 - surface runoff and wash plots) located in the
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Bystrzanka catchment (49°38'04" N, 21°07'08" E) in
the Western Polish Carpathians (Fig. 1). Slopes with
gradients of 9-11° are predominant, and the study
area is characterized by a warm, humid continental
climate: the Cfb type according to Kdppen’s (1931)
classification. The average annual precipitation over
1968-2016 at the Research Station in Szymbark (In-
stitute of Geography and Spatial Organization Polish
Academy of Sciences), located within approximate-
ly 30 m from the experimental plots, was 837 mm.
The maximum and average velocities of rain drops in

2009 (May, June, July, September) during intensive
precipitation were 11.3 m s' and 7.3 m s™!, respec-
tively, and the average maximum rain drop diame-
ters were 7.1 mm (during heavy downpours) and 2.6
mm (during continuous rainfall) (laser distrometer
OTT Parsivel, for rainfall intensities of 0.001 to 1200
mm h7!, archival materials of the Research Station in
Szymbark, 2009). In the analyzed period, the average
precipitation was 833 mm, with the range from 666
mm (2012) to 1098 mm (2014). A very wet year was
2014 and 2016 was humid, 2012 was dry, and 2013

-+

Ukraine

Fig. 1. Location of the experimental plots in the Bystrzanka catchment (the Western Polish Carpathians) (A, B, C, D, 1)

with time use of plots

A, B, D - plots with black fallow (11°), C - plots with black fallow (0°), E - plot with meadow (11°), 1 — surface runoff and wash plots
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and 2015 were average in terms of total precipitation.
The maximum 10-minute rainfall during the study
period was 11.2 mm, and the mean duration of rain-
fall events was 285 minutes.

The plots were located on the Taboréwka slope,
in the Magura nappe. The underlying rocks consist of
clay shales intercalated with sandstone (Inocerami-
an beds) (Swidzinski 1973). The soil is classified as
an Inceptisol (USDA classification, acc. Soil Survey
Division Staff 2017). This type of soil predominates
in the Western Polish Carpathians (Skiba, Drewnik
2003). On the study slope, soils are deep and range
from 1.5 to 2.5 m, the total porosity of the soil on
the agricultural foothill slope is 41-51% (Adamczyk
et al. 1973), and the soil infiltration capacity rang-
es from 0.1 to 11.4 mm min~' (Stupik 1973). Splash
erosion was measured on plots with black fallow and
meadow. Areas with meadow are one of the domi-
nant types of LULC in the Western Polish Carpathi-
ans in recent years (Kijowska-Strugala, Demczuk
2015, Bucala-Hrabia 2017, Kijowska-Strugata et al.
2018). A slope with a gradient of 11° and a flat sur-
face were tested (Table 1). According to the USDA
Textural Soil Classification (Soil Survey Division
Staff 2017), silt loam was the dominant soil texture
on the experimental plots, with average silt contri-
butions of 54% on the slope (ranging from 49% to
59%) and 46% on the flat area (Table 2). On the flat

area, the percentage of sand was higher than on the
slope (Table 2).

A total of 91 splash events were recorded during
the 5-year period. Measurements of splash erosion
were made each time after the occurrence of pre-
cipitation. The procedure proposed by Swiechowicz
(2012b) was used. The mass (g) of detached sedi-
ment were measured using the funnel method us-
ing funnels of varying diameters (75, 110 and 170
mm), which is a common measurement technique
(e.g. Swiqchowicz 2012b, Brant et al. 2017). Six
splash funnels were placed in each experimental
plot (two funnels of each diameter). Different fun-
nel diameters were used to show the importance of
funnels size on the mass of detached material. Val-
idation was made based on the formula proposed
by Van Dijk et al. (2002). For the first time in Po-
land this formula was used by Rejman (2006) and
in the Western Polish Carpathians by Swiechowicz
(2012b). This enabled the splash erosion values re-
leased from the diameter of the funnels (Swiechow-
icz 2012b, 2018).

The soil plots were kept bare by mechanical re-
moval of plants (except plots E). The splash funnels
were placed a few millimeters above the ground,
which prevented delivery of soil from runoff. This
method was consistent with the procedure used
at the AMU Geoecological Station in Storkowo

Table 1. Description of the experimental plots located in the Bystrzanka catchment (the Western Polish Carpathians)

Plot LULC Size [length X with] gradient Operated time OM
[m] [°] [years] [%]
Splash plots
A black fallow 6 x4 11 2013-2016 3.28
B black fallow 16 x 4 11 2012-2016 2.05
C black fallow 6 x4 0 2012-2016 2.69
D black fallow 6 x4 11 2016 4.05
E meadow 6 x4 11 2012-2013 4.41
Wash plots
L2 black fallow 2x2 11 2009-2016 2.03
L4 black fallow 4 X2 11 2009-2016 2.07
L8 black fallow 8 x2 11 2009-2016 2.05
L16 black fallow 16 x 2 11 2009-2016 2.03
L32 black fallow 32 x2 11 2009-2016 2.05

Table 2. Soil particle size [mm] in the experimental plots (A, B, C, D) and splash particle size distribution (downslope and

upslope) below and above 20 cm height

Experimental plots Downslope splash Upslope splash
. . Height [cm)]
Particle size [mm] A B C D <20 >20 <20 >20
[%]
Gravel (>2.00) 4 2 3 2 0 0 0 0
Sand (2.00-0.05) 33 41 45 31 44 59 46 56
Silt (0.05-0.002) 54 49 46 59 50 36 48 38
Clay (<0.002) 9 7 7 9 6 5 6 6
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(Szpikowski 2001). In the Western Polish Car-
pathians this method was used by e.g. Swiechow-
icz 2012b. To determine the dominant direction
(downslope and upslope) of material detachment in
the study area, boards with a height of 70 cm were
installed in 2012 and 2013. Additionally, the verti-
cal splash range was defined using a board with a
height of 100 cm, width of 15 cm, and thickness of 2
cm (divided with wooden slats every 10 cm). These
tools were covered by a roof protecting the collected
material from washing down. This method was used
for the first time in the Western Polish Carpathians
by Gerlach (1976a). Splash rate was calculated as the
mass of detached material per unit area (kg m™).
Furthermore, the mass of soil erosion was divided
by the duration of events (g m= min~!). The splash
erosion were calculated after each rainfall event. The
material was filtered, dried at 105°C and weighed
with an accuracy of up to 0.0001 g.

Precipitation parameters (D; — rainfall duration
(min), Pj; — 10-minute rainfall intensity (mm 10
min~'), P, — 1-minute rainfall intensity (mm min),
I;; - 30-minute maximum rainfall intensity (mm
ha™), El;, — 30-minute rainfall erosivity (MJ mm ha™!
h™!) were obtained on the basis of measurements by
a tipping bucket rain gauge with 1 mm resolution and
an automatic rain gauge (Vaisala MILOS 500) with
a resolution of 0.2 mm located near the plots at the
Research Station in Szymbark.

The erosivity index for individual rainfall events
was calculated (Wischmeier, Smith 1978), defined as
the product of total energy of precipitation and max-
imum intensity within 30 minutes:

Elyo = Euin Is0 (1)

where:

- El; — 30-minute rainfall erosivity index (MJ mm
ha-'h1),

—  Eu,— kinetic energy per area unit (MJ ha™!),

— I3, - maximum 30-minute rainfall intensity (mm
h=1).
The rainfall kinetic energy was calculated accord-

ing to the equation developed by Brown and Foster

(1987):

Eiin = »,0.29[1-0.72exp(—0.05)JAP,  (2)

i=1

where:
— L;-rainfall intensity in the i-th range (mm h-!),
— AP, - total rainfall in the i-th range (mm).

To determine the distance of soil displaced due to
the splash downslope side D (m) and upslope side G
(m), the model proposed by Poesen and Savat (1981)
was used, which assumes vertical rainfall and wind-
less conditions:

D = 0.019 (Ds) "%#2°40.301 sina 3)
G = 0.019 (Ds) °22°—0.301 sina 4)

where:
— Ds, — median of particle diameter (m),
— o - slope gradient (°).

The Ds, (i.e. the median) is defined above as the
diameter where half of the population lies below this
value. The model was verified in the field for particle
sizes ranging from 0.002 to 1 mm and slope gradi-
ents ranging from 9° to 14°. The applied model did
not include wind because no study of the effects of
wind speed and direction on splash erosion was con-
ducted in the Western Polish Carpathians.

Laser diffraction (Fritsch Analysette 22 diffrac-
tometer) was used to determine the soil particle size
in the experimental plots and the detached material.
Based on the USDA classification (Soil Survey Divi-
sion Staff 2017), four basic fractions were separat-
ed: gravel (75.0-2.0 mm), sand (2.0-0.05 mm), silt
(0.05-0.002 mm), and clay (<0.002 mm).

The launch of the experimental plots at various
times made it possible to examine the impact of
the usage times of the plots on splash erosion rate.
Plots B and A (black fallow) were created in 2009
and 2013, respectively, and plot D (black fallow) was
created in 2016 (meadow converted to black fallow)
(Fig. 1). The results from plot D were compared with
those from plot A, and those from plot A were com-
pared with plot B. Total carbon (TC) in the samples
taken from the experimental plots was determined
by combustion using a Thermo Scientific FLASH
2000 CHNS Organic Elementary Analyzer. In the
studied area, TC corresponds to organic carbon (OC)
due to the absence of carbonate in the soil. This ap-
proach was used in the Carpathians by Drewnik et
al. (2016). Organic matter (OM) content was calcu-
lated by multiplying the OC by a conventional factor
of 1.724 (Waksman, Stevens 1930).

The surface runoff and wash on plots with black
fallow are measured since 2009. In this study, sur-
face runoff and wash data from the period 2012-2016
were used. To investigate the relationship between
splash erosion and wash, the study was carried out
on 5 plots with the same width (2 m) and different
plot lengths (L2, L4, L8, L16 and L32 m) (Table 1).
In addition, the impact of plot length on wash and
surface runoff during various rainfall depth, as well
as the impact of rainfall parameters (the same as in
the case of splash erosion), were analyzed. Plots were
fenced by a band of galvanized steel, finished gutter
and a calibrated tank, where the water and sediment
were collected during rainfall events. The mass of the
sediment was converted into a dry mass of sediment
according to the index of 1.4 g cm™3. This value was
determined experimentally in the same area by Gil
(1976), who used the dry-weight method.
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To identify trends, correlations, and levels of
statistical significance between the parameters,
the Statistica program version 9.0 was used. The
U Mann-Whitney test and Spearman’s correlation
were used. The impact of precipitation parameters
on splash erosion was calculated based on the Beta
factor. The statistical analysis did not include the
plot with meadow (plot E) due to the low values and
small differences of splash erosion and the short du-
ration of the measurements.

Results

Mass and rate of soil splash

In June and July, the highest number of splash events
was noticed (with 27 and 23, respectively), and the
lowest was in October, with only 7 events. The low-
est total precipitation with splash was 1.7 mm (June
2013). Splash erosion rate (g m™ min™!) in each ex-
perimental plot showed high variation (Fig. 2). The
splash mass (g) variation coefficient ranged from
68% (plot D) to 119% (plot C). The highest splash
masses were recorded in plots A and B, with black
fallow and a gradient of 11° (Fig. 2). The average
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Fig. 2. Splash erosion (g m~2 min~Y on experimental plots
(A, B, C, D) during 2012-2016 (from May to October)

rates for these plots were similar: 5.31 and 6.63 g
m~? min~" respectively. The lowest soil splash rates
(average 0.008 g m2 min™') were recorded in plot
E, with meadow and a gradient of 11°. The maxi-
mum splash rates were recorded during 30-minute
rainfall erosivity index above 200 MJ mm ha™' h™!
(plot A: 334.61, B: 128.78, C: 119.57, D: 16.35, and
E: 0.076 g m?min™'). The statistical analysis using
the non-parametric U Mann-Whitney test revealed

Table 3. Splash erosion rate [kg m~2] differences in experimental plots (U Mann-Whitney test, statistically significant p

marked in bold)
Plots Rank sum 1  Rank sum 2 U Z p N1 N 2
A-B 4891 3887 1965 -0.751 0.057 76 57
A-C 6385 4493 1937 2.95 0.000 76 74
A-D 3600 771 618 0.278 0.044 76 17
B-C 4281 3847 1291 3.385 0.000 57 74

A, B, C, D - experimental plots: descriptions in the text and Table 1.

Table 4. Parameters a and b of the exponential function for the relationship between splash erosion [g] and [g m™ min™']
and splash funnel diameter [mm] in different plots in the period 2012-2016

Plot Number of Splash erosion mass [g] Splash erosion rate [g m™2 min~!]
events a b R? equation a b R? equation
A 76 0.0547 1.8375 0.99 power law 2663.5 -0.404 0.75 power law
B 57 4.2063 0.7537 0.87 power law 11732 -0.756 0.95 power law
C 74 0.8373 1.0361 0.97 power law 1272.8 -0.408 0.99 power law
D 17 0.3756 0.9084 0.98 power law 2249.6 -0.904 0.99 power law

Table 5. Splash erosion rate [kg m~2] differences in different funnels diameter in experimental plots (U Mann-Whitney test

result, statistically significant p marked in bold)

Funnel A110 Al175 B75 B110 B175 C75 C110 C175 D75 D110 D175
A75 0.601 0.677 0.464 0.097 0.081 0.000 0.000 0.000 0.220 0.036  0.000
Al10 0.879 0.763 0.200 0.199 0.000 0.000 0.000 0.386 0.066 0.002
Al75 0.767 0.241 0.231 0.000 0.000 0.000 0.471 0.070  0.001
B75 0.373 0.301 0.000 0.001 0.000
B110 0.818 0.001 0.006  0.000
B175 0.003 0.013 0.001

A, B, C, D - experimental plots, 75, 110, 175 - funnel diameter [mm].
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statistically significant differences in the amount of
detached soil in the respective plots (Table 3). The
obtained splash differences were not statistically sig-
nificant in plots A and B.

During each rainfall event, the greatest mass of
splash (g) was noticed in funnels with the diameter
of 175 mm, and the least amount was noticed in fun-
nels with the diameter of 75 mm, but the soil splash
rate (kg m~2) increased as the diameter of the funnels
decreased. This is due to the distribution of the splash
mass, decreasing exponentially with distance from
the point of impact of the rain drop, and the related
relationship between the splash surface area and the
funnel surface area. Thus, the measured splash mass
increased with the diameter of the funnel, whereas
it decreased on the surface unit. Differences in the
mass of soil detached at different experimental plots
were observed in various periods of research. The de-
pendence of the splash erosion and the funnels diam-
eters is described by the power law equation y=axb
(x - funnels diameter, y — splash erosion). The a and b
parameter values for each research plot are presented
in Table 4. The statistical analysis showed significant
differences between funnel diameters in plots A and
C, as well as B and C (Table 5). In addition, signifi-
cant differences were noted between selected funnels
in plots A and D, with the same LULC and gradient
but different usage times. The differences between
funnels in plots A and B were not statistically signif-
icant (Table 5).

It was found that, on a slope gradient of 11°, soil
particles are detached to a maximum height of 50
cm, mainly during rainfalls with high intensity and
high total precipitation. Significantly lower percent-
age of soil was detached in the upslope (23% of the
detached soil on average) than in the downslope
direction (77%) (Fig. 3A). The splash below 10 cm
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Fig. 4. Nomogram for calculate of soil particle displacement
by splash in downslope (D) and upslope (U) in the By-
strzanka catchment (gradient 9-14°), based on Poesen
and Savat’s empirical model (1981)

height was the largest, representing an average of
75% of soil deposited in the downslope and upslope
directions (Fig. 3A). There was a difference in splash
direction above 20 cm: downslope splash erosion
mass (g) was 70% higher than upslope splash (Fig.
3A). The particle sizes of the detached material in
different directions (downslope and upslope) and at
different heights were analyzed. The silt content in
splash erosion was dominant in both the downslope
and upslope directions (62% and 61%, respectively)
(Fig. 3B). Below 20 cm height, the contribution of silt
in both the downslope and upslope directions was
the highest (50% and 48%, respectively). Above 20
cm (downslope and upslope), sand was predominant
(59% and 56%, respectively). The clay contents in

downslope

Percentage share of particle size [%]
w
o
L

downslope upslope

Particle size [mm]
OClay <0.002
mSilt 0.05-0.002

M Sand 2.00-0.05

Fig. 3. Splash erosion mass (g) in downslope and upslope on the slope (11° gradient) with black fallow (A) and particle

size distribution (B)
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both the upslope and downslope directions (below
and above 20 cm) were similar: 5% and 6% (Table 2).
The analysis showed that an increase in soil particle
size increased the average splash erosion.

Based on the nomogram (constructed on the ba-
sis of Equations 3 and 4, Fig. 4), at a gradient of 11°,
the detached soil particles were moved up to 40 cm
downslope and up to 28 cm upslope. The difference
in the distance of movement of the soil was approx-
imately 12 cm.

Factors controlling splash erosion

The lowest rainfall with splash erosion during the five
year period was 1.7 mm. The calculated Spearman
correlation coefficient shows a significant relation-
ship between splash rate (kg m™ and rainfall param-
eters (D, Py, Py, P, I3, El;) (Table 6). The exception
was the duration of precipitation (D;), which did not
significantly influence the splash erosion on plots A
and D. Rainfall erosivity (El;,) during the analyzed
period ranged from 1.9 to 604.5 M] mm ha™' h™" The
largest splash erosion rate (kg m=) was found dur-
ing the events of the EI;, above 50 MJ mm ha! h™
Those events accounted for 40% of all noted rain-
fall events, and the splash erosion ranged from 53%
(plot C) to 70% (plot D) of the total splash mass. The
splash erosion rate was different during varied EI,.
The smallest differences of splash erosion rate was
noticed on plot E. Additionally, splash erosion varied
during humid and dry years due to the differentia-
tion of the total precipitation. In humid years, during
rainfall events with EI;, above 50 M] mm ha! h=" the
splash erosion mass ranged from 68% (2016) to 83%

(2014) of the total splash erosion mass, in the dry
year, it averaged 17% (2012). The highest correlation
between rainfall EI;, and splash erosion rate (kg m2)
was recorded in plot D (Fig. 5A). In the study area,
taking into account the EI;,, calculated that 90% of
events were recorded after exceeding the value of 7
MJ mm ha™! h™'. In addition, 10% of the events oc-
curred after exceeding the value of 196 MJ mm ha™!
h™.

The calculated Beta index, which assesses the rel-
ative contribution of each independent variable (D,
Py, Py, P, Lz, El;) to predict the dependent variable
(average splash erosion in the period 2012-2016),
showed that the total rainfall (P) and the rainfall
intensity (Py, I3, Elso) influence splash in particular
experimental plots to the greatest extent, and the du-
ration of precipitation (D;) influences splash to the
least extent. The correlation between the total pre-
cipitation and splash erosion rate (kg m=2) in black
fallow was best described by power law equations.
The highest correlation was recorded on plot B (R*=
0.34, p<0.001) (Fig. 5B).

High variation of splash erosion depending on
LULC and slope gradient was noted on the experi-
mental plots. The splash erosion in the meadow was
only 1.4% of the splash erosion on black fallow at the
same gradient (11°) and 5.3% of the splash erosion
on the flat plot with black fallow. The splash on plot
C (flat surface) was lower than on plots A and B, rep-
resenting 44% to 58% of the values obtained on the
slope (plots A and B with the same land use). The
differences obtained in the plots with a gradient of
11° (A, B) and in the flat plot (C) were statistically
significant, both in terms of the averages and in the

Table 6. Summary of Spearman’s correlation results (statistically significant p marked in bold) of environmental factors

affecting differences in the splash erosion

Splash D, P P L, El,
A (N=76)
AS 0.477 0.000 0.000 0.000 0.000 0.000
MS 0.550 0.000 0.000 0.000 0.000 0.000
MiS 0.311 0.000 0.000 0.000 0.000 0.000
B (N=57)
AS 0.000 0.000 0.000 0.464 0.106 0.004
MS 0.000 0.000 0.000 0.404 0.134 0.01
MiS 0.000 0.000 0.000 0.389 0.077 0.001
C (N=74)
AS 0.000 0.000 0.000 0.463 0.006 0.000
MS 0.000 0.000 0.000 0.442 0.003 0.000
MiS 0.000 0.000 0.000 0.664 0.010 0.000
D (N=17)
AS 0.897 0.021 0.034 0.014 0.015 0.017
MS 0.871 0.029 0.041 0.018 0.036 0.046
MiS 0.799 0.051 0.092 0.031 0.038 0.029

D; - rainfall duration [min], Py, — 10-minute rainfall intensity [mm 10 min~'], P, — I-minute rainfall intensity [mm min~'], I;, — 30-min-
ute maximum rainfall intensity [mm h~!], El, - rainfall erosivity [M] mm ha~! h~'], AS - mean splash [kg m~2], MS — maximum splash

[kg m~2], MiS — minimum splash [kg m~2].
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Fig. 5. Correlation between rainfall erosivity index El;, (a), rainfall amount (b) and splash rate [kg m~2] on the plots A, B,

C and D with black fallow

case of individual funnels (Table 5). The correlation
between splash erosion rate (kg m=2) on the slope
(plot B) and flat area (C) was described by a power
law equation (R?=0.77, p<0.001). A higher correla-
tion (R?=0.84, p<0.001) was noted between plots C
and A, with a slightly shorter usage time than plot B.
Thus, the average splash erosion rate (kg m2) on the
slope (SEs) in relation to the flat plot (SEf) can be
expressed by the following formula:

SEs=1.3287-(SEf7'29). (5)

In addition, the comparison of results from plot
A (started in 2013) with D (started in 2016) and of
A with B (started in 2009) showed the impact of the
usage times of the plots on the splash erosion rate
(kg m™2). In plot D, the splash erosion rate in the first
year of operation was an average of 37% of the value
(kg m™2) of plot A. The maximum splash erosion rate
on plot D was 61%, and the minimum was 14% rela-
tive to the splash erosion rate on plot A. The correla-
tion was statistically significant (R?=0.82, p<0.001).
The statistical analysis using the non-parametric U
Mann-Whitney test revealed statistically significant
differences in the average amount of detached soil in
plots A and D (Table 3). With time, the difference in
splash erosion rate decreased between plots of differ-
ent usage times and the same gradient (plots: A and
B). In the first year, the difference was 63%, after
two and three years, they were 15% and 3%, respec-
tively. The decrease in differences was influenced
by the gradual decomposition of OM. The highest
content of OM was noticed on plot E with meadow:
4.41% (Table 1). On plot D (started in 2016), the OM
content was lower by only 8% relative to plot E. In
the second year of using plot A as black fallow, the

OM content was 3.28%. This value was 37% higher
than the OM in plot B, where the OM was the low-
est (2.05%, Table 1). OM was negatively related to
splash erosion.

Surface runoff and wash

The course of the runoff and wash was characterized
by different frequencies and dynamics. The surface
runoff and wash were recorded most frequently in
the very humid year (2014), there were 27 cases over-
all. In total, there were 86 runoff and 70 wash events
recorded over the study period: 5 and 21 fewer events
than with splash erosion, respectively. Not all of the
surface runoff events triggered the wash.

The runoff coefficient (mm) decreased with the
length of the plot and reached values 3 times higher
on the shortest plot (L2: 2 m long) compared with
the longest plot (L32: 32 m long) (Table 7). The run-
off coefficient was the highest in the shortest plot (in
95% of the events). The highest values of the total
runoff coefficient were recorded in 2014, ranging
from 68 mm (L32) to 239 mm (L2). In most cases,
the surface runoff in the experimental plots occurred
under unsaturated conditions. Surface runoff is a pro-
cess of initiating wash, although a total of 16 cases
of surface runoff without sediment were found. The
wash rate (kg m) increased up to the plot length
of 16 m (Table 7), with the highest average values of
wash rate during one event (0.62 kg m™2). Overall,
during the entire research period, an average of 65
kg of material was eroded from a 1 m?* area of plot.
The impact of the surface runoff on wash rate in the
study period was characterized by a linear function.
The analysis showed that the highest correlation co-
efficient between runoff and wash rate was observed
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Table 7. Mean surface runoff [dm?] and wash [kg] on the experimental plots with black fallow in 2012-2016 and correlation
between mean runoff, mean wash and precipitation parameters

Length of experimental plots [m]

Parameter 5 4 8 16 32
Runoff
Mean number of events 17 17 17 17 17
Mean runoff [dm?] 456.1 835.0 1520.0 2101.2 2396.0
Mean runoff coefficient [mm] 114.0 104.5 95.0 65.7 37.4
Wash
Mean number of events 12 13 14 14 14
Mean erosion from plots [kg] 27.3 67.3 188.3 419.4 713.1
Mean erosion from 1 m? [kg m~2] 6.8 8.4 11.8 13.1 11.1
Parameter D; Py P, P I3 El;,
Mean runoff R? 0.03 0.14 0.06 0.43 0.11 0.26
P 0.180 0.005 0.072 <0.001 0.012 <0.001
regression equation® 1 1 1 1 log 1
Mean wash R? 0.04 0.27 0.17 0.24 0.03 0.44
P 0.136 <0.001 0.002 0.001 0.234 <0.001
regression equation* pl log log pl pl 1

*] - linear equation, log — logarithmic equation, pl - power law equation

in the shortest plots SN2 and SN16 (R?=0.51 and
R?=0.52, respectively p<0.001). The investigated re-
lation between average runoff from all plots and rain-
fall parameters showed that it was most correlated
with P and El;, (R?=0.43 and R?=0.26, respectively
p<0.001), and the average wash rate from all plots
was most correlated with Py, P and EI;, (R?=0.27,
R?=0.24 and R?=0.44, respectively, p<0.001) (Table
7). The splash erosion rate (kg m=2) average was 65%
of the material eroded from the plots by runoff.

Discussion

The study of splash erosion under natural conditions
in mid-mountain areas is important for the wide-
ly discussed problems of soil management and land
degradation. Based on five years of measurement on
experimental plots in the Bystrzanka catchment with
Inceptisols (USDA classification, Soil Survey Division
Staff 2017), general trends in the course of splash ero-
sion have been determined. Two classes of land use
have been distinguished: black fallow and meadow.
Agricultural lands with black fallow are only present
for several months of the year. However, as shown in
the results, they can significantly affect splash erosion
and wash in mountain areas. Additionally, according
to Gyssels et al. (2005), areas with black fallow are
the most erosive. As a result of changes in LULC in
the Western Polish Carpathians, the areas of meadow
increased (Kijowska-Strugata et al. 2018). This result-
ed in decreases in the splash erosion and wash on the
slope. In the study area, the splash erosion rate on
black fallow (slope gradient 11°) during single rainfall
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events ranged from 0.00 to 334.7 gm= min~!, and that
on meadow ranged from 0.00 to 0.01 g m™? min~" The
splash on black fallow averaged approximately 99%
higher than on the plots with meadow (at the same
gradient). The research of Rejman et al. (1990), con-
ducted under conditions of changing vegetative phas-
es of plants in Belgium, showed linear relationships
between plant coverage and individual splash (lower
splash sizes were reported with increasing biomass).
According to Ma et al. (2014), crops (corn, soybean,
millet, winter wheat) significantly reduce splash ero-
sion by an average of 68% compared with splash ero-
sion on black fallow. In addition, Bochet et al. (2002)
found that the intensity of detachment of soil parti-
cles increases with the distance from a single plant.
The smallest splash was recorded directly under the
plant. According to Terry and Shakesby (1993), the
black fallow can also be more compacted and crusted
than soil with plant cover because raindrops can in-
crease the soil bulk density.

Additionally, slope gradient is an important fac-
tor in controlling splash erosion. The splash rate (kg
m~) on black fallow slope was 49% higher than on
the flat area. This result is compatible with previous
research. Parlak and Parlak (2010) found that splash
erosion on a slope with a gradient of 4° was 36%
lower than on a steeper slope (8°). Splash erosion is
therefore positively correlated with slope gradient
(Mahmoodabadi, Sajjadi 2016), and more detached
particles are transported downslope than upslope
(Saedi et al. 2016). In the study area, the average
downslope splash mass was 75% higher than the
upslope splash. Similar results were obtained in the
laboratory by Liu et al. (2015). Differences were due
to the force of gravity, the greater impact of the rain-
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drop mass in the downslope direction, and the lower
angle of particle splash in the downslope direction
(Sadeghi et al. 2017).

In the study area, soil particles were displaced to
a maximum height of 50 cm. Based on pictures from
a high-speed camera, Ryzak et al. (2015) observed
vertical heights of 150 cm for soil from southeast
Poland. In the study area, the splash up to 10 cm
was the most frequent (75% in both the downslope
and upslope directions). However, above 10 cm, the
downslope splash was higher than the upslope splash.
There was also a differentiation of particle size: up to
20 cm, the contribution of silt was the highest, and
sand was predominant above 20 cm. The clay con-
tent was lower in both the upslope and downslope
directions. According to Bradford and Huang (1992),
the lower content of clay in comparison with silt and
sand is due to cohesion forces. The studies of particle
size during various rainfall events showed some de-
pendencies. Comparison of precipitation with differ-
ent intensities (8 mm 10 min~' and 0.8 mm 10 min™")
indicated a smaller proportion of sand during heavy
rainfall than during lower-intensity rainfall. The silt
content was the highest during heavy rainfall both
in the upslope and downslope directions (55% and
47%, respectively). However, during low intensity
rainfall, the sand particles was slightly higher than
silt in both the upslope and downslope directions
(47% and 53%, respectively). According to Qinjuan
et al. (2008) silt particles can develop soil crust, and
consequently silt particles can be less detached than
other particles. Rainfall intensity had a significant
impact on splash erosion in all experimental plots.
According to Mermut et al. (1997), the higher rain-
fall intensity promoted the breaking up of soil ag-
gregates. In the study area, the lowest value of the
El;, during which splash erosion was recorded was
1.9 MJ mm ha™! h™" There was a positive relation-
ship between El;, and splash erosion rate (kg m=2).
Swiechowicz (2012b) in slope with loess-like forma-
tion in the Carpathian Foothills showed that every
potentially erosive rain initiated splash erosion and
calculated threshold value for the splash erosion in
relation to the humidity of the year and the condition
of land surface. In the Dworski Potok stream catch-
ment, during the period 2007-2009, 90% of the soil
particles was displacement during rainfall exceeding
2.8 MJ mm ha! h™! (Swiechowicz 2012b). This value
was lower than in the study area.

Based on the nomogram, in the study area the
soil particles were detached at distances 40 cm
downslope and 28 cm upslope . The model distances
are longer than the average values given by Rejman
(2006) (9 cm, ranging from 5 to 42 cm, Naleczowski
Plateau with loess, Poland) and by Szpikowski (2010)
(14 cm downslope and 10 cm upslope, slope gradi-
ent 4°, Western Pomerania, Poland). The differences

result mainly from the methodology, slope gradient
and soil type. According to Legout et al. (2005) the
distance of movement of the soil depends on the sta-
bility of soil aggregates and wind. The similar value
was noted by Swiechowicz (2012b) in the Carpathian
Foothills, the soil particles were detached at distanc-
es up to 48 cm. Agricultural practices are also impor-
tant. Rejman (2006) found that the splash distance
is 1.8 times longer on soils without agricultural prac-
tices than on cultivated soils. According to Fu et al.
(2017), the splash mass decreases as distance increas-
es. On a horizontal surface, distances are impacted
by runoff and wind. Soil particles can be displaced
at longer distances during runoff and wind events
than during rainfall events without runoff and wind
(Marzen et al. 2015, Schmidt et al. 2017). According
to Barai et al. (2018), particles of soil (clay loam) can
be displaced at a distance of 110 cm (downslope) and
76 cm (upslope) with a rainfall of 1.3 mm min™! and
a slope gradient of 6°.

The usage times of plots and the content of OM
had a great importance for splash erosion in the study
area. The highest differences in splash were noticed
in the first year of plot operation (63%). The use of
the plots as a black fallow in subsequent years re-
sulted in a reduction of differences, mainly through
the decreased content of OM and soil aggregate size.
Large soil aggregates and high content of OM protect
soil, resulting in lower splash erosion (Moghadam et
al. 2015, Mahmoodabadi, Sajjadi 2016, Saedi et al.
2016). Caron et al. (1996) found that OM reduced
water entry rate and slaking. In the study area, the
highest content of OM was on plots with meadows
(4.41%) due to high vegetation cover, and the lowest
content of OM was in plot B (black fallow, 2.05%),
with the longest study period.

Surface runoff and wash are important in moun-
tain areas. In the study area, plot length was essen-
tial for the runoff coefficient, and the highest val-
ues were recorded on the shortest plot (2 m). In the
study area, there was a linear correlation (R?=0.43,
p<0.001) between total rainfall (P) and surface run-
off and a power law correlation (R*=0.24, p<0.001)
between rainfall and wash during the analyzed peri-
od. The study conducted by Swiechowicz (2012b) in
the Carpathian Foothills showed a linear or power
law correlation between wash and rainfall amount
(mm) (R2=0.59 in 2009) and higher correlation be-
tween wash and El;, (R?=0.98 in 2009). According
to Bochenek and Gil (2010), an increase in precipi-
tation of more than 40 mm per day resulted in a de-
crease in the differentiation of the wash in plots of
different lengths. A detailed analysis in 2012-2016
showed that the decrease of wash at very high inten-
sities of precipitation could be a result of compaction
of soil particles caused by the impact of high rain en-
ergy. In the study area, there was a statistically sig-
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nificant correlation between splash erosion (SE) and
wash (De) (R?=0.54, p<0.001), explained by a power
law equation (De=0.7533 SE!“*’). The annual loads
of splash were 35% lower than wash. According to
Mahmoodabadi and Sajjadi (2016), wash was much
higher than splash erosion at all analyzed rainfall
intensities. Defersha and Melesse (2012) noted that
duration and rainfall intensity had a significant im-
pact on wash. In the study area, the ratio of wash to
splash erosion was not so obvious when analyzing
individual rainfall events. Usually, the splash ero-
sion was higher than wash, especially during rainfall
events of short duration. However, during long-term
rainfall events with high intensity rainfall at the be-
ginning, wash was up to 24 times higher than splash
erosion. During such events, a network of rills was
created, which was deepened in subsequent phas-
es of rainfall. These results also confirm laboratory
analyses showing that the ratio of wash and splash
increased with increasing rainfall intensity on slopes
with gradients of more than 10° (Mahmoodabadi,
Sajjadi 2016). Splash erosion in the analyzed period
was noted at a rainfall event with a sum of 1.7 mm
(1.2 mm 10 min™). According to Gil (2009) surface
runoff was noted at a rainfall with a sum of 1.0 mm
and soil wash with a sum 4.6 mm This values was
calculated based on a 30-year study in the Carpathi-
an Mountains.

Conclusions

The intermediate timescale study conducted on
slopes under natural rainfall conditions showed that
considerable splash erosion occurred in the Bystrzan-
ka catchment in the Western Polish Carpathians.
Splash erosion was very diverse and determined by
many environmental factors. The analysis showed
strong correlation with rainfall parameters, land use,
gradient, particle size and usage time (OM content).
The highest splash erosion was noticed on slopes
without vegetation (black fallow) with low organic
matter content. The lowest total precipitation with
splash was 1.7 mm and 90% of splash erosion events
were recorded after exceeding the value of 7 MJ mm
ha™ h™'. The splash erosion on the slope with black
fallow was 95 times higher than in the meadow and
up to 20 times higher than in flat areas. The average
downslope splash erosion rate was 75% higher than
the upslope splash, and the soil particles were de-
tached to maximum heights of 50 cm (downslope).
In the study area, most of the splash occurred be-
low 10 cm, the silt fraction dominated up to 20 cm,
and the sand fraction dominated above 20 cm. There
was a positive correlation between splash erosion and
wash, and the usage time of plots had a significant
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impact of splash erosion. With time, the difference
between splash erosion decreases in plots of different
usage times and the same gradient, mainly due to the
content of organic matter and tillage practices.

This study is necessary to understand the basic
regularities of splash erosion, and it supplements the
knowledge of the splash and wash erosion dynamics
under natural conditions. Moreover, the results may
be valuable for the development of rainfall erosion
models and strategies for controlling water erosion,
especially in mid-mountain areas.
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