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The effect of different rainfall patterns on surface runoff, infiltration and thus soil losses and sediment
concentrations are still in the focus of current research. In most simulated rainfall experiments, pre-
cipitation is applied at a fixed intensity for a fixed time. However, the impact of rainfall patterns on soil
erosion processes may be different varying the rainfall duration and intensity that produces an event
with similar rainfall erosivity values. Twenty-five rainfall events were applied on micro-scale runoff plots
in a soil covered with corn straw to evaluate the sediment yield and runoff rates. The different rainfall
types were composed by association of duration (Dur) and intensity (IP) with the same erosivity value.
The Dur varied from 38 to 106 min and the IP varied from 75.0 to 44.6 mm h-1. The sediment yield varied
from 1.89 ± 1.26 g m-2 to 4.02 ± 2.66 g m-2 and runoff ranged from 16.9 ± 8.74 mm to 32.63 ± 10.67 mm
with highest rates occurring with high intensity and low duration. The highest rainfall intensity provides
the maximum sediment yield (0.138 g m-2 min-1) and runoff rates (0.87 mm min-1). The time to start
surface runoff varied from 14 to 19.2 min and it was longer in treatments with longer durations and low
precipitation intensity. No difference was found in the amount of sediments applying rain with the same
erosivity and different associations of duration and intensity. However, the intensity and duration of the
rain, with the same erosivity, altered the amount and time of runoff. In rainfall experiments with con-
stant intensity and fixed time, the erosion rates depend on the duration of the applied rain. Therefore, the
results of this study can contribute to the development of new perspectives in the design of water
erosion experiments with simulated rain considering the duration, intensity and also the association of
these variables to produce rainfall that delivery the same soil erosion capacity.
© 2020 International Research and Training Center on Erosion and Sedimentation, China Water & Power

Press. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Soil erosion is a complex natural process and it depends of
several factors (Alavinia et al., 2018). Therefore, understanding how
the erosive process occurs is essential to reduce soil losses to
tolerable values using conservation strategies and practices
(Angulo-Martínez & Barros, 2015; Cantalice et al., 2017).
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In these effort, more than 100 papers per year about soil erosion
have been published where artificial rainfall has been applied to
inclined plane soil surfaces in laboratory and field experiments, in
the past 5 years. In these experiments the rainfall intensities used
ranged from less than 50 mm h-1 to about 150 mm h-1 with events
having durations varying from less than 15 min to a few hours
(Kinnell, 2020).

In general, erosion occurs due to the combination of two distinct
processes: the detachment of soil particles caused by the action of
raindrops and subsequently occurring surface runoff or laminar
flow, which transports disaggregated soil particles (Alavinia et al.,
2018; Cantalice et al., 2017). As a concept, in rainfall-induced
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erosion, the energy of surface runoff is not sufficient to initiate
movement of soil particles and only pre-detached soil particles can
be transported by shallow surface runoff. Generally, on planar
surfaces, the sheet erosion occurs, at the beginning of a rainstorm
with rilling only occurring if flow conditions became severe enough
cause detachment later (Kinnell, 2020).

Besides that, soil erosion depends on different factors such as
rainfall characteristics, infiltration and surface runoff rates, soil
properties, and surface features, such as length and steepness of the
slope (Alavinia et al., 2018; Arjmand Sajjadi & Mahmoodabadi,
2015; Bagarello et al., 2013). Among rainfall characteristics the in-
tensity, the duration and kinetic energy are main factors affecting
rainfall-induced erosion processes and/or that determine the
erosive potential or erosivity (Angulo-Martínez & Barros, 2015;
Katebikord et al., 2017).

Rainfall intensity is fundamental to control runoff and erosion.
Its effect on runoff can be understood through its influence on
infiltration, although it is not straightforward. Increasing rainfall
intensity may lead to increased infiltration because of spatial het-
erogeneity in infiltration characteristics of the soil surface and the
development of such crusts (Alavinia et al., 2018; Parsons & Stone,
2006). On the other hand, infiltration is reduced by the formation of
soil crusts (Almeida et al., 2018).

Flanagan et al. (1987) compared the effects of six different
rainfall patterns on runoff and soil loss and reported that the
patternwith maximum intensity near the end of the rainstormwas
associated with the highest values of runoff and soil loss. It is ki-
netic energy that controls surface sealing, soil water infiltration and
consequently runoff and the detachment of particles, and thus soil
loss. So, the effects of different heavy rainfall events with the same
averages intensity on the soil surface may be different because
there is no linear relationship between rainfall intensity and its
kinetic energy (Parsons & Stone, 2006). Dunkerley (2012) under-
took a series of field experiments inwhich rainstorms had different
rainfall patterns and found that rainfall pattern affected the infil-
tration and runoff. Alavinia et al. (2018) evaluated four simulated
rainfall patterns with the same total kinetic energy and found
significant differences in soil losses among the different rainfall
patterns and stages. For varying-intensity rainfall patterns, the
dominant sediment transport mechanism was not only influenced
by raindrop detachment but also was affected by raindrop-induced
shallow flow transport. He et al. (2017) observed low rainfall in-
tensity boosted but the high rainfall intensity lowered the clay
fraction comparing rill erosion under continuous and intermittent
rainfalls by using laboratory experiments.

Kinetic energy per unit area during a given rainfall event and
peak intensity are commonly used parameters to state erosivity. At
the same time, erosivity is not only a function of intensity and
duration, but also of rainfall characteristics such as raindrop speed
and diameter. These parameters can be set constant using rainfall
simulators (Iserloh et al., 2012; Seitz et al., 2015).

Simulators have been used by several researchers in the evalu-
ation of soil erosion and soil water infiltration in the laboratory
(Gan et al., 2020; Goebes et al., 2014; Kavian et al., 2018; Lassu et al.,
2015), nutrient losses (Gan et al., 2021; Wu et al., 2021), carbon loss
(Wang et al., 2021), soil erosion in the field (Alves Sobrinho et al.,
2008; Wang et al., 2017; Almeida et al., 2018; Moraes et al., 2019;
Seitz et al., 2019; Falc~ao et al., 2020; Proch�azkov�a et al., 2020) and
soil water infiltration in the field (Almeida et al., 2018). Falc~ao et al.
(2020) evaluated the impacts of intense modification of land use
and land cover on surface runoff and soil erosion using three con-
stant rainfall intensities (60, 90, and 120 mm h-1) for 1 h and found
that natural regeneration processes tend to improve the soil
ecosystem services, improving infiltration and reducing surface
runoff and soil erosion. Proch�azkov�a et al. (2020) evaluated the
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impact of the conservation tillage on reducing the soil loss due to
erosion under simulated rainfall and the authors observed a posi-
tive soil conservation effect. Under simulated rainfall, Seitz et al.
(2020) investigating how biochar particles instantly change erod-
ibility by rain splash and the initial movement of soil water in a
small-scale experiment and found evidence that biochar amend-
ments reduce soil degradation by water erosion. Simulators also
have been used by Marston et al. (2020) to separate the impact of
anthropic erosion from changes that would have occurred without
human interference (geological or natural erosion).

Despite the several advantages of rainfall simulators, in exper-
iments with applied rainfall, there are some limitations, generally
described in the characterization of the simulators prototype. In the
case of the present study, the simulator developed by Alves
Sobrinho et al. (2008) can show under- or overestimation of soil
losses and runoff rates in small plots and does not induce rilling
processes, as required in studies of pesticide transport or transport
of elimination of mulch. The portable rainfall simulators generally
use experimental plots with an area of less than 5.0 m2, most of
them smaller than 1.0 m2 (Iserloh et al., 2013). These small-plot
simulators are essential tools for research on surface hydrological
processes and the dynamics of soil erosion (Seitz et al., 2019; Wang
et al., 2017) and these limitations do not compromise the results
produced with the simulators (Iserloh et al, 2012, 2013; Marques
et al., 2019).

In many studies the effects of rainfall patterns on soil erosion
processes have been investigated and the authors reported that
rainfall patterns were associated with the highest values of runoff
and soil loss, infiltration, and higher sediment concentrations
(Flanagan et al., 1987; Parsons & Stone, 2006; Dunkerley, 2012; An,
Zheng, & Han, 2014; Mohamadi & Kavian, 2015; Alavinia et al.,
2018). These studies have used patterns with varying intensity,
rainstorms with the peak instantaneous intensity at the beginning,
at the middle and at the end and storms with increasing rainfall
intensity.

On the other hand, in most simulated rainfall experiments,
precipitation is applied at a fixed intensity for a fixed time. Total
amounts or average rates of soil discharged in experiments of fixed
durationwill produce results that are dependent on the duration of
the experiment. This needs to be considered when designing and
analyzing experiments using artificial rainfall to erode soils
(Kinnell, 2020).

The impact of rainfall patterns on erosion processes may be
different using rainfall characteristics that produce an event with
similar rainfall erosivity values. In this study we hypothesize that
the sediment yield and runoff rates can be altered by rainfall events
with association of different intensity and duration to delivering
the same total erosivity. So, the events were normalized by
erosivity, and duration and intensity were varied. Therefore, in this
study five simulated rainfall patterns were applied on a small-scale
plot to investigate soil erosion processes.
2. Material and methods

2.1. Experimental area

The experiment was conducted in the municipality of
Serop�edica, Rio de Janeiro, Brazil (22� 46 0S, 43� 410 Wand average
altitude of 33 m) in March 2018. The topography is undulated, and
the mean slope of the experimental area is 9.0%. The experiment
was carried out on arable land after harvesting corn crop (110 days
after sowing). Sowing was conducted with 10 seeds per linear
meter and spacing of 1.0 m between the rows.
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2.2. Characterization of the soil

The Argissolo Vermelho-Amarelo Distr�ofico típico profile
(Dystrophic Acrisol with a clay loam texture) of the experimental
area was previously described by Carvalho et al. (2009) and some
characteristics are presented in Table 1.

The total organic carbon, macroporosity, microporosity and soil
bulk density were evaluated in three layers, 0e10 cm, 10e20 cm,
and 20e40 cm. All analyses of these attributes were performed
following the methodologies described by Teixeira et al. (2017).
There was no significative difference of soil attributes between the
treatments. The means (considering five replicates for each treat-
ment) values of total organic carbon, macroporosity, microporosity
and soil bulk density in the 0e10 cm layer were: 16.06 g kg-1,
14.35%, 28.56%, 1.34 g cm-3, respectively; for 10e20 cm layer the
mean values were: 13.58 g kg-1, 6.50%, 29.55% and 1.53 g cm-3,
respectively; for 20e40 cm layer the values were: 4.08 g kg-1, 9.56%,
33.09%, 1.54 g cm-3, respectively.

2.3. Evaluation of soil erosion

For the application of rainfall, a rotating disk rain simulator
developed by Alves Sobrinho et al. (2008) was used. The simulator
operates with two Veejet 80.150 nozzles parallel to each other,
installed at a height of 2.3 m above the ground and with a service
pressure of 35.6 kPa. The micro-plots have an area of 0.7 m2 and are
delimited by galvanized steel plates, with a funnel at the end, which
allows collecting the volume of water drained on the surface (Alves
Sobrinho et al., 2008). Although most portable simulators have a
plot-area less than 1.0 m2 (Iserloh et al., 2013), the device used in
this study is suitable for generating only interrill erosion (Marques
et al., 2019).

Before each rainfall application, thewater content in the soil was
standardized within the treatments by wetting the plots and to
quantify the soil water content prior to rainfall events. Three soil
samples for treatment were collected next to each plot at 0e10 cm
and 10e20 cm. After the pre-wetting stage, the rainfall application
was started and the rainfall duration was pre-established for each
treatment, regardless of the time of beginning surface runoff. When
the runoff started, volume measurements were made every minute
and every 5 min a sample was collected to estimate the sediment
yield. In the laboratory, aluminum sulfate (0.018mol L-1) was added
to the samples for flocculation and precipitation of suspended
solids. After 24 h, the excess water was removed from each sample
and the solid material was dried at 105 �C. After this step, sediment
mass was calculated by means of the sum of the samples coming
from the same rainfall event.

2.4. Characterization of treatments

The treatments adopted were characterized by a rainfall dura-
tion of 60 min and intensity precipitation (IP) of 60 mm h-1, which
Table 1
Characteristics of the Argissolo Vermelho-Amarelo Distr�ofico of the experimental area.

Horizon Depth (cm) Granulometric composition (%)

Sand (2e0.05 mm) Silt (0.05e0.002

A 0e16 58 16
AB 16e27 50 14
BA 27e46 42 14
Bt1 46e90 46 12
Bt2 90e117 40 15
Bt3 117-155þ 30 12

Source: Modified of Carvalho et al. (2009).
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has been used as reference in studies of soil erosion and water
infiltration in different regions of Brazil (Almeida et al, 2016, 2018;
Carvalho et al., 2015; Moraes et al., 2019; Santos et al., 2014). From
the equipment’s operating characteristics (drop height ¼ 2.3 m,
mean drop diameter ¼ 2.0 mm, water pressure ¼ 34.0 kPa), the
kinetic energy of the reference rainfall (KEs) was calculated and,
subsequently, its erosivity, according to the methodology proposed
by Wischmeier and Smith (1978). Using the computational routine
proposed by Alves Sobrinho et al. (2008), KEs is estimated by the
precipitated depth and drop velocity, which depends on the drag
coefficient, calculated from its mean diameter. The other IP values
were adopted from the reference rain, with a variation of ±7.5
and ± 15.0 mm h-1. Thus, the nominal IPs of 45.0, 52.5, 60.0, 67.5
and 75.0 mm h-1 were evaluated, and for each of them, the rainfall
durations were defined by the computational routine, maintaining
the simulator characteristics and the erosivity value, previously
calculated.

After manual calibration of the equipment, the simulated rain-
fall in the field showed IP of 44.6, 52.9, 60.4, 67.4 and 75.0 mm h-1,
which associated with the durations of 106, 78, 60, 48 and 38 min
characterized the evaluated treatments. The experimental design
was a randomized block design, with five treatments and five
replicates each.

2.5. Estimation of the percentage of soil cover

To evaluate soil surface cover by corn straw in each experi-
mental plot, digital photos were taken after each rainfall event. The
image acquisition was done at a height of 1.50 m from the soil
surface, focusing on the plot area of 0.7 m2 (Almeida et al., 2016).
The soil cover index (SCI) was estimated using the Serobin algo-
rithm (Cruz et al., 2008). For each treatment, a base imagewas used,
in which ten representative points of the plant attribute and ten
points of the soil attribute were identified and this image was used
to classify and estimate the SCI in the others (Almeida et al., 2016).
In the binary images classified to estimate the percentage of soil
cover by corn straw, the white color represents the plant and the
black color the soil (Fig. 1). This method has proven to reliably
detect the contrasts between the corn straw and the soil surface
(Almeida et al., 2016; Cruz et al., 2008).

The percentage of soil cover by corn straw varied from 51.69% in
the IP 44.6 mm h-1 and Dur 106 min treatment to 79.52% in the IP
67.4 mm h-1 and 48 min treatment within an overall mean per-
centage of soil cover equal to 66.67% (Table 2). The percentage of
soil cover was lower at IP 44.6 mm h�1 and Dur 106 min (51.69%),
which corresponds to 35% less compared to the highest percentage
in absolute value of 79.52% at IP 67.4 mm h�1 and Dur 48 min.

Although the percentage of vegetation cover is different be-
tween treatments, the amount of dry matter of corn straw (corn
straw biomass) is the same between treatments. Possibly, the
amount of stalk and leaves explains this variation in the coverage
index, because with more leaves on the surface and, depending on
mm) Clay (<2m) Degree of flocculation (%) Silt/Clay

26 27 0.58
36 19 0.38
44 44 0.30
42 77 0.30
45 82 0.33
58 99 0.21



Fig. 1. Digital image (a) and binary (b) used for the estimation of the vegetation cover index.

Table 2
The percentage of soil cover and corn straw biomass (mean ± standard deviation).

Treatments Soil cover (%) Corn straw
biomass (kg
m�2)

IP 44.6 mm h�1 and Dur 106 min 51.69 ± 0.10 b 0.40 ± 0.12 a
IP 52.9 mm h�1 and Dur 78 min 69.35 ± 0.11 a 0.45 ± 0.10 a
IP 60.4 mm h�1 and Dur 60 min 68.83 ± 0.15 a 0.42 ± 0.02 a
IP 67.4 mm h�1 and Dur 48 min 79.52 ± 0.10 a 0.39 ± 0.06 a
IP 75.0 mm h�1 and Dur 38 min 63.97 ± 0.07 a 0.50 ± 0.13 a
Overall Mean 66.67 ± 0.10 0.43 ± 0.08
CV (%) 16.43 22.01

Means followed by equal letters in the column, for the same variable, do not differ by
LSD test (p < 0.05).
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their disposition, the percentage of soil coverage can be increased,
in comparison to situations with a greater amount of stems on the
surface.

2.6. Statistical analysis

The statistical analysis was conducted with R version 3.5.1 (R
Core Team, 2018). To meet the assumptions of the analysis of
variance the residuals were verified by tests of normality and ho-
mogeneity. The normality was verified by the Shapiro-Wilk test
(Shapiro & Wilk, 1965) and the homogeneity by Bartlett test
(Bartlett, 1937). The calculated probability for normality and ho-
mogeneity of sediment productionwere p¼ 0.2911 and p¼ 0.5748,
respectively; and for the runoff p ¼ 0.9083 and p ¼ 0.3270,
respectively. No transformation of runoff and the sediment pro-
duction data was needed. Differences between the treatments
levels were verified by analysis of variance (test F, p < 0.05)
considering the completely randomized blocks with five treat-
ments I) IP 44.6 mm h�1 and Dur of 106min; II) IP 52.9 mm h�1 and
Dur of 78 min; III) IP 60.4 mm h�1 and Dur of 60 min; IV) IP
67.4 mm h�1 and Dur of 48 min and V) IP 75.0 mm h�1 and Dur of
38 min), with five replications each one. When a significant dif-
ference between treatments was found (by the F test), the treat-
ments were compared by LSD test (Least Significant Difference),
considering a level of significance of 5%.

3. Results and discussion

3.1. Time to start runoff and accumulated sediment yield and runoff

The time required to start the runoff differed considerably be-
tween the applied rainfalls. The highest flow times were verified for
the treatments I (IP 44.6 mm h�1 and Dur of 106 min), II (IP
72
52.9 mm h�1 and Dur of 78 min), III (IP 60.4 mm h�1 and Dur of
60 min), and V (IP 75.0 mm h�1 and Dur of 38 min), ranging from
11.6 min at V to 19.2 min at treatment II. The highest standard
deviation was also observed in the treatment I. Otherwise, the
shortest run-out time was found at treatment IV (IP 67.4 mm h�1

and Dur of 48 min), with a mean value of 5.8 min and the lowest
standard deviation (Table 3).

This difference might arise from the characteristics of the corn
straw on the soil surface and the physical attributes of the soil, since
the soil water content prior to the application of rainfall was ho-
mogeneous among the treatments. In relation to the straw, the IP
67.4mmh-1 and Dur 48min treatment (IV) was quantifiedwith less
amount and greater percentage of soil cover, in absolute value, due
to the lower stem/leaf ratio. The greater amount of fine leaves may
have shortened the time for water to transpose the vegetation
cover and reach the soil surface faster than in other treatments.

The surface runoff is different between the applied rainfall
events. The smallest runoff (16.90 mm) was observed from the
rainfall of Treatment V (Table 4). This depth is due to the shorter
duration of rain, although it is associated with higher IP and low
Dur. The largest and the lowest accumulated depth of superficial
runoff were 16.90 mm and 32.63 mm, respectively, at the treat-
ments V and II.

The leaf strip depends on several factors such as precipitated
leaf area, surface sealing, water infiltration in the soil, soil erod-
ibility and intensity, of which the combined effect is less clear (An,
Zheng, & Han, 2014; Ran et al., 2012; Wang et al., 2017). Kinnell
(2020) states that surface runoff is directly related to rainfall in-
tensity, rainfall time and applied depth, although this effect is not
fully understood (Wang et al., 2017). Considering the absolute
values, in general, in the present study, the leaflet decreased with
increasing precipitation intensity. This fact is related to the
decrease of the water depth applied in rainfall events of greater
intensity, due to the shorter duration of these rainfall.

The sediment yield varied from 1.89 g m-2 with IP of 52.9 mm h-

1, to 4.02 g m-2, at 44.6 mm h-1, with a mean of 3.08 g m-2. The
highest absolute value occurred at IP 44.5 mm h-1 and Dur 106 min
and the lowest at IP 52.9 mm h-1 and Dur 78 min. However,
different associations of rainfall duration and intensity did not
significantly alter sediment yield. This fact is related to the corn
straw on the soil surface which reduces the energy of the rainfall
impact and consequently, the soil particle detachment. Other au-
thors have verified the effect of soil cover in reducing the runoff and
sediment production under simulated rainfall conditions (Ran
et al., 2012; Wang et al., 2017). In initial development of soybean
under no-tillage, Almeida et al. (2016) found that the percentage of
coverage from corn straw was 37.37% and these corn residues were
effective in reducing soil erosion rates. The effect of residues from



Table 3
Time to start runoff and soil water content (mean ± standard deviation) before rainfall application in Argissolo Vermelho-Amarelo Distr�ofico típico under different treatments at
the study site.

Treatments Time to start runoff (min) Soil water content (g cm�3)

0e10 cm 10e20 cm

IP 44.6 mm h�1 and Dur 106 min 19.2 ± 12.87 b 0.32 ± 0.03 a 0.31 ± 0.03 a
IP 52.9 mm h�1 and Dur 78 min 14.0 ± 9.27 ab 0.30 ± 0.03 a 0.32 ± 0.03 a
IP 60.4 mm h�1 and Dur 60 min 16.0 ± 7.54 b 0.30 ± 0.03 a 0.30 ± 0.03 a
IP 67.4 mm h�1 and Dur 48 min 5.8 ± 3.56 a 0.29 ± 0.03 a 0.32 ± 0.02 a
IP 75.0 mm h�1 and Dur 38 min 11.6 ± 6.18 ab 0.31 ± 0.02 a 0.33 ± 0.02 a
Overall mean 13.32 0.30 0.31
CV (%) 48.22 9.91

Means followed by equal letters in the column, for the same variable, do not differ by LSD test (p < 0.05).
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the corn residues in reducing breakdown and soil loss from erosion
was also verified by Engel et al. (2009).

In the same experimental area, Carvalho et al. (2015) investi-
gated the water erosion and soil water infiltration in different
stages of corn development and tillage systems and quantified, in a
bare soil conditions, a mean sediment yield of 9.5 g m-2, applying
rainfall events of 60 mm h-1 with a duration of 60 min after runoff
began, which is almost four times greater thanwe quantified in the
present study in the IP 60.4 mm h-1 e Dur 60 min treatment. The
differences in sediment production can be explained mainly by the
corn straw cover of the soil in this study, associated with the
organic carbon content and porosity, which demonstrate the pos-
itive contribution of soil cover to reduce land degradation and soil
erosion.

Thus, there are several factors that can interfere in the pro-
duction of sediments, besides the physical characteristics of the
rainfall events, roughness, soil cover and soil attributes (Alavinia
et al., 2018; Almeida et al., 2016) and the rainfall simulators char-
acteristics (limitations) (Alves Sobrinho et al., 2008; Iserloh et al.,
2013). Another reason reported by Iserloh et al. (2013), evaluating
portable rainfall simulators in Europe, are the kinetic energy values
produced by the simulators. According to the authors, these values
are lower when compared to those of natural rainfalls reported in
the literature, mostly because of low drop fall heights.

Although the percentage of vegetation cover is different be-
tween the rainfall intensities, the amount of corn straw (dry
biomass) used does not differ between treatments (showed in
Table 2). This is explained by the stem/leaf ratio, since a larger the
number of leaves and depending on their arrangement on the
surface, less mass per square meter can lead to greater soil cover.
The corn residues, despite offering low ground cover, are effective
in reducing soil erosion rates, while soybean cultivation has not yet
been able to protect the soil from the impact of raindrops like re-
ported by Almeida et al. (2016) and Engel et al. (2009).
Table 4
Surface runoff and accumulated sediment yield (mean ± standard deviation) in
Argissolo Vermelho-Amarelo Distr�ofico típico at the study site.

Treatments Runoff (mm) Sediment (g
m�2)

IP 44.6 mm h�1 e Dur 106 min 32.35 ± 20.27 b 4.02 ± 2.66 a
IP 52.9 mm h�1 e Dur 78 min 32.63 ± 10.67 b 1.89 ± 1.26 a
IP 60.4 mm h�1 e Dur 60 min 23.97 ± 14.21 ab 2.47 ± 1.16 a
IP 67.4 mm h�1 e Dur 48 min 29.96 ± 7.88 ab 3.86 ± 1.91 a
IP 75.0 mm h�1 e Dur 38 min 16.90 ± 8.41 a 3.17 ± 2.13 a
Overall mean 25.96 3.08
CV (%) 37.61 59.00

Means followed by equal letters in the column, for the same variable, do not differ by
LSD test (p < 0.05).
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3.2. Surface runoff and sediment yield rates

Initially, the surface runoff rates are low and with an increase in
the duration of rainfall the flow rates increase, reaching higher
values at the end of the rainfall events. In general, the highest rates
are observed for rainfall with the highest precipitation intensity
(Fig. 2a). This fact was also reported by other authors (He et al.,
2017; Ran et al., 2012; Wang et al., 2017).

In the treatment with IP 44.6 mm h-1 and Dur 106min, there is a
different behavior showing a different pattern in comparison to
other treatments. This behavior occurs because of the effects of the
roughness of the land surface and physical barriers such as straw on
the soil surface (Almeida et al., 2016, 2018), which allows the
accumulation of water in small puddles. Over time, the water ac-
quires enough energy to break the physical barriers such as straw
on the soil and the microrelief of the land and it flows into the
collecting channel, increasing the volume drained at a given
moment.

Like the surface runoff, the sediment yield rates for treatments
are lower initially, except for IP 67.4 mm h-1 and Dur 48 min
(Fig. 2b). As rainfall duration increased, sediment yield rates for all
rainfall declined, although not so evidenced for IP 75.0 mm h-1 and
Dur 48 min, because of the short duration of rainfall. In general, the
highest sediment yield and runoff rates were observed for rainfall
with the highest rainfall intensity, especially at 75.0 mm h-1 and
Dur 38min and IP 67.4mmh-1 and Dur 48min. In these treatments,
themaximum sediment yield ratewas 0.138 gm-2min-1 and 0.113 g
m-2 min-1, respectively. For runoff rates, the maximum values were
0.75 mm min-1 and 0.87 mm min-1. In the same experimental area,
Carvalho et al. (2012) obtained maximum soil loss and runoff rates
of 0.165 g m-2 min-1 and 0.138 mmmin-1, respectively, after 24 min
from the beginning of the application of a simulated rainfall of
Fig. 2. Runoff rate (mm min-1) (a) and sediment yield rate (g m-2 min-1) (b) for the
types of simulated rainfall in Argissolo Vermelho-Amarelo Distr�ofico típico.



Fig. 3. Sediment production and surface runoff as a function of rainfall duration for the
different treatments in Argissolo Vermelho-Amarelo Distr�ofico típico.
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30 mm h-1. The results were obtained on a bare soil, however under
corn straw cover there was no surface runoff.

The difference between the sediment production rates is related
to the corn straw covering the soil surface which reduces the
raindrops impacts and consequently the soil particles detachment
comparing to the bare soil, the characteristics of rainfall simulators
and the size of plots. Besides that, the physical effect of the corn
roots favors soil porosity, structuring the soil and, creating spaces
for water infiltration, which reduces soil erosion (Carvalho et al.,
2015). In addition, the sediment production rate or total amounts
of soil discharged are dependent of rainfall intensity and duration
in many experiments with fixed duration intensity (Kinnell, 2020).
In the present study, this direct relationship was not observed
because we varied the duration and intensity and other factors,
such as soil cover, water infiltration.

The relationship between sediment production and surface
runoff by the different rainfall associations is initially high, espe-
cially in treatments with higher intensities and shorter durations,
when runoff is lower. As rainfall duration increases, runoff in-
creases because rainwater input is constant. Consequently, the ratio
between sediment production and runoff decreases (Fig. 3).

From 15 min after runoff, the sediment/runoff ratio decreases
markedly. The sediment/runoff ratio in IP 44.6 mm h-1 and Dur
106 min treatment surpasses the others after 45 min of rainfall,
with a maximum value of 0.15 g m-2 mm-1. After that time, the
medium sediment/runoff ratio value was 0.093 g m-2 mm-1. These
results can explain by variation of sediment yield and runoff
showed in Fig. 2. In addition, under higher rainfall and higher in-
tensities there may also be increased sediment production rates,
and some studies (Alavinia et al., 2018; He et al., 2017; Kinnell,
2020) have reported a linear relationship between surface runoff
depth and sediment production.

4. Conclusions

In this study, we investigate the hypothesis that rainfall with
equal erosivity and association of different duration and intensity
alter the erosion process differently. We quantify the effect of five
rainfall events with the same erosivity and different association of
rain duration and intensity, on surface runoff and sediment yield,
on a soil covered with corn straw.

Our findings indicate that rainfall with equal erosivity and
distinct duration and intensity influence the runoff and the time to
start runoff, but it does not alter the sediment production. Higher
precipitation intensities produce higher runoff rates and higher
sediment detachment rates. The sediment production/runoff rela-
tionship is initially high especially in the treatments with higher
intensities and shorter durations. As rainfall duration increases,
74
runoff increases and consequently, the sediment production/runoff
relationship decreases. The time to start surface runoff is longer in
treatments with longer durations and low precipitation intensity.

Therefore, the results of this study can contribute to the devel-
opment of new perspectives in the design of erosion experiments
with simulated rainfall. This is particularly true considering the
duration, intensity and the association of these variables to produce
rainfall that delivery the same capacity to erode the soil and
consequently leads to a better understanding of the erosion
process.

Acknowledgements

This study was financed in part by the Coordenaç~ao de Aper-
feiçoamento de Pessoal de Nível Superior - Brazil (CAPES) (Finance
Code 001). The first author was supported by grant from the Con-
selho Nacional de Desenvolvimento Científico e Tecnol�ogico
(CNPq). This study was financed in part by the Agência da Bacia do
Rio Paraíba do Sul (AGEVAP) Guandu Committee (Grant number
02/2016).

References

Alavinia, M., Saleh, F. N., & Asadi, H. (2018). Effects of rainfall patterns on runoff and
rainfall-induced erosion. International Journal of Sediment Research, 34. https://
doi.org/10.1016/j.ijsrc.2018.11.001i

Almeida, W. S., Carvalho, D. F., Panachuki, E., Valim, W. C., Rodrigues, S. A., &
Varella, C. A. A. (2016). Eros~ao hídrica em diferentes sistemas de cultivo e níveis
de cobertura do solo. Pesquisa Agropecu�aria Brasileira, 51, 1110e1119. https://10.
1590/S0100-204X2016000900010.

Almeida, W. S., Panachuki, E., Oliveira, P. T. S., Silva, R. M., Alves Sobrinho, T., &
Carvalho, D. F. (2018). Effect of soil tillage and vegetal cover on soil water
infiltration. Soil and Tillage Research, 175, 130e138. https://doi.org/10.1016/
j.still.2017.07.009

Alves Sobrinho, T., Macpherson, H. G., & G�omez, J. A. (2008). A portable integrated
rainfall and overland flow simulator. Soil Use & Management, 24, 163e170.
https://doi.org/10.1111/j.1475-2743.2008.00150.x

An, J., Zheng, F. L., & Han, Y. (2014). Effects of rainstorm patterns on runoff and
sediment yield processes. Soil Science, 179, 293e303. https://doi.org/10.1097/
SS.0000000000000068

Angulo-Martínez, M., & Barros, A. P. (2015). Measurement uncertainty in rainfall
kinetic energy and intensity relationships for soil erosion studies: An evaluation
using PARSIVEL disdrometers in the Southern Appalachian mountains. Geo-
morphology, 228, 28e40. https://doi.org/10.1016/j.geomorph.2014.07.036

Arjmand Sajjadi, S., & Mahmoodabadi, M. (2015). Sediment concentration and hy-
draulic characteristics of rain-induced overland flows in arid land soils. Journal
of Soils and Sediments, 15, 710e721. https://doi.org/10.1007/s11368-015-1072-z

Bagarello, V., Ferro, V., Giordano, G., Mannocchi, F., Todisco, F., & Vergni, L. (2013).
Predicting event soil loss from bare plots at two Italian sites. Catena, 109,
96e102. https://doi.org/10.1016/j.catena.2013.04.010

Bartlett, M. S. (1937). Properties of sufficiency and statistical tests. Proceedings of the
Royal Society of London, 160, 268e282. https://doi.org/10.1098/rspa.1937.0109

Cantalice, J. R. B., Silveira, F. P. M., Singh, V. P., Silva, Y. J. A. B., Cavalcante, D. M., &
Gomes, C. (2017). Interrill erosion and roughness parameters of vegetation in
rangelands. Catena, 148, 111e116. https://doi.org/10.1016/j.catena.2016.04.024

Carvalho, D. F., Cruz, E. S., Pinto, M. F., Silva, L. D. B., & Guerra, J. G. M. (2009).
Características da chuva e perdas por eros~ao sob diferentes pr�aticas de manejo
do solo. Revista Brasileira de Engenharia Agrícola e Ambiental, 13, 3e9.

Carvalho, D. F., Eduardo, E. N., Almeida, W. S., Santos, L. A. F., & Alves Sobrinho, T.
(2015). Water erosion and soil water infiltration in different stages of corn
development and tillage systems. Revista Brasileira de Engenharia Agrícola e
Ambiental, 19, 1072e1078. https://doi.org/10.1590/1807-1929/agriam-
bi.v19n11p1072-1078

Carvalho, D. F., Souza, W. J., Pinto, M. F., Oliveira, J. R., & Guerra, J. G. M. (2012).
Perdas de �agua e solo sob diferentes padr~oes de chuva simulada e condiç~oes de
cobertura do solo. Engenharia Agricola, 32, 708e717. https://doi.org/10.1590/
S0100-69162012000400010

Cruz, E. S., Carvalho, D. F., Varella, C. A. A., Silva, L. D. B., Souza, W. J., & Pinto, F. A. C.
(2008). Comparison of digital image classifiers in determining soil cover.
Engenharia Agrícola, 28, 237e244. https://doi.org/10.1590/S0100-
69162008000200004 (In Portuguese).

Dunkerley, D. (2012). Effects of rainfall intensity fluctuations on infiltration and
runoff: Rainfall simulation on dry land soils, Fowlers Gap, Australia. Hydrolog-
ical Processes, 26, 2211e2224. https://doi.org/10.1002/hyp.8317

Engel, F. L., Bertol, I., Ritter, S. R., Paz Gonz�alez, A., Paz-Ferreiro, J., & Vidal V�azquez, E.
(2009). Soil erosion under simulated rainfall in relation to phenological stages
of soybeans and tillage methods in Lages, SC, Brazil. Soil and Tillage Research,
103, 216e221. https://doi.org/10.1016/j.still.2008.05.017

https://doi.org/10.1016/j.ijsrc.2018.11.001i
https://doi.org/10.1016/j.ijsrc.2018.11.001i
https://10.1590/S0100-204X2016000900010
https://10.1590/S0100-204X2016000900010
https://doi.org/10.1016/j.still.2017.07.009
https://doi.org/10.1016/j.still.2017.07.009
https://doi.org/10.1111/j.1475-2743.2008.00150.x
https://doi.org/10.1097/SS.0000000000000068
https://doi.org/10.1097/SS.0000000000000068
https://doi.org/10.1016/j.geomorph.2014.07.036
https://doi.org/10.1007/s11368-015-1072-z
https://doi.org/10.1016/j.catena.2013.04.010
https://doi.org/10.1098/rspa.1937.0109
https://doi.org/10.1016/j.catena.2016.04.024
http://refhub.elsevier.com/S2095-6339(20)30079-4/sref11
http://refhub.elsevier.com/S2095-6339(20)30079-4/sref11
http://refhub.elsevier.com/S2095-6339(20)30079-4/sref11
http://refhub.elsevier.com/S2095-6339(20)30079-4/sref11
http://refhub.elsevier.com/S2095-6339(20)30079-4/sref11
http://refhub.elsevier.com/S2095-6339(20)30079-4/sref11
https://doi.org/10.1590/1807-1929/agriambi.v19n11p1072-1078
https://doi.org/10.1590/1807-1929/agriambi.v19n11p1072-1078
https://doi.org/10.1590/S0100-69162012000400010
https://doi.org/10.1590/S0100-69162012000400010
https://doi.org/10.1590/S0100-69162008000200004
https://doi.org/10.1590/S0100-69162008000200004
https://doi.org/10.1002/hyp.8317
https://doi.org/10.1016/j.still.2008.05.017


W.S. Almeida, S. Seitz, L.F.C. Oliveira et al. International Soil and Water Conservation Research 9 (2021) 69e75
Falc~ao, K. S., Panachuki, E., Monteiro, F. N., Menezes, R. S., Rodrigues, D. B. B.,
Sone, J. S., et al. (2020). Surface runoff and soil erosion in a natural regeneration
area of the Brazilian Cerrado. International Soil and Water Conservation Research,
8, 124e130. https://doi.org/10.1016/j.iswcr.2020.04.004

Flanagan, D. C., Foster, G. R., & Moldenhauer, W. C. (1987). Storm pattern effect on
infiltration, runoff and erosion. Transactions of the American Society of Agricul-
tural Engineers, 31, 414e420. https://doi.org/10.13031/2013.30724

Gan, F., He, B., & Qin, Z. (2020). Hydrological response and soil detachment rate
from dip/anti-dip slopes as a function of rock strata dip in karst valley revealed
by rainfall simulations. Journal of Hydrology, 581, 124416. https://doi.org/
10.1016/j.catena.2020.104935

Gan, F., He, B., Qin, Z., & Li, W. (2021). Contribution of bedrock dip angle impact to
nitrogen and phosphorus leakage loss under artificial rainfall simulations on
slopes parallel to and perpendicular to the bedrock dip in a karst trough valley.
Catena, 196, 104884. https://doi.org/10.1016/j.catena.2020.104884

Goebes, P., Seitz, S., Geisler, C., Lassu, T., Peters, P., Seeger, M., et al. (2014). Mo-
mentum or kinetic energy - how do substrate properties influence the calcu-
lation of rainfall erosivity? Journal of Hydrology, 517, 310e316. https://doi.org/
10.1016/j.jhydrol.2014.05.031

He, J., Sun, L., Gong, H., & Cai, Q. (2017). Laboratory studies on the influence of
rainfall pattern on rill erosion and its runoff and sediment characteristics. Land
Degradation & Development, 28, 1615e1625. https://doi.org/10.1002/ldr.2691

Iserloh, T., Fister, W., Seeger, M., Willger, H., & Ries, J. B. (2012). A small portable
rainfall simulator for reproducible experiments on soil erosion. Soil and Tillage
Research, 124, 131e137. https://doi.org/10.1016/j.still.2012.05.016

Iserloh, T., Ries, J. B., Arn�aez, J., Boix-Fayos, C., Butzen, V., Cerd�a, A., et al. (2013).
European small portable rainfall simulators: A comparison of rainfall charac-
teristics. Catena, 110, 100e112. https://doi.org/10.1016/j.catena.2013.05.013

Katebikord, A., Darvishan, A. K., & Alavi, S. J. (2017). Changeability of soil erosion
variables in small field plots from different rainfall durations with constant
intensity. Journal of African Earth Sciences, 129, 751e758. https://doi.org/10.1016/
j.jafrearsci.2017.02.026

Kavian, A., Mohammad, M., Cerd�a, A., Fallah, M., & Abdollahi, Z. (2018). Simulated
raindrop’s characteristic measurements. A new approach of image processing
tested under laboratory rainfall simulation. Catena, 167, 190e197. https://
doi.org/10.1016/j.catena.2018.04.034

Kinnell, P. I. A. (2020). The influence of time and other factors on soil loss produced
by rain impacted flow under artificial rainfall. Journal of Hydrology, 587, 125004.
https://doi.org/10.1016/j.jhydrol.2020.125004

Lassu, T., Seeger, M., Peters, P., & Keesstra, S. D. (2015). The wageningen rainfall
simulator: Setup and calibration of an indoor nozzle type rainfall simulator for
soil erosion studies. Land Degradation & Development, 26, 604e612. https://
doi.org/10.1002/ldr.2360

Marques, V. S., Ceddia, M. B., Antunes, M. A. H., Carvalho, D. F., Anache, J. A. A.,
Rodrigues, D. B. B., et al. (2019). USLE K-factor method selection for a tropical
catchment. Sustainability, 1, 2e17. https://doi.org/10.3390/su11071840

Marston, R. A., Gillespie, B. M., & Haire, D. H. (2020). Portable controlled field ex-
periments to resolve human impacts in geomorphology. Geomorphology, 366,
106992. https://doi.org/10.1016/j.geomorph.2019.106992

Mohamadi, M. A., & Kavian, A. (2015). Effects of rainfall patterns on runoff and soil
erosion in field plots. International Soil and Water Conservation Research, 3,
273e281. https://doi.org/10.1016/j.iswcr.2015.10.001
75
Moraes, A. G. L., Carvalho, D. F., Antunes, M. A. H., Ceddia, M. B., & Flanagan, D. F.
(2019). Steady infiltration rate spatial modeling from remote sensing data and
terrain attributes in Southeast Brazil. Geoderma Regional, 20, Article e00242.
https://doi.org/10.1016/j.geodrs.2019.e00242

Parsons, A. J., & Stone, P. M. (2006). Effects of intra-storm variations in rainfall in-
tensity on interrill runoff and erosion. Catena, 67, 68e78. https://doi.org/
10.1016/j.catena.2006.03.002

Proch�azkov�a, E., Kincl, D., Kabelka, D., Vopravil, J., Neru�sil, P., Men�sík, L., et al. (2020).
The impact of the conservation tillage “maize into grass cover” on reducing the
soil loss due to erosion. Soil and Water Research, 15, 158e165. https://doi.org/
10.17221/25/2019-SWR

R Core Team. (2018). R: A language and environment for statistical computing. Vienna,
Austria: R Foundation for Statistical Computing. https://www.R-project.org/.

Ran, Q., Su, D., Li, P., & He, Z. (2012). Experimental study of the impact of rainfall
characteristics on runoff generation and soil erosion. Journal of Hydrology,
424e425, 99e111. https://doi.org/10.1016/j.jhydrol.2011.12.035

Santos, M. A. N., Panachuki, E., Alves Sobrinho, T., Oliveira, P. T. S., &
Rodrigues, D. B. B. (2014). Water infiltration in an Ultisol after cultivation of
common bean. Revista Brasileira de Ciência do Solo, 38, 1143e1152. https://
doi.org/10.1590/S0100-06832014000500026

Seitz, S., Goebes, P., Loaiza Puerta, V., Pujol Pereira, E. I., Wittwer, R., Six, J., et al.
(2019). Conservation tillage and organic farming reduce soil erosion. Agronomy
for Sustainable Development, 39, 4. https://doi.org/10.1007/s13593-018-0545-z

Seitz, S., Goebes, P., Zumstein, P., Assmann, T., Kühn, P., Niklaus, P. A., et al. (2015).
The influence of leaf litter diversity and soil fauna on initial soil erosion in
subtropical forests. Earth Surface Processes and Landforms, 40(11), 1439e1447.
https://10.1002/esp.3726.

Seitz, S., Teuber, S., Geißler, C., Goebes, P., & Scholten, T. (2020). How do newly-
amended biochar particles affect erodibility and soil water movement? - a
small-scale experimental approach. Soil Systems, 4, 60. https://doi.org/10.3390/
soilsystems4040060

Shapiro, S. S., & Wilk, M. B. (1965). An analysis of variance test for normality
(complete samples). Biometrika, 52, 591e611. https://www.jstor.org/stable/
2333709.

Teixeira, P. C., Donagemma, G. K., Fontana, A., & Teixeira, W. G. (Eds.). Manual de
m�etodos de an�alise de solo (3rd ed.,, 573p. Brasília - DF: Embrapa https://www.
embrapa.br/busca-de-publicacoes/-/publicacao/1085209/manual-de-metodos-
de-analise-de-solo.

Wang, B., Steiner, J., Zheng, F., & Gowda, P. (2017). Impact of rainfall pattern on
interrill erosion process. Earth Surface Processes and Landforms, 42, 1833e1846.
https://doi.org/10.1002/esp.4140

Wang, L., Yen, H., Wang, X., Huang, C., Sun, J., Hammac, A., et al. (2021). Deposition-
and transport-dominated erosion regime effects on the loss of dissolved and
sediment-bound organic carbon: Evaluation in a cultivated soil with laboratory
rainfall simulations. The Science of the Total Environment, 750, 141717. https://
doi.org/10.1016/j.scitotenv.2020.141717

Wischmeier, W. H., & Smith, D. D. (1978). Predicting rainfall erosion losses - a guide to
conservation planning (p. 55). U.S. Department of Agriculture. Agriculture
Handbook No. 537.

Wu, L., Yenb, H., & Ma, X. (2021). Effects of particulate fractions on critical slope and
critical rainfall intensity for runoff phosphorus from bare loessial soil. Catena,
196, 104935. https://doi.org/10.1016/j.catena.2020.104935

https://doi.org/10.1016/j.iswcr.2020.04.004
https://doi.org/10.13031/2013.30724
https://doi.org/10.1016/j.catena.2020.104935
https://doi.org/10.1016/j.catena.2020.104935
https://doi.org/10.1016/j.catena.2020.104884
https://doi.org/10.1016/j.jhydrol.2014.05.031
https://doi.org/10.1016/j.jhydrol.2014.05.031
https://doi.org/10.1002/ldr.2691
https://doi.org/10.1016/j.still.2012.05.016
https://doi.org/10.1016/j.catena.2013.05.013
https://doi.org/10.1016/j.jafrearsci.2017.02.026
https://doi.org/10.1016/j.jafrearsci.2017.02.026
https://doi.org/10.1016/j.catena.2018.04.034
https://doi.org/10.1016/j.catena.2018.04.034
https://doi.org/10.1016/j.jhydrol.2020.125004
https://doi.org/10.1002/ldr.2360
https://doi.org/10.1002/ldr.2360
https://doi.org/10.3390/su11071840
https://doi.org/10.1016/j.geomorph.2019.106992
https://doi.org/10.1016/j.iswcr.2015.10.001
https://doi.org/10.1016/j.geodrs.2019.e00242
https://doi.org/10.1016/j.catena.2006.03.002
https://doi.org/10.1016/j.catena.2006.03.002
https://doi.org/10.17221/25/2019-SWR
https://doi.org/10.17221/25/2019-SWR
https://www.R-project.org/
https://doi.org/10.1016/j.jhydrol.2011.12.035
https://doi.org/10.1590/S0100-06832014000500026
https://doi.org/10.1590/S0100-06832014000500026
https://doi.org/10.1007/s13593-018-0545-z
https://10.1002/esp.3726
https://doi.org/10.3390/soilsystems4040060
https://doi.org/10.3390/soilsystems4040060
https://www.jstor.org/stable/2333709
https://www.jstor.org/stable/2333709
https://www.embrapa.br/busca-de-publicacoes/-/publicacao/1085209/manual-de-metodos-de-analise-de-solo
https://www.embrapa.br/busca-de-publicacoes/-/publicacao/1085209/manual-de-metodos-de-analise-de-solo
https://www.embrapa.br/busca-de-publicacoes/-/publicacao/1085209/manual-de-metodos-de-analise-de-solo
https://doi.org/10.1002/esp.4140
https://doi.org/10.1016/j.scitotenv.2020.141717
https://doi.org/10.1016/j.scitotenv.2020.141717
http://refhub.elsevier.com/S2095-6339(20)30079-4/sref45
http://refhub.elsevier.com/S2095-6339(20)30079-4/sref45
http://refhub.elsevier.com/S2095-6339(20)30079-4/sref45
https://doi.org/10.1016/j.catena.2020.104935

	Duration and intensity of rainfall events with the same erosivity change sediment yield and runoff rates
	1. Introduction
	2. Material and methods
	2.1. Experimental area
	2.2. Characterization of the soil
	2.3. Evaluation of soil erosion
	2.4. Characterization of treatments
	2.5. Estimation of the percentage of soil cover
	2.6. Statistical analysis

	3. Results and discussion
	3.1. Time to start runoff and accumulated sediment yield and runoff
	3.2. Surface runoff and sediment yield rates

	4. Conclusions
	Acknowledgements
	References


