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ABSTRACT: The study was carried out to evaluate sediment production, water infiltration and surface runoft
in an Ultisol under simulated rainfalls with similar erosivity, but different combinations of intensity (Int) and
duration (Dur). The rainfalls were applied after soil tillage in the period from August to September 2017, in
Seropédica, R] State, Brazil. Using a computer program, the treatments were defined from the erosivity calculated
for a rainfall with intensity of 60 mm h and duration of 60 min, resulting in the other combinations of Int
and Dur: 44.5 mm h™' and 106 min; 53.5 mm h' and 78 min; 66.9 mm h™' and 48 min; and 76.5 mm h!
and 38 min, in a completely randomized design with five repetitions. Sediment production varied from 2.17
to 6.11 g m™, respectively, in the treatments with Int 53.5 mm h™' and Dur 78 min and Int 44.5 mm h'and Dur
106 min. Stable infiltration rate (mm h) were 21.6, 37.7, 31.4, 29.5, and 22.4, respectively, in the treatments
Int 44.5 mm h!' and Dur 106 min; Int 53.5 mm h'! and Dur 78 min; Int 60.4 mm h! and Dur 60 min;
Int 66.9 mm h' and Dur 48 min; and Int 76.5 mm h™! and Dur 38 min. The different combinations of intensity
and duration of rainfalls with similar erosivity change sediment production, but do not significantly influence
surface runoft and water infiltration in the soil.
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Produgdo de sedimentos e infiltracao de dgua
no solo sob diferentes caracteristicas de chuva simulada

RESUMO: O estudo foi realizado com objetivo de avaliar a producdo de sedimentos, a infiltracdo da dgua
e o escoamento superficial em um Argissolo Vermelho-Amarelo sob chuvas simuladas com erosividades
semelhantes, mas com distintas combinag¢des de intensidade de precipitagao (Int) e duragido (Dur). As
chuvas foram aplicadas apds o preparo do solo e no periodo de agosto a setembro de 2017 em Seropédica,
RJ, Brasil. Utilizando um programa computacional, os tratamentos foram definidos a partir do calculo da
erosividade para uma chuva de 60 mm h' e 60 min de dura¢io, resultando nas demais combinag¢des de
Int e Dur: 44,5 mm h' e 106 min; 53,5 mm h! e 78 min; 66,9 mm h! e 48 min; e 76,5 mm h! e 38 min, em
delineamento inteiramente casualizado com cinco repeti¢des. A producdo de sedimentos variou de 2,17 a
6,11 g m™, respectivamente, nos tratamentos com Int 53,5 mm h™' e Dur 78 min e Int 44,5 mm h'e Dur
106 min. As taxas de infiltragdo estaveis (mm h™') foram de 21,6; 37,7; 31,4; 29,5; e 22,4, respectivamente, nos
tratamentos Int 44,5 mm h™' e Dur 106 min; Int 53,5 mm h™' e Dur 78 min; Int 60,4 mm h! e Dur 60 min;
Int 66,9 mm h! e Dur 48 min; e Int 76,5 mm h™' e Dur 38 min. As diferentes combinac¢des de intensidade de
precipitacio e duragdo das chuvas com erosividade semelhante alteram a produgido de sedimentos, mas ndo
influenciam significativamente o escoamento superficial e a infiltragdo da agua no solo.

Palavras-chave: erosividade, intensidade de precipitacdo, duragdo da chuva, escoamento superficial

OMOM

Ref. 198543 — Received 10 May, 2018 « Accepted 16 Jun, 2019 « Published 01 Jul, 2019




Sediment production and soil water infiltration under different simulated rainfall characteristics

INTRODUCTION

Human activity and land use-related changes are the main
causes of accelerated soil erosion, which alters the cycle of
nutrients and carbon and the global socioeconomic conditions
(Borrelli et al., 2013; Wang et al., 2016). Although water erosion
is identified as the most serious cause of soil degradation in
the world (Wang et al., 2017; Wu et al., 2018a), the global
patterns of rainfall erosivity remain poorly quantified and
their estimates have high uncertainties (Panagos et al., 2017).

Rainfall characteristics, such as intensity, duration, kinetic
energy and erosivity, have been studied, and currently the
focus continues on the mechanistic research about soil erosion
(Wang et al., 2017). Among the characteristics of the rainfall,
the intensity and duration are the dominant factors controlling
the hydrological response and interill erosion (Kinnell, 2012;
Ran et al.,, 2012; Bako et al., 2016; Wang et al., 2017; Wu et
al., 2018b).

Although the erosive process changes according to the
rainfall occurrence pattern (Ran et al., 2012; An et al., 2014;
Wang et al., 2017; Zhang & Wang, 2017; Wu et al., 2018b),
no research results were found quantifying the effect of the
combination of duration and intensity of simulated rainfalls
with equal erosivity on the process of sediment production and
on soil water infiltration under field conditions.

To understand the effect of the type of rainfall on sediment
production and soil water infiltration, this study considered
the hypothesis that the physical characteristics of rainfalls
with equal erosivity alter the erosive process and soil water
infiltration; consequently, the main objective was to quantify
the effect of the association between duration and intensity
of simulated rainfalls with similar erosivity on surface runoft,
sediment production and water infiltration in Ultisol.

MATERIAL AND METHODS

The experiment was conducted from August to September
2017 in the Experimental Field of Embrapa Agrobiologia,
located in the municipality of Seropédica, RJ State, Brazil (22’
46’ 237 S, 43° 41’ 49” W and altitude of 33 m). The regional
climate is Aw according to Kdppen’s climatic classification, with
annual averages of rainfall and temperature varying from 1,300
to 1,600 mm and from 22 to 24 °C, respectively (Alvares et al.,
2013). The soil of the experimental area, classified as Ultisol
(Santos et al., 2018), has medium texture, with 540, 150 and
310 g kg of sand, silt and clay, respectively, in the 0-27 cm
layer (Cruz, 2006). The topography of the experimental area
is undulating, with an average slope of 9%. The area had been
under fallow since 2012 and its surface remained covered with
Paspalum notatum. For the present study, the soil layer from
0 to 20 cm was tilled with two operations with a disc harrow
and one with a leveling harrow.

The methodology of Wischmeier & Smith (1958) was used
to calculate the erosivity index (871.266 M] mm ha' h™') for the
rainfall with intensity (Int) of 60 mm h' and duration (Dur)
of 60 min, which has been used in numerous research studies
(Almeida etal., 2016, 2018; Carvalho et al., 2015) and served as
reference to define the treatments. From the value of erosivity
and using the computer program Energia (Alves Sobrinho et
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al., 2001), Int and Dur were varied in such a way to provide
similar values of erosivity, maintaining the other variables of
the program, which are related to the characteristics of the
rainfall simulator: falling height of raindrops (2.3 m), pumping
pressure (34.0 kPa) and mean raindrop diameter (2.0 mm).
Thus, the following treatments were established: Int 44.5 mm h
and Dur 106 min; Int 53.5 mm h™' and Dur 78 min; Int
60.0 mm h* and Dur 60 min; Int 66.9 mm h* and Dur 48 min;
and Int 76.5 mm h™' and Dur 38 min. The experimental design
used was completely randomized, with five treatments and
five repetitions.

The simulated rainfalls were applied using a rotating-disk
rainfall simulator developed by Alves Sobrinho et al. (2008),
which operates with two parallel Veejet 80.150 nozzles and
has been used in studies on erosion (Carvalho et al., 2015;
Almeida et al., 2016) and on soil water infiltration (Almeida
etal., 2018). The experimental plots had a useful area of 0.7 m?
and were delimited by galvanized steel plates, with a funnel-like
structure on one side, which allowed the water volume drained
on surface to be collected. The steel plates were buried into the
soil up to 0.15 m deep.

Before each rainfall application, soil water content was
standardized in the treatments by pre-wetting the plots. Once
the rainfall application started, the time required for surface
runoft to begin was quantified and, from this moment, rainfall
duration was that pre-established for each treatment. After the
surface runoff began, the drained water volume was measured
every minute and, every five minutes, a sample was collected
to estimate sediment production. In the laboratory, aluminum
sulfate was added to the samples to promote flocculation and
precipitation of suspended solids for 24 h. After this period,
the water excess of each sample was removed and the solid
material was placed in an oven at 105 °C. After drying, the
sediment mass was calculated in each test based on the sum
of samples from the same rainfall.

Soil water infiltration was quantified using the water
volumes measured every minute in the collecting gutter, after
the beginning of surface runoff. Then, the infiltrated water
depth was calculated by difference between the depth applied
by the simulator and the surface runoff depth (SRD), which
was calculated by the relationship between the water volume
drained and the experimental plot area. Subsequently, soil
water infiltration rate was determined by the relationship
between the infiltrated water depth and the considered interval
of collection.

To quantify the soil water content (moisture) prior to the
rainfalls, disturbed samples were collected using a screw auger
for 0-0.10 m depth, beside the plots, before the beginning of
rainfall application. At the same depth and within the plots,
after rainfall application, samples were collected to quantify
organic carbon content and wet aggregate stability (mean
weight diameter - MWD, mean geometric diameter - MGD)
and undisturbed samples (100 cm?) were collected to estimate
soil bulk density and porosity (macro, micro and total). The
methodologies described in Teixeira et al. (2017) were used
in the laboratory analyses.

Residual normality was verified by the Shapiro-Wilk test
(Shapiro & Wilk, 1965) and residual homogeneity by Bartlett’s
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test (Bartlett, 1937). There was no need to transform the data
in order to meet the assumptions for analysis of variance.
Thus, the effect of treatments was evaluated through analysis
of variance (F test, p < 0.05). When there was a significant
difference between treatments, the means were compared
by Scott-Knott test, at p < 0.05. Data statistical analysis was
performed using the R software.

RESULTS AND DISCUSSION

The organic carbon content and physical attributes of the
soil were similar among treatments at the evaluated depth
(0-0.10 m) (Table 1). The uniformity of the experimental area
is related to the fallow period, to the effect of the root system
of the grass present in the area, which brings carbon to the soil
and favors its aggregation and water infiltration, to its organic
carbon content and to its overturning. Regarding soil moisture,
significant differences were found between treatments, which
can be justified by the period of the field experiment. The
moisture content prior to the tests was similar in the plots of
the same treatment, in which the rainfalls were applied almost
always on the same day of test. However, precipitation occurred
between the rainfall applications in the different treatments,
in some situations, making it impossible for the antecedent
moisture to remain the same in the entire experimental area.

The highest cumulative surface runoft depths occurred
for rainfalls with Int 44.5 and Dur 106 min and with
Int 76.5 mm h* and Dur 38 min (Figure 1A). The average
increment in surface runoff from the lowest to the highest
surface runoff depth was 46% and for the other rainfalls, the
values were similar. The lowest and highest cumulative averages
of surface runoff were 17.1 and 30.53 mm, respectively, in the
rainfalls with Int 53.5 mm h' and Dur 78 min and Int
76.5 mm h™' and Dur 38 min. Considering the same duration,
it can be noted that the highest depths drained were found with
the highest intensities, except in the treatment with Int 53.5 and
Dur 78 min, probably due to the lower average soil moisture in
this plot, which favored water infiltration in the soil.

The treatment with the rainfall of highest intensity caused
greater variation in the cumulative surface runoff, although its
duration was only 38 min. In longer durations associated with
high Int, greater depths drained would possibly be observed
in comparison to the other rainfalls applied, because surface
runoft is directly related to rainfall intensity (Kinnell, 2016),

Wilk S. de Almeida et al.

o Int44.5 mm h!' and Dur 106 min
Int 53.5 mm h'! and Dur 78 min
Int 60.0 mm h! and Dur 60 min
Int 66.9 mm h'! and Dur 48 min

4 Int 76.5 mm h'! and Dur 38 min

Cumulative runoff (mm)

& s
& ,Gg;‘& g
Y /Sﬁ"‘
=1 ,«4&’
S &
° ,,g;ff‘y
5 «
9
2
o,
=
3]
£
=
5]
2]
60 80 100 120

Rainfall duration (min)
Figure 1. Cumulative surface runoff (A) and cumulative
sediment production (B) as a function of rainfall duration after
the beginning of surface runoff for the different treatments,
in Ultisol

rainfall duration and precipitated depth, although this effect
is not fully explained in some studies (Wang et al., 2017).
Possibly, the variation in surface runoff depths results from
the precipitated depth in the preestablished time, although
differences between treatments were expected due to the
different associations between rainfall duration and intensity.
The effect of rainfall intensity on surface runoft is not direct,
because the erodibility and terrain surface conditions interfere
with this process (Ran et al.,, 2012; An et al., 2014; Wang et
al., 2017).

The amount of sediments disaggregated and transported
in all treatments increased with rainfall duration (from
Int 76.5 mm h™' and Dur 38 min to Int 44.5 mm h™' and

Table 1. Total organic carbon (Corg), geometric diameter (GD), weight diameter (WD), macroporosity (Macro), microporosity
(Micro), total porosity (TP), soil bulk density (BD) and soil moisture prior to the rainfalls (Moisture) in the 0-0.10 m layer of

the experimental area

Soil attributes Int 44.5 mm h? Int 53.5 mm h?

and Dur 106 min and Dur 78 min
Corg (9 kg™) 27.64a 24.76 2
GD (mm) 4.35a 440a
WD (mm) 468a 471a
Macro (%) 15.61a 16.32 a
Micro (%) 27.83a 27.51a
TP (%) 43.442 43.83a
BD (g cmd) 1.01a 097 a
Moisture (cm3 cm3) 0.23a 0.19b

Treatments
Int 60.0 mm h* Int 66.9 mm h-! Int 76.5 mm h!
and Dur 60 min and Dur 48 min and Dur 38 min
21.20a 25.10a 16.83a
422a 465a 435a
464 a 483 a 471a
17.05a 15.46a 12.90a
26.85a 27.35a 28.36 a
43,90 a 42.81a 41.26a
0.95a 0.97a 0.96a
0.18b 0.24a 0.22a

Means followed by the same letters, for the same soil attribute, do not differ by Scott-Knott test at p < 0.05; Int - Rainfall intensity; Dur - Rainfall duration; C(_rg - Organic carbon;
GD - Geometric diameter; WD - Weight diameter; Macro - Macroporosity; Micro - Microporosity; TP - Total porosity; BD - Bulk density
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Dur 106 min) (Figure 1B). The largest sediment production was
caused by the rainfall with Int 44.5 mm h™' and Dur 106 min.
On the other hand, aless accentuated increment was observed
in the simulated rainfall with Int 53.5 mm h! and Dur 78 min,
compared to the treatment with Int 44.5 mm h' and Dur
106 min, consistent with lower surface runoft depth, which
reduces sediment production. The effect of surface runoff on
sediment production was verified and confirmed with the
lowest values of sediment production observed in the same
treatments with the lowest depths of surface runoft (Table 2).
Regarding the time required for the surface runoff to begin, in
the treatment with Int 53.5 mm h™' and Dur 78 min was higher
comparing with the other ones. Such difference occurred
possibly because of the lower moisture prior to the rainfalls in
this treatment (Table 1) and due to the roughness conditions
of the terrain surface (Almeida et al., 2016; Zhao et al., 2018).

Soil losses varied from 2.17 to 6.12 g m?, respectively in the
treatments Int 53.5 mm h™ and Dur 78 min and Int44.5 mmh and
Dur 106 min. Sediment production was equal in the treatments Int
53.5 mm h' and Dur 78 min and Int 60.0 mm h"' and Dur
60 min and different from those observed in the other combinations
of rainfalls applied, being equal between the rainfalls with Int
44.5 mm h' and Dur 106 min and Int 66.9 mm h' and Dur 48 min
and Int 76.5 mm h' and Dur 38 min.

In an experimental area close to the one of this study and
with the same soil type, Carvalho et al. (2015) quantified
average sediment production of 9.5 g m from the application
of rainfall with intensity of 60 mm h™' and duration of 60 min.
In the present study, an average sediment production of
2.37 g m* was observed for the same type of rainfall
(Int 60.0 mm h! and Dur 60 min). The differences can be
explained by factors such as organic carbon content, porosity
and aggregate stability (Table 1), influenced by the time along
which the area remained covered by grass. The carbon supplied
to the soil by grass roots contributes to the formation of
larger, more stable aggregates and also favors soil porosity by
structuring the soil and through the physical effect of the roots,
creating spaces for water infiltration. According to Almeida et
al. (2016), greater water infiltration in the soil can be observed,
which decreases the volume drained superficially.

In Cerrado area, Almeida et al. (2016) quantified average
sediment production of 25.3 g m™ in Ultisol, under rainfall
of 60 mm h™' with duration of 60 min. These differences may
be associated with the variability of soil physical properties,
erodibility, terrain cover conditions and the characteristics of
the rainfalls applied. The means of the replicates of a same type
of rainfall may be different, with the respective variations in
the amount of sediments produced by the same rainfall event,
according to the attributes of the soil (He et al., 2017).

In this study it was observed that rainfalls with different
combinations of duration and intensity and with similar
erosivity have an effect on sediment production, although no
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differences were found in the surface runoff. Other authors
have also reported similar results regarding surface runoff
and sediment production under simulated rainfall (Ran et al.,
2012; An et al., 2014; Wang et al., 2017).

For all treatments, the surface runoff rates stabilized after
approximately 20 min of rainfall application, which has also
been observed under laboratory conditions (He et al., 2017).
In general, higher surface runoff rates are observed for rainfalls
with higher intensity (Figure 2A).

As observed for surface runoff, the sediment production
rates for all treatments are initially lower (Figure 2B). After
around 20 min, as the duration increases, sediment production
rates decrease for all treatments, although not so expressively
for Int 76.5 mm h™' and Dur 38 min, due to the short rainfall
duration (38 min) (Figure 2B). In general, the highest rates
of sediment production and surface runoff are observed for
rainfalls with the highest intensity, especially the treatments
Int 66.9 mm h' and Dur 48 min and Int 76.5 mm h! and
Dur 38 min. Sediment production rates higher than the ones
observed in the present study were found by Carvalho et al.
(2015) for the same soil in an experimental area beside the
area of the present study, after soil overturning.
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Figure 2. Rates of surface runoft (A) and sediment production
(B) as a function of rainfall duration after the beginning of
surface runoff for the different treatments, in Ultisol

Table 2. Surface runoff, cumulative sediment production and time for surface runoft for the different treatments, in an Ultisol

Variable Int 44.5 mm h! Int 53.5 mm h?

and Dur 106 min and Dur 78 min
Runoff (mm) 29.73a 17.07a
Sediments (g m?) 6.12a 217D
Time for runoff (min) 9.87b 22.50a

Treatments
Int 60.0 mm h-! Int 66.9 mm h' Int 76.5 mm h'
and Dur 60 min and Dur 48 min and Dur 38 min
20.79a 21.79a 30.53a
2.37h 430 a 423a
10.75b 10.50b 8.60b

Means followed by the same letters in the row do not differ by Scott-Knott at p < 0.05; Int — Rainfall intensity; Dur - Rainfall duration
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Usually, the concentration of sediments in the flood
is directly related to rainfall intensity and, therefore, it is
indispensable to quantify surface runoff rates during the
application of rainfall events for better understanding of the
soil erosive process (Kinnell, 2016). The ratio between sediment
production and surface runoff varies similarly between the
different rainfall combinations applied (Figure 3). The ratio
is initially high, when the surface runoff is lower. As rainfall
duration increases, the runoff increases because the inlet of
rainwater is constant. As a consequence, the ratio between
sediment production and surface runoff decreases. From 20 min
after the runoff, the sediment/runoff ratio is virtually constant
in each type of rainfall (Figure 3).

The sediment/runoff ratio is higher in the treatment Int
44.5 mm h™' and Dur 106 min along the entire period of rainfall
application, with maximum value close to 2.0 gm? mm (Figure
3). The other ratios were initially higher in the treatments Int
60.0 mm h'and Dur 60 min, Int 66.9 mm h™' and Dur 48 min,
Int 53.5 mm h™”' and Dur 78 min, and Int 76.5 mm h' and Dur
38 min. From 20 min, there is an alteration in this order of
higher sediment/runoff ratio, which is possibly related to the
intensity of the rainfalls. For the highest intensities, if associated
with longer duration, a higher sediment/runoff ratio could be
observed, because rainfall intensity and duration increased the
sediment production rates, and some studies have reported
linear relationship between the depth drained superficially and
sediment production (Mathys et al., 2005; Pan & Shangguan,
2006; Bertol et al., 2017).

The variation of soil water infiltration is similar for the
different conditions of simulated rainfall. After the beginning
of surface runoff, soil water infiltration decreases rapidly,
especially in the initial 10 min (Figure 4). Stable infiltration
rate (SIR) of the treatment with Int 53.5 mm h™! and Dur
78 min is approximately two times greater than the lowest
SIR, quantified in the treatment with Int 44.5 mm h™' and
Dur 106 min.

The mean values of SIR in the treatments were 21.6, 37.7,
31.4, 29.5 and 22.4 mm h’', respectively, for Int 44.5 mm h"'
and Dur 106 min; Int 53.5 mm h' and Dur 78 min; Int
60.0 mm h'and Dur 60 min; Int 66.9 mm h™! and Dur 48 min;
and Int 76.5 mm h' and Dur 38 min (Figure 4), with no
significant difference between the different combinations of
rainfall applied (Skott-Knott, at p < 0.05).
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Figure 3. Ratio between sediment production and surface
runoff as a function of rainfall duration after the beginning of
surface runoff for the different treatments, in Ultisol
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Figure 4. Soil water infiltration rate as a function of rainfall
duration after the beginning of surface runoff for the different
treatments in Ultisol

Soils with medium and/or clayey texture and without
vegetation cover on surface may have their infiltration capacity
reduced, leading to higher surface runoft and lower water
infiltration rates (Cerda, 1999; Almeida et al., 2018; Zhao et al,,
2018). It is observed in this study, that the infiltration rate of
the soil gradually decreases with the increment in cumulative
rainfall. Zhao et al. (2018) claim that, once the infiltration rate
is lower than rainfall intensity, the excess of the precipitated
depth contributes to the storage of water in the superficial
depressions and, consequently, the runoft increases.

The characteristics intensity, duration and water depth
applied in each rainfall, associated with the antecedent
moisture content in soil and its physical-hydraulic properties
control the phenomenon of infiltration. Therefore, higher
rainfall intensities lead to a high frequency of impact of water
droplets on soil, which alters the disaggregation of the particles,
possibly causing superficial sealing and, consequently, decrease
of water infiltration in soil and increase of surface runoff
volume (Kinnell, 2016).

Values of steady-state infiltration rate have also been
quantified in other studies under simulated rainfall and
constant intensity. Evaluating water infiltration in soil under
rainfall with intensity of 60 mm h' and duration of 60 min,
Almeida et al. (2018) found low SIR (2.1 mm h') in Ultisol
with sandy texture in a Cerrado area without vegetation cover,
after soil overturning and six rainfall applications (120 days
after soybean sowning). The low SIR was mainly related to the
formation of superficial sealing and accommodation of soil
particles, which reduced total porosity and macroporosity,
since the overturning breaks soil aggregates and destroys its
structure. Superficial sealing and lower porosity increase the
water volume drained superficially due to the clogging of soil
pores and, consequently, infiltration is reduced. Carvalho et
al. (2015) quantified SIR of 11.6 mm h' in an area beside the
one of the present study, after four applications of rainfall in
soil with no vegetation cover (75 days after overturning). Such
difference is related to the soil attributes which influence water
infiltration, to soil tillage, vegetation cover on surface, porosity,
bulk density, organic carbon content, size and stability of soil
aggregates, and the soil moisture prior to the application of
rainfalls. Usually, soil overturning is used to increase soil
porosity. However, such effect on porosity is temporary and
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decreases rapidly (Carvalho et al., 2015; Almeida et al., 2016,
2018). Thus, in areas with overturned soil and no vegetation
cover on the surface, the volume drained superficially increases
and water infiltration decreases.

CONCLUSION

Rainfalls with similar erosivity and different combinations
of duration and intensity alter the process of sediment
production, but do not influence soil water infiltration and
surface runoff.
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