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soil loss This study evaluated soil and water losses, soil water infiltration and infiltration rate models
infiltration rate in soil tillage systems and corn (Zea mays, L.) development stages under simulated rainfall.
soil tillage The treatments were: cultivation along contour lines, cultivation down the slope and exposed

soil. Soil losses and infiltration in each treatment were quantified for rains applied using a
portable simulator, at 0, 30, 60 and 75 days after planting. Infiltration rates were estimated
using the models of Kostiakov-Lewis, Horton and Philip. Based on the obtained results,
the combination of effects between soil tillage system and corn development stages reduces
soil and water losses. The contour tillage system promoted improvements in soil physical
properties, favoring the reduction of erosion in 59.7% (water loss) and 86.6% (soil loss) at 75
days after planting, and the increase in the stable infiltration rate in 223.3%, compared with
the exposed soil. Associated to soil cover, contour cultivation reduces soil and water losses,
and the former is more influenced by management. Horton model is the most adequate to
represent soil water infiltration rate under the evaluated conditions.

rainfall simulator

Palavras-chave: Erosao hidrica e infiltragdo de agua no solo
perda de solo . . . .

taxa de infiltracio sob diferentes sistemas de cultivo do milho
preparo do solo

RESUMO
simulador de chuva

Neste estudo foram avaliados, sob chuva simulada, perdas de solo e de 4gua, infiltragdo de
dgua no solo e modelos para a estimativa da taxa de infiltracdo em sistemas de preparo de
solo e fases da cultura do milho (Zea mays, L.). Os tratamentos foram: cultivo em nivel,
cultivo morro abaixo e solo exposto. A perda de solo e a infiltragdo em cada tratamento
foram quantificadas para chuvas aplicadas por um simulador portatil, aos 0, 30, 60 e 75 dias
ap6s o plantio do milho. Na estimativa da taxa de infiltra¢do foram empregados os modelos
de Kostiakov-Lewis, Horton e Philip. Com base nos resultados obtidos verifica-se que a
combinacio de efeitos entre sistema de manejo do solo e fase da cultura do milho reduz as
perdas de solo e de agua. O sistema de preparo do solo em nivel promoveu melhorias nas
propriedades fisicas do solo favorecendo, aos 75 DAP, redugéo do processo erosivo em 59,7%
(perda de d4gua) e 86,6% (perda de solo) e aumento da taxa de infiltragdo estavel de gua no
solo em 223,3%, em relagdo ao tratamento solo exposto. Associado a cobertura do solo, o
cultivo em nivel reduz as perdas de solo e de agua, sendo a primeira mais influenciada pelo
manejo. O modelo de Horton é o mais adequado para representar a taxa de infiltracdo de

dgua no solo nas condigoes avaliadas.
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Water erosion and soil water infiltration in different stages of corn development and tillage systems

INTRODUCTION

Erosion is one of the main environmental problems with
respect to the degradation of soil and quality of water resources
(Carvalho et al., 2014), being strongly influenced by soil
management (Telles et al., 2011). Water erosion is a mechanical
process involving the energy from the impact of raindrops on
soil surface, directly associated with rainfall kinetic energy
and the shear stress corresponding to the surface runoff itself
(Panachuki etal., 2011). Erosion depends on many factors, like
soil texture and structure, soil water content before the rain
event, rainfall intensity, soil use and management, type and
density of vegetal cover, slope inclination (Vahabi & Nikkami,
2008) and also on soil tillage techniques, crop type and planting
orientation (Basic et al., 2004).

The methods of soil tillage vary in extension of the worked
soil surface, tillage depth and degree of fragmentation of the
mobilized soil mass. Management practices promote different
physical conditions in surface and subsurface, which result
in varied levels of erosion. The magnitude of this process is
related, among other factors, to the soil water infiltration rate
(Assouline & Ben-Hur, 2006), which is directly affected by
the impact of raindrops on the soil. The impact energy can
cause sealing in the superficial layer of uncovered soils, with
consequent reduction in infiltration capacity and increase
in surface runoff and its transport capacity (Sidiras & Rotjh,
1987).

The phenomena related to erosion, infiltration and surface
runoff can be studied under both natural and simulated rains.
Although studies under natural conditions are desirable, spatial
and temporal distribution of the characteristics of natural
rain cannot be controlled and, therefore, data acquisition is
slow and difficult. On the other hand, rain simulators have
been successfully used in different studies on surface runoff
(Pérez-Latorre et al., 2010), soil crusting (Abudi et al., 2012),
soil water infiltration (Panachuki et al., 2011) and soil erosion
(Valette et al., 2012).

The combination of factors associated with rainfall, crop
development stages and types of soil tillage and cover, is
essential in the study of water erosion (Prasuhn, 2012). On the
other hand, soil water infiltration has been measured through
methods that do not express the dynamic condition of the
impact of water on the soil (Sidiras & Roth, 1987), contrary
to the rain simulator used in this study.

Given the economic importance of the corn crop, this
study evaluated the effect of soil tillage and corn development
stages on soil and water losses, infiltration characteristics and
performance of infiltration rate estimation models, under
simulated rain.

MATERIAL AND METHODS

The experimental area, located in the municipality of
Seropédica-R], Brazil, has soil classified as Red Yellow Argisol
(605 g kg of sand, 109 g kg™ of silt and 286 g kg™ of clay) with
mean declivity of 0.09 m m™. Soil physical properties (bulk
density, macroporosity, microporosity and total porosity) were
determined in the layers of 0-10 and 10-20 cm, after applying
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the simulated rains. The soil was conventionally prepared,
with one plowing and two harrowings before the rainy season.
Tillage orientation varied according to the management
systems: i) corn rows planted along contour lines (CCL), in a
spacing of 1.0 m between furrows and 0.3 m between plants,
with conventional soil tillage also along contour lines; ii) corn
rows planted down the slope (CDS) with conventional soil
tillage also down the slope and the same crop spacing; and
iii) exposed soil (ES) with conventional soil tillage down the
slope, maintaining the soil uncovered during the experiment
through manual weeding.

The rain simulator used in the experiment, developed by
Alves Sobrinho et al. (2008), was calibrated to apply rains with
intensity of 60 mm h*, according to the methodology normally
adopted in studies of this nature (Panachuki et al., 2011). The
tested plot that received the precipitation had an area of 0.70
m?, delimitated by galvanized steel plates that remained fixed
in the area during the entire evaluation period, corresponding
to the corn crop cycle. One side of the plots had a funnel-like
structure to allow the collection of the drained volume.

Simulated rains were applied in four occasions along crop
development: at 0, 30, 60 and 75 days after planting (DAP).
Therefore, soil and water losses and infiltration rates were
evaluated in the three soil tillage systems and in four moments.
The treatments, corresponding to soil management systems and
moments of rain application, were arranged in a randomized
design, using a factorial scheme with four replicates in each
treatment, totaling 48 experimental units. The erosivity of each
simulated rain event was calculated using its characteristics
(intensity, duration, mean raindrop diameter, service pressure
and height of sprinkler nozzles), according to the methodology
described by Carvalho et al. (2005).

Before the tests using the simulator, the plots were pre-
wetted with a drip system in order to make soil water contents
uniform, according to Panachuki et al. (2011). Field tests lasted
for 60 min, starting from the beginning of runoff. The time
interval from the beginning of the application of each rain
until the observation of outflow from the collecting gutter
was measured and referred to as ‘time for the beginning of
runoft’, also denominated ‘time for the occurrence of initial
abstractions. When the outflow started, water volumes were
collected from the funnel-like structure during 1 min and
stored in recipients. The interval between collections was 1
min, and 30 samples of water volume were collected in each
test. In the laboratory, the collected material was agitated and
poured into graduated cylinders, which received 10 mL of
aluminum sulfate solution at 0.018 mol L' in order to flocculate
the suspended material, thus facilitating the separation of
sediments. After decantation of solids, the excess of water was
removed using a siphon and the material was dried in an oven
at 105 °C. Then, the soil mass in the samples and the total mass
proportional to the outflow volume collected in each event
were determined. Water loss was determined from the total
water depth drained superficially, considering the 30 samples
of each test with the rain simulator.

The infiltrated water depth was calculated by the difference
between the water depth applied with the simulator and
the superficially drained water depth (SDWD), which was
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calculated every minute through the relationship between
the drained water volume and the area of the plot receiving
the simulated rain. Thus, the infiltration rate was obtained by
the relationship between the infiltrated water volume and the
considered interval of collection time. The final infiltration
rate was obtained when the stabilization of the superficially
drained water depth was observed.

From the data of soil water infiltration, the parameters of
the models proposed by Kostiakov-Lewis (Eq. 1), Horton (Eq.
2) and Philip (Eq. 3), which are the most used for the estimation
of infiltration rate, were fitted according to Assouline (2013).

i=i, +akt"” (1)
i=ip +(i, +i;)e ™ (2)
R Y
i=b+—kt (3)
2
where:
i - estimated instantaneous infiltration rate, mm h';
i - observed initial infiltration rate, mm h%;
i - final infiltration rate, mm hY;

f
a, B, k, b and k - statistical parameters of the models

estimated through non-linear regression using the Gauss-
Newton method; and
t - infiltration time, min.

The initial infiltration rate (i ) was obtained by the
difference between the application intensity of the simulator
and the outflow rate obtained in the first collection of each test.

The values of soil physical attributes, soil losses, surface
runoff and soil water infiltration were subjected to analysis
of variance, and Tukey test was applied when the p-value was
significant at 0.05 probability level (p < 0.05).

In the evaluation of the models performance, a joint analysis
of many indices is necessary, because a model can adequately
fit the experimental data, according to the index, while the
actual studied process is not well represented. Thus, besides
the determination coefficient (R?), the following statistical
indices were used: standard error of the estimate (SEE) (Eq.
4), coeflicient of residual mass (CRM) (Eq. 5), coeflicient of
adjustment (CA) (Eq. 6) and efficiency (EF) (Eq.7).

4)
0,-3P,
CRM — 1=1 n 1=1 (5)
0
1=1
>(0,-0)
cA=1 ©6)
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where:
O, - observed data;
P, - data estimated by the respective models;
n - number of observations; and
O - arithmetic mean of the observations.

If the observed value of the evaluated variable is close to
the estimated value, CRM becomes closer to zero. Positive
CRM values indicate that the model underestimates the
measurements and negative values indicate that it overestimates
them. Better fitting is observed when R?%, CA and EF values
become close to the unit. Negative EF values indicate that the
observed mean value represents the estimation for the variable
better than the estimated value.

RESULTS AND DISCUSSION

Macroporosity in the layer of 10-20 cm and total porosity in
the two soil layers in CCL were higher than in the other treatments
(p < 0.05). On the other hand, soil density in the layer of 10-20
cm in ES was higher compared with the other treatments (Table
1). Tillage along contour lines associated with the crop root
system promoted higher soil stability, thus decreasing losses of
soil and water. According to Santos et al. (2014), in areas under
conventional tillage, in comparison to conservational systems,
higher microporosity and lower soil density are normally
quantified immediately after the disturbance of the arable layer.
However, soil water infiltration can decrease in the initial period
of crop development, since the pulverization of soil aggregates and
the breaking of pore continuity cause the sealing of soil surface
due to the impact of raindrops.

During the conduction of the experiment (September
22 to December 17, 2011), a mean accumulated water depth
of 245 mm was applied by the rain simulator, and natural
precipitations totaled 137 mm . The simulated rains promoted
mean accumulated erosivity of 3,728 MJ mm ha h'. According
to Machado et al. (2013), the mean annual erosivity in the
region of Seropédica-R]J is 5,960.4 MJ mm ha' h!, with
maximum of 9,792.9 M] mm ha' h'.

Table 1. Mean values for the attributes soil density (Ds),
macroporosity (Macro), microporosity (Micro) and total
porosity (Total)

Layer Ds Soil porosity (%)

Treatment o) (kgdm?®) Macro  Micro  Tofal
COL 125a  2152a 33722 551da
CDS 010 134a  1088b 3652a 4740b
ES 125a  17.01a 3416a 51.17b

oV (%) 6.9 38.0 70 9.6
CoL 141c  1464c  3487c 4951c
DS 1020  147c  692d  3449¢  41.41d
ES 157d  514d  3574c  40.89d

oV (%) 5.0 38.0 41 75

Means followed by the same letter, in the same column, do not differ by Tukey test at 0.05

probability level
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Soil losses in the initial crop development stage (0 to 30
DAP) showed more variation in ES (Figure 1), which showed
the highest magnitude of the losses, due to the direct impact
of raindrops. This impact disaggregates soil particles and
decreases macroporosity; thus, water runoff is intensified,
surface roughness decreases and there is a consequent increase
in the production and transport of sediments. In ES, there was
an increase of soil losses until 75 DAP. For CCL and CDS,
increasing losses were observed until 30 DAP, decreasing after
this period to approximately 1/3 (Figure 1A) and 1/4 (Figure
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Figure 1 . Evolution of soil losses in the systems CCL (A),

CDS (B) and ES (C) during 60 min of simulated rain for

the four corn development stages: 0, 30, 60 and 75 days

after planting (DAP)
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1B) of the value observed at the beginning of the cycle (0 DAP).
The CCL system promoted the lowest soil losses, especially
at the end of the crop cycle (60 and 75 DAP). Vegetal cover,
as an isolated factor, had the highest effect on the dissipation
of the kinetic energy of raindrops (Panachuki et al., 2011).
Therefore, when associated with other conservational practices
like contour planting (CCL), vegetal cover causes the water to
be retained in the small superficial depressions formed by the
planting rows, as it reaches the soil surface with lower velocity.
Thus, the formation of puddles protects the soil and reduces
the amount of disaggregated soil particles.

The effects of soil cover by corn plants on soil losses is
observed from 30 DAP on in CCL and CDS, with lower losses
in comparison to ES. Therefore, vegetal cover acts efficiently
in the reduction of soil losses. However, until 30 DAP, the
erosive process is more intense, because the soil is loose and
disaggregated with little cover by corn plants (CCL, CDS) or
even without vegetal cover (ES).

The mean values of drained water depths were equal between
the management systems in the first two evaluations (0 and 30
DAP), when soil tillage has greater effect on the erosive process.
At 60 and 75 DAP, the drained water depths in CCL and CDS
were equal and determined by the vegetal cover of corn plants
(Table 2). From the third evaluation on, differences in water loss
were observed between ES and the others, indicating greater
effect of vegetal cover on the reduction of surface runoff, in
comparison to the type of soil tillage. Probably, the superficial
sealing in ES increased surface runoff. On the other hand,
contour planting associated with soil cover reduces the drained
water depth due to higher water infiltration, since the continuity
of macropores was not altered in this system (Table 1).

Therefore, the combination of effects between soil tillage
systems and corn development stages reduced water losses by
0.6, 7.8 and 51.0% (CCL) and by 41.5, 59.7 and 39.3% (CDS)
compared with exposed soil, respectively at 30, 60 and 75
DAP. The respective reductions in soil losses were 49.2, 24.2
and 85.5% (CCL) and 82.0, 86.5 and 84.2% (CDS), compared
with exposed soil.

The presence of vegetal cover minimizes soil and water
losses, regardless of the crop species cultivated in the soil.
Studying water erosion in soil management systems and
soybean phenological stages under simulated rain, Engel et
al. (2009) concluded that soil losses were explained by canopy
cover, cultivation system and the previous vegetal cover
incorporated into the arable soil layer. Evaluating the erosive
process in corn cultivation under conventional tillage, Volk

Table 2. Mean values of superficially drained water depth
(SDWD) in the treatments of corn planted along contour
lines (CCL), corn planted down the slope (CDS) and
exposed soil (ES)

Treatment S I
0DAP _ 30DAP _ 60DAP _ 75DAP
ceL 1502 167 a 104b 8.1b
cDS 1252 155a  124b  122b
ES 1772 16.82 2122 201a
CV (%) 13.2 18.2 29 7 263

Means followed by the same letter, in the column, do not differ by Tukey test at 0.05
probability level

R. Bras. Eng. Agric. Ambiental, v.19, n.11, p.1072-1078, 2015.
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& Cogo (2014) observed greater soil losses in the beginning
of the cycle.

Tillage and planting along contour lines form barriers and,
consequently, reduce losses of water and soil. Another factor
that minimizes soil and water losses is the root system of corn,
because plants of the Poaceae family have roots well adapted
for the control of erosion, due to their capacity to decrease
flow intensity and soil particle disaggregation, acting like
small obstacles and retarding surface runoft. From a certain
development stage on, in this study 60 DAP, plant canopy
promotes soil cover, which, associated with root system, causes
a certain stabilization of water losses in CCL and CDS. From
the results obtained in this study, soil losses are more influenced
by management than water losses are, especially in the initial
stage of the crop cycle.

The effect of CCL is observed in the end of the period,
reducing surface runoff and increasing the stable infiltration
rate (SIR). SIR values were close to 20 mm h' from 0 to 30
DAP, above 30 mm h' at 60 DAP and close to 40 mm h™' at
75 DAP, when soil cover by corn plants was greater in the
studied periods (Table 3). In CDS, the evaluation period

Table 3. Time for the beginning of runoff and infiltration
rate

Evaluation period — DAP

Treatment

0 30 60 75
Time for the beginning of runoff (min)

CCL 6.3b 20b 9.0a 6.5b
CDS 1352 43b 85a 19.0a
ES 45b 45b 1.3b 2.0b

Stable infiltration rate (mm h-")
CCL 22.7a 19.2a 3262 375a
CDS 27.7 2 18.0 2 28.5a 28.3a
ES 16.5a 20.0a 10.4 b 11.6b

Means followed by the same letter, in the column, do not differ by Tukey test at 0.05 probability
level. DAP - Days after planting

did not interfere with the stable infiltration rate; however,
stable infiltration rates are higher compared with ES, which
evidences the effect of vegetal cover on the increase of soil
water infiltration, even in systems without the adoption of
conservational practices.

The combination of effects between management systems
and corn crop cycle interfered with soil water infiltration rate.
The effects of CCL and CDS are observed from 60 DAP on,
when SIR increases in ES, reducing surface runoft. SIR mean
values in CCL and CDS were equal (p > 0.05) in all corn
development stages. In spite of that, at 60 and 75 DAP, SIR
values in CCL and CDS were higher compared with ES, due
to the higher vegetal cover by the crop. Santos et al. (2014)
obtained SIR values from 17 to 54 mm h™ for the conditions
of conventional and minimum tillage in a Red Argisol with
texture similar to that of the soil in the present study. The
highest SIR value obtained by Santos et al. (2014) for the
exposed soil is attributed to the presence of 3 Mg ha! of crop
residues on soil surface.

In the systems CCL and CDS, the roughness of soil surface
promoted by tillage initially favors infiltration in both systems,
because water is retained in the depressions on soil surface. On
the other hand, the infiltration rate in ES decreased along the
days after soil tillage, i.e., as DAP increased, infiltration rate
decreased, the time for the beginning of runoff decreased and,
consequently, the drained water depth increased. This behavior
is probably related to the sealing of soil surface, which was
more expressive in ES.

Tillage systems and rain conditions are among the factors
that alter soil surface roughness. The volume and intensity of
rains gradually decrease roughness (Bertol et al., 2006). Rosa
et al. (2012), under simulated rain conditions, concluded that
roughness is initially high in the conventional cultivation
system and decreases after a maximum rain. This explains the

Table 4. Parameters and statistical indices of the infiltration models according to treatment and evaluation period

e oL DS’ ES’
a'ai';‘:i :;: an DAP® DAP DAP
0 30 60 75 0 30 60 75 0 30 60 75
Kostiakov-Lewis

a 0.53 0.57 0.61 0.60 056 057 053 052 052 056 051 0.56

k 77 79 45 40 72 95 65 71 102 73 78 69

R? 75 77 79 79 77 96 75 75 75 77 75 77
SEE 43 5.1 3.3 3.9 45 6.7 35 46 5.6 5.3 4.4 4.1
CRM 002 002 001 -001 019 -005 008 016  -003 -002 -003  -0.02
CA 1.98 217 3.00 2.92 116 062 135 051 175 251 203 219
EF 0.50 0.54 0.67 0.66 013  -061 02  -095 043 060 051 0.54

Horton

B (10%) 61 54 50 45 90 51 37 2 57 61 90 78

R2 98 98 99 99 95 99 99 99 98 98 95 96
SEE 16 2.2 1.7 16 5.3 27 45 8.6 1.0 25 3.9 46
CRM 000 001  -001  -001  -004 -001 -001 001 000 -002 001 0.01
CA 0.96 0.93 1.14 1.33 135 094 095 093 100 096 065 061
EF 004 008 012 0.25 026  -006 006 -007 000 -0.04 -053 -0.63

Philip

b 2141 1895 3332 3833 2141 1895 3332 3833 1423 1949 837 1148

k 9 97 57 52 90 97 57 52 119 89 90 82

R? 74 74 74 74 74 74 74 74 74 74 96 74
SEE 43 5.4 3.6 4.1 7.4 8.1 55 9.6 5.6 5.4 3.6 43
CRM 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.0t 0.01
CA 1.60 1.81 256 238 160 1.8 256 238 1.4 199 160 1.8
EF 0.37 0.45 0.61 0.58 037 045 061 058 029 050 037 045

“CCL - Corn planted along contour lines, CDS — corn planted down the slope and ES — exposed soil; DAP — Days after planting

R. Bras. Eng. Agric. Ambiental, v.19, n.11, p.1072-1078, 2015.
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variation pattern of the infiltration rate in ES in the present
study.

The study confirmed the beneficial effect of maintaining soil
cover on conservation, improvement of soil physical properties
and on avoiding the formation of superficial sealing, which
reduces soil water infiltration. Another aspect to be considered
is the longer time for the beginning of runoff in CCL and CDS,
at 60 DAP, which decreases the possibility of soil losses through
water erosion. In CDS, this interval was longer than in the other
systems at 0 and 75 DAP. Longer times for the beginning of
runoff result from greater roughness on soil surface (Volk &
Cogo, 2014), which favors higher soil water infiltration.

In general, the quality of fitting for the analyzed infiltration
rate models was satisfactory, especially Horton’s, which
promoted the lowest values of standard error of the estimate
(SEE) in CCL and CDS. On the other hand, the highest SEE
values were obtained in CDS for all the evaluated models, since
the estimates were significantly lower than values observed at
the field. In CCL, the fittings of the models of Kostiakov-Lewis
and Philip to the field data were similar for the different corn
development stages. The values of determination coefficient
(R?) and CA close to the unit and CRM close to zero indicated
better quality of fitting for the model of Horton, i.e., the
estimated values were close to those observed at the field,
indicating a good fitting of these indices. Higher R? values were
obtained when data were fitted to the model of Horton along
the crop cycle, in comparison to the other models (Table 4).

Santos et al. (2014) observed better performance of Horton’s
model when studying the effect of management systems on
water infiltration, after the cultivation of common beans in
a Red Argisol with granulometry similar to that of the soil
in this study. Therefore, under dynamic conditions of water
application using rain simulators, the model of Horton is the
most adequate for the estimation of instantaneous infiltration
rate, because it shows higher consistency compared with the
others, considering greater effect of soil disturbance in the
beginning of the cultivation and higher influence of vegetal
cover at the end.

CONCLUSIONS

1. The combination between soil tillage system and crop
development stages interferes with soil and water losses.
Initially, the type of tillage has higher influence on the erosive
process and, along crop development, soil and water losses
decrease.

2. In cultivation systems under conventional soil tillage,
the adoption of techniques like contour planting, associated
with greater soil cover due to the natural development of the
crop, reduces soil and water losses.

3. In conventional tillage systems, the effect of soil
disturbance on the increase of soil water infiltration is
temporary and occurs in the beginning of the cultivation, after
soil tillage, with a subsequent decrease. As soil cover increases
due to crop growth and development, water infiltration
increases, especially in the end of the cycle.

4. Horton’s model is the most adequate to represent soil
water infiltration rate, regardless of the soil tillage system used.
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