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lowlands In the lowlands of Rio Grande do Sul, land leveling is mostly carried out with no slope for
surface drainage the purpose of rice production. In this environment, soils with a low hydraulic conductivity
water accumulation are predominant owing to the presence of a practically impermeable B-horizon near the
digital elevation models surface. Land leveling leads to soil accommodation resulting in the formation of depressions

where water accumulates after heavy rainfalls, subsequently leading to problems with crops
implanted in succession to rice, such as soybeans. The objective of this research was to
quantify the areas and volumes of water accumulation in soil as a function of the slope of
land leveling. Five typical leveled lowland areas were studied as a part of this research. The
original areas presented slopes of 0, 0.20, 0.25, 0.28 and 0.40%, which were used to generate
new digital elevation models with slopes between 0 and 0.5%. These newly generated digital
models were used to map the depressions with surface water storage. In conclusion, land
leveling with slopes higher than 0.1% is recommended to minimize problems with superficial
water storage in rice fields.
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Nas terras baixas do Rio Grande do Sul, a sistematizagdo é realizada, na maioria das vezes,
sem declividade com o objetivo de cultivar arroz. Neste ambiente, sdo predominantes solos
com baixa condutividade hidraulica devido & presen¢a de um horizonte B, praticamente
impermedvel, perto da superficie. Depois da sistematizagio, por causa da acomodagéo do
solo sdo formadas depressdes onde se acumula dgua apds a ocorréncia de fortes chuvas,
causando problemas nas culturas implantadas em sucessdo ao arroz, como é o caso da
soja. Objetivou-se neste trabalho quantificar areas e volumes de acumulagdo de dgua,
em funcio da declividade da sistematiza¢do. Foram estudadas cinco dreas sistematizadas
tipicas de terras baixas. As dreas originais apresentaram declividades de 0, 0,20, 0,25, 0,28
e 0,40%, sendo que a partir delas foram gerados os novos modelos digitais de elevagio
com declividades entre 0 e 0,5%. Através dos novos modelos gerados foram mapeadas as
depressdes com armazenamento superficial de dgua. A sistematizagdo com declividades
maiores que 0,1% sdo recomendadas para minimizar problemas com armazenamento
superficial de 4gua em areas cultivadas com arroz.
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INTRODUCTION

The ecosystem of lowland in the Brazilian state of Rio
Grande do Sul occupies an area of approximately 5.4 million
hectares (Pinto et al., 2004). Although in recent years there
has been an increase in the plantation area of soybeans and
corn in this region (IRGA, 2014); the predominant production
system consists of rice monocropping associated to extensive
livestock when rice is absent. The main vulnerability for a good
performance of these crops in the lowlands, in rotation with
rice, is the poor natural drainage of these soils (Pinto et al., 2004)
owing to the use of horizontal drainage systems. As vertical
drainage systems are usually more expensive (Valipour, 2012,
2013), anisotropic drainage systems seem to be the key for
sustainable drainage systems in the agricultural areas (Viero &
Valipour, 2017), as explored in the present study of the lowlands.

The usage of agricultural techniques that improve surface
drainage, such as land leveling, would allow the implementation
of a more intensive production system than the one currently
utilized (Amer, 2011; Aquino et al., 2015). Land leveling is the
process of adaptation of the natural surface of the ground in
order to transform it into a plane or a surface-smoothed curve.

Currently, the leveled areas for paddy rice grown by
continuous flooding are built mostly with no slope. However,
to provide crop rotation and diversification, land leveling that
provides suitable grades for both rice and furrow irrigation is
highly desirable (Gonzalez et al., 2011).

Although, several studies (Hansen et al., 1999; Kamphorst
etal., 2000; Borselli & Torri, 2010) have successfully established
a relationship between the roughness of the soil surface, the
land slope, and the water storage in localized depressions in the
area; these studies were conducted at very small scales and were
not in an agricultural context. This research constitutes as the
first paper that focuses on how slopes influence the drainage
of rice fields in South America.

The study aims to determine the effect of the land slope
on soil surface drainage for soils with low water infiltration
rates, quantified by the percentage of the area with storage
(micro-depressions) and the volume of surface water in land
leveled areas.

MATERIAL AND METHODS

To achieve the proposed objective, five land leveled areas
of approximately 2 ha each located at the “Terras Baixas”
Experimental Station of Embrapa Clima Temperado, in Capéo
do Ledo, Rio Grande do Sul state (RS), Brazil, whose geographic
coordinates are 31°48' 49" S; 52° 28' 02" W, with an altitude of
16 m a.s.l. were utilized. The soils of the experimental areas are
classified as Planossolos and Gleissolos in the Brazilian official
soil classification system (EMBRAPA, 2006), corresponding to
Typic Albaqualf and Umbric Epiaqualfin the North American
Classification (Soil Survey Staff - USA, 1999), and both the
soils are further classified as loamy texture. The lower parts
of the Gleissolos and the higher parts of the Planossolos were
used for this experiment. The two soils are characterized by
presenting the thickness of the horizons A + E of approximately
40 cm, seated on a practically impermeable B-horizon, which
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corresponds to the problems of surface water storage in
localized spots in the field after the rains. The areas were leveled
in January 2013 by the use of a scraper equipped with laser
beam level control. In January 2014 a survey was conducted
to describe terrain irregularities in all areas using a precision
level (NI 050 Zeiss) with a regular grid of 4 x 4 m.

The GIS data were processed in two steps. In the first step,
a geostatistical analysis was performed using the GS+ software
version 9.0. The software calculated the experimental and
theoretical (mathematical model) semivariograms, as well
as the respective adjustment parameters such as nugget, sill,
range, the coeflicient of determination, and the sum of squared
residuals. The DEMs for each of the five areas was obtained after
the models were tested for goodness-of-fit by cross-validation
(Parfitt et al., 2009).

In order to increase the number of areas for the study, 45
areas were artificially created from the five original areas (0, 0.2,
0.25,0.28 and 0.40%). These areas presented slopes between 0
and 0.5% with steps 0of 0.025% between 0 and 0.1%, and steps of
0.1% between 0.1 and 0.5% (0, 0.025, 0.05, 0.075, 0.1, 0.2, 0.3,
0.4 and 0.5%) by the use of rotation process (folding down).

A plane surface was created with the slope opposite to
that of the experimental area by using the Global Mapper
15.0 software. The sum of the two surfaces generated a new
surface with a zero slope (perfectly horizontal) while keeping
the irregularities of the original areas. Therefore, five theoretical
areas with no slope were obtained. Similarly, the no slope DEMs
for the 45 areas previously cited (5 areas x 9 slopes per area)
were created. Figure 1A schematically shows the situation
of one of the experimental areas and its different slopes (the
slopes greater than zero and lesser than 0.1% were omitted
from the example).

After the generation of the digital elevation models (DEM)
areas in different slopes, the second step of the GIS analysis
was conducted. The contour lines were generated to identify
areas with surface water storage ability through the analysis
of surface depressions. The level of variation between contour
lines was 5 mm. Thus, the field locations where contours
with lower elevations were surrounded by contours of higher
elevations were considered as surface water storage areas
(depressions). First, a set of polygons for each area was obtained
through this method, and then the total surface storage area
(Figure 1B) was obtained with the sum of these areas.

To calculate the stored water volume, the sum of the
areas of the polygons was multiplied by the depth of each
corresponding polygon (Eq. 1).

Ve Zﬂ A1+A1+1)} ZJ W

where:
V - stored water volume, m?;
A - storage polygon area, m?%
Z  -level difference between contour lines, 0.005 m; and,
i - number of storage areas.

The volume of each storage area was determined by
multiplying each polygon area by the contour interval. A small
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Figure 1. (A) Folding of digital elevation models (DEMs) for slopes proposals and (B), storage areas generated from

contour lines I: Upper view; Il: Cut; A: Area; Z: Depth

data distortion that is present as the water storage areas in
nature is not perfectly replicated in the theoretical geometric
shapes with defined standards. However, this fact was ignored
as the relationship between the area of the polygon and its very
small respective depth would eventually minimize this error.

The effect of the slope of the land leveling on the indicator
qualitative variables of surface drainage, the area percentage

A.
17.0 m

16.0 m

with surface storage, and the volume of water stored on the
soil surface were evaluated by regression analysis.
RESULTS AND DISCUSSION

Figure 2 shows the original DEM areas A, B, C, D and E,
with slopes of 0, 0.2, 0.25, 0.28 and 0.40% respectively, where

o
e o

Figure 2. Digital elevation model (DEM) of the original areas (slope 0%) - A; (slope 0.2%) - B; (slope 0.25%) - C; (slope 0.28%)
- D; and (slope 0.40%) E- and their water storage areas on the surface of the soil (black spots)
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the locally occurring surface water storage areas can be seen.
This paper presents evidence that DEM is an effective tool for
studies of this nature. In the leveled areas, regardless of the
slope, the presence of depressions is explained by the natural
accommodation of the soil after leveling. This phenomenon is
especially observed in “fill” areas, which are the lower locations
that have received soil from higher locations (“cut” areas) of the
field (Liu & Singh, 2004) or by the tillage and field operations.

In Table 1 the size of the areas, the slope, the total surface
area of storage, and the volume (%) stored in the original
areas are represented. A clear trend of decreasing storage
areas is observed as sameone moves from area A with no
slope (21.64%) to E with a greater slope (3.44%).

In Figure 3, area B is depicted as an example of what occurs
due the folding process in the same area as the slope goes from
0 to 0.5%. It shows a visually clear tendency of decreasing the
surface storage values as the slope of the field is increased.

The regression analysis of the surface water storage in
the field as a function of the slope is shown in Figure 4A
while Figure 4B represents the volume of water stored.
Two regressions were obtained for each variable, for better
comprehension, the first regression was between the interval
0-0.5% and the second regression in the inset was adjusted to
the specific interval 0-0.1% (Figures 4A and B respectively).
The first regression for the surface water storage (Figure 4)
presented a value of R* as 0.74 with 1% significance and in the
interval 0-0.1% the R* was valued at 0.88 with 5% significance.

In the regression for the volume of water stored (Figure 4B), the
quadratic regression the value presented for R* was 0.77 with
1% significance, while for the interval 0-0.1% the significance
was 1% and the value of R* was 0.84.

Areas whose land leveling is accomplished with no slope
presented an extremely high average surface storage area of
16.5%. In the event of significant rainfall during the period
of rice plantation, the operations would be compromised and
severely delayed as mechanized planting would face difficulties
due to the poor drainage resulting in a decrease in the crop
productive potential (Slaton et al., 2003; Lack et al., 2012). For
upland crops such as soybeans and corn, Thomas et al. (2005)
emphasized a yield loss and morphophysiological changes
when they are subjected to flooding periods. The soybean
crop, depending on the cultivar, may also exhibit nodulation
problems that may prevent nitrogen fixation.

The areas with no slope presented the highest stored water
volume (47 m® ha), followed sequentially by the slopes 0.1,
0.2, 0.3, 0.4 and 0.5% that presented 29.36, 16.04, 7.04, 2.36
and 2.0 m*ha! of water stored on soil surface respectively.

The data in Figure 4 depict that for the areas in the range
of 0-0.1% slope, the drainage is less affected by the slope in
comparison to areas where the slope is greater than 0.1%
particularly observed in the areas with 0.1-0.3% slope. This
observation is due to the presence of very small slopes, where
the water streams concomitantly in opposite directions or
parallel to the predominant declivity in the land leveling.

Table 1. Size of the areas, slope, total surface area of storage, and the volume (%) stored in the original areas

Field Total area Slope Surface area Surface area of the Volume storage
(m2) (%) of the storage (m2?)  storage/Total area (%) (m® ha')
A 18.920 0 4093.4 21.64 30.8
B 21.200 0.20 1969.5 9.29 10.9
C 17.980 0.25 1584.3 8.81 7.2
D 23.820 0.28 1921.6 8.07 6.3
E 20.800 0.40 716.0 3.44 3.1
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Figure 3. An example of the digital elevation model (DEM) of the area B with the slopes of: 0 (A); 0.1 (B); 0.2 (C); 0.3
(D); 0.4 (E) and 0.5% (F) with the respective water storage areas on the surface of the field (black spots)
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Figure 4. Regression analysis of (A) surface water storage

area and (B) water stored on soil surface in the field as

function of the slope of land leveling

The regressions obtained from the relationships between
the magnitude of the slope with both the storage surface area
and the volume of water stored show some improvement in the
drainage from the slope of 0.3% onwards, but at a very slow
rate (Figures 4A and B). There is a decrease of about 65% in
surface water storage (Figure 4B) when the slope of 0% (16.5%
water storage) when compared to the slope of 0.3% (2.67%
water storage); which is highly important in practical terms
as it can guide land-leveling projects focused on drainage. The
slope levels between 0 and 0.3% are perfectly applied to rice
irrigation with no limitation to water management by flooding
or paddy sizing/dimensions.

The aforementioned results are in accordance with the ones
from Jat et al. (2006), which found that areas leveled with slopes
of about 0.2% provide efficient drainage, generating better
machine traffic conditions at harvesting. On the other hand,
Gayle & Skaggs (1978), when evaluating the surface storage
areas leveled with slope of 0.2% compared to non-leveled
control fields, found that the maximum amount stored in the
leveled fields was 4.0 mm and the minimum 1.0 mm, while
in the non-leveled control fields, the maximum storage was
33.0 mm and the minimum recorded was 13.0 mm.

The results obtained in this study are in agreement with
those of Alvarez-Mozos et al. (2011), who evaluated the
surface storage areas as a function of soil management,
including disking and sub-soiling not necessarily followed by
compressing roller application, which imposed new slopes for
the elevation models generated. The authors found that as the
slope of the field is increased the storage surface decreases.

CONCLUSIONS

1. The surface drainage increases with the slope in the
lowlands in that state of Rio Grande do Sul, Brazil.

2. The most significant improvements on surface drainage
occur between 0.1 and 0.3% of the slope, and the slopes
between 0 and 0.1% demonstrate little to no effect.

3. Land leveling with slopes higher than 0.1% is
recommended to minimize problems with superficial water
storage in arable fields.
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