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ABSTRACT

The efficiency and suitability of different models to estimate infiltration rates in Ferralic Arenosols and Rhodic Ferralsols in southern
Brazil are evaluated in this paper. The influence of nine types of land use and soil management practices on infiltration modeling is also
assessed. Model parameterization was performed fitting 42 experimental infiltration curves obtained by iz situ tests with a double-ring
infiltrometer. Soil characterization was also performed in laboratory. The results were assessed using basic statistical descriptors and
model accuracy indicators (Nash and Sutcliffe efficiency coefficient and root mean square error). The investigated models satisfactorily
simulated the infiltration rates and the most accurate model was modified Kostiakov, followed by the Horton; Singh and Yu; modified
Holtan; Holtan; Philip; Green and Ampt/Mein and Larson and Kostiakov. Different types of land uses and soil management practices
significantly affect the infiltration rates, mainly those combination with great presence of macroporosity that resulted in an erratic
infiltration behavior and affected the infiltration model accuracy.

Keywords: Infiltration rates; Infiltration modeling; L.and-use management; Infiltration test; Brazil.

RESUMO

O objetivo deste trabalho foi avaliar a eficiéncia de diferentes modelos patra estimar as taxas de infiltracdo de agua nos tipos de solo
Ferralic Arenosols e Rhodic Ferralsols localizados na regido sudeste do Brasil, assim como a influéncia de nove tipos de uso do solo e
praticas de manejo na modelagem da infiltracao. A parametrizacao dos modelos foi realizada ajustando-se 42 curvas experimentais de
infiltragao obtidas em campo por meio do infiltrémetro tipo duplo anel. As propriedades basicas do solo das condi¢oes de infiltracio
foram determinadas por meio de ensaios laboratoriais. Os resultados foram avaliados usando estatistica descritiva e indicadores de
acurdcia (coeficiente de eficiéncia de Nash e Sutcliffe e erro quadratico médio). Os modelos investigados simularam satisfatoriamente
as taxas de infiltracio e o modelo mais acurado foi o de Kostiakov modificado, seguido do Horton; Singh e Yu; Holtan modificado;
Holtan; Philip; Green e Ampt/Mein e Larson e Kostiakov. Os diferentes tipos de usos da terra e praticas de manejo do solo afetam
significativamente as taxas de infiltracdo, principalmente nas combinacoes que apresentam macroporosidade, que resultou em um
comportamento erratico da infiltracdo e afetou a acuracia dos modelos de infiltracio.

Palavras-chave: Taxas de infiltragdo; Modelagem de infiltragdo; Praticas de manejo; Ensaios de infiltragdo; Brasil.
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INTRODUCTION

Obtaining and analyzing information on the process
of water infiltration into soil are essential for assessing water
dynamics, estimating surface runoff and groundwater recharge and
evaluating the occurrence of natural processes, such as erosion and
flooding. Infiltration models are used to describe and determine the
infiltration process from collected data, and have been developed
with different objectives, field and boundary conditions and are
relatively simple to use and apply. However, it is challenging to
select an appropriate model to accurately estimate the infiltration
rate for a given field condition given the large number of available
models with different origins, premises and parameters.

Several authors have performed a comparative analysis
of the performance of models for different regions, soil types
and over the past few decades (c.g., Gifford, 1976; Mishra et al.,
2003; Machiwal et al., 2006; Mirzace et al., 2014; Bayabil et al.,
2019). Analyses of soils with different textures and origins have
shown that the soil texture significant impacts the performance
of infiltration models. That is, model performance depends on
the soil type.

However, only a few studies (e.g., Tomasini et al., 2010;
Shao & Baumgartl, 2014; Almeida et al., 2018; Suryoputro et al.,
2018) have analyzed how land use and land management practices
affect infiltration modeling. These practices change the physical
and hydraulic properties of soil surface layers, which introduces
considerable variability into infiltration rates (Shukla et al., 2003;
Varadharajan et al., 2010; Failache & Zuquette, 2018). Studies, such
as that by Suryoputro et al. (2018), showed that the land use type
affects the model accuracy, and Almeida et al. (2018) found that
soil infiltration characteristics ate mote sensitive to the land use
type than the soil tillage practice. Tomasini et al. (2010) investigated
only one type of soil and three types of land management for
sugarcane crops in Brazil. Differences in model performance were
observed, where the Horton model better described the studied
conditions than the Kostiakov-Lewis and Philip models.

As few studies have explored the effects of land uses and
land management practices on soil infiltration characteristics and
the performance of infiltration models, the objective of this study
was to analyze the infiltration behavior for nine types of land uses
and associated management practices in two soil types (sandy and
clayed). The study results provide basic data to assess infiltration
in hydrographic basins to improve territorial planning and adopt

adequate measures to mitigate or control potential environmental
problems related to aquifer recharge, erosion and flooding;

MATERIALS AND METHODS

Description of the study area

This study was conducted on soils classified as Ferralic
Arenosols (sandstone residuals) and Rhodic Ferralsols (basalt
residuals) by the World Reference Base for Soil Resources
classification (Food and Agtriculture Organization, 2015) and
as Quartzarenic Neosols and Red Latosols within the Brazilian
soil classification (Empresa Brasileira de Pesquisa Agropecuatia,
2018). These soils constitute the surface layer of the recharge
zone of the main aquifer in Brazil, the Guarani aquifer. These
two soil types were analyzed because of their high occurrence in
Brazil (Empresa Brasileira de Pesquisa Agropecuaria, 1981) and
highly distinct characteristics in terms of texture, mineralogy,
field capacity, dry soil bulk density, porosity and void index under
different land use types and management practice. In Table 1 is
shown the main characteristics of the soil types.

Ferralic Arenosols and Rhodic Ferralsols are found over an
area of approximately 1 million km? in southern Brazil (Empresa
Brasileira de Pesquisa Agropecuaria, 1981). The study area for
performing experiments and soil sampling encompassed the
Araraquara and Sdo Carlos regions, which is located in the east
central part of Sao Paulo State, Brazil, with central coordinates
21°54°08”S and 48°04°50”W. The two types of soil cover an area
of approximately 670 km? which is approximately 50% of the
extension. The modified Képpen classification (Peel et al., 2007)
of the climate of this region is Cwa, with rains in the summer,
drought in the winter and a mean annual precipitation of 1410 mm.

The region composed of these two soils has been subjected
to different land uses and crop cultivation over the last century
(e.g., livestock, sugarcane, corn, horticulture and different types
of fruits), which associated with management practices change
infiltration rates and therefore the annual groundwater recharge
rates. These changes in infiltration have resulted in a decrease in
the groundwater recharge, and in some zones, lowering of the
groundwater level and increased erosion and flooding, Six main types
of land uses are currently associated with the Ferralic Arenosols
and Rhodic Ferralsols in the Araraquara and Sdo Carlos region,

Table 1. General characteristics of the studied soil types and identified land use types.

saturated
Soil Origin Textur Color hydraulic Depth (m)  Porosity (m) Mineral Landuse t
0! e exture olo . e oros: erals anduse types
P g conductivity P Y ypP
(cm/s)
Pasture, (Brachiaria brizantha),
R Neathering of the o magnette,fore, copere, e
" basalts of the Serra clay-to-loam-clay ~ Reddish brown 104-10° <10 0.50-0.65 e, magnetite, rores ), cultivate > fores
Ferralsols . ’ hematite, goethite and (Eucalyptus sp. and Pinus sp.),
Geral Formation . X N
ilmenite. sugarcane (Saccharum barberi),
banana plantations (Musa sp.)
Pasture, (Brachiaria brizantha),
weathering of the . Forest (semideciduous
) . Sandy (fine and . - .
Ferralic acolian low cemented T Yellowish to g - Quartz, kaolinite and forest), cultivated, forest
medium sand . >10* 5-25 <0.50 S .
Arenosols sandstones of the . reddish yellow gibbsite (Eucabjptus sp. and Pinus sp.),
- . fractions) L
Botucatu Formation sugarcane (Saccharum barberi),
orange plantation
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based on field studies and maps produced by Failache (2018),
which are shown in Table 1.

Different soil management practices were identified for
the study area. Two soil management practices were observed
for pasture. The first practice corresponds to areas with intense
cattle trampling that produce high soil compaction. The second
practice corresponds to pasture without cattle trampling and
with relatively lower compaction of the surface layer. There are
three stages in the management cycle of sugarcane plantations
that lasts an average of 6 years. At the beginning of the cycle
(0-2 years), the soil is less compacted due to furrowing for planting,
The surface soil layer becomes gradually compacted under the
weight of agricultural machines during the middle of the cycle
(2-4 years) and reaches its highest bulk density at the end of the
cycle (4-6 years) (Oliveira et al., 1995). Only one management
stage was identified for the other land use types.

Method - general aspects

Figure 1 shows the steps used to evaluate the infiltration
behavior and the accuracy of the infiltration rates obtained using
eight infiltration models considering nine types of land use and
management practices for two soil types. In broad terms, the steps
comprised field and laboratory studies, determining the model
parameters, modeling the infiltration rates, analyzing the basic
statistics of soil properties and infiltration parameters, obtaining
and comparing the simulated and experimental infiltration curves
and the parameters associated with both the infiltration capacity
and sorptivity. These steps were used to determine the accuracy
of the infiltration rates estimated by the models, where statistical
parameters were used to quantify the differences between the
estimated infiltration rates and those obtained by in situ tests.

Soil sampling and characterization of soil properties

Soil samples were taken nearest to where the infiltration
experiments were performed. The samples were taken down to

Selection of soil type

[ Selection of study area ]

v

Selection of land uses and
management practices

v

In situ infiltration test

Laboratory tests

Development of
experimental
infiltration curves

0.5 m, the depth up to which land use and management types
significantly affect the characteristics (e.g., bulk density, porosity,
hydraulic conductivity and void ratio) of the soil surface layer
and thus the infiltration behavior (Varadharajan et al., 2010;
Failache & Zuquette, 2018). A total of 14 infiltration conditions
(soil types + land uses and management practices) were sampled
considering deformed and undisturbed samples taken from soils
with different at two depths (0.1 m and 0.4 m) in triplicate, resulting
in 252 samples. Trenches (1x1 m) were excavated by hand to reach
the respective sample depth. Soil core sampling was carried out
by removing a thin topsoil layer to exclude excess roots, followed
by carefully placing polyvinyl chloride (PVC) cylinders (with a
height by inner diameter of 4.8x7.5 cm and 15x9 cm) into the
soil to obtain the undisturbed soil samples. The samples were
wrapped in plastic film and bubble wrap to reduce moisture loss
and prevent cracking, The deformed samples (1 kg for each depth)
were obtained using a shovel. All the samples were stored in a
polystyrene box to prevent moisture loss.

The following soil properties were determined in the
laboratory in triplicate for each depth: the silt, clay and sand
content; total porosity (n); void ratio (e); particle density
(0); dry bulk density (g ); saturated hydraulic conductivity
(K) and initial moisture (6i). The measurements for each
property at both depths were averaged to yield the final value.
The undisturbed soil samples were used to obtain K, 6, o, #
and e, and the deformed samples were used to obtain ps and
the clay, silt and sand contents. K_was determined using the
constant head method (Klute & Dirksen, 1986) with Darcy’s
(1856) equation. The initial moisture content was determined
gravimetrically. The dry bulk density of each undisturbed sample
was determined using o, = M_/V , where V. is the total volume
of the soil sample (the internal volume of each PVC cylinder)
and Md is the dry mass of the soil sample. The clay, silt and
sand contents and ps were determined according to Associacio
Brasileira de Normas Técnicas (1984, 1995), respectively.
The values of 7 and e for each soil sample were obtained from
correlations with the soil physical indices, » = 1 — (0,/0_) and
e = n/(1-n), respectively.

Parameterization of
infiltration models

model accuracy

v

[ Application of infiltration models ]

v

(Detet‘minati on of inﬁltration}

[ Excavation of the trench J

Determination of sorpitivity and
potential infiltration capacity
¢ from experimental curves

Determination of sorpitivity and
potential infiltration capacity
from simulated curves

]_

[ Sampling

[ Selection of infiltration models ]7

Result analysis

Figure 1. Sequence of the steps used in this study.
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Infiltration experiments and infiltration curves

A double-ring infiltrometer was used to measure the in situ
infiltration rate based on ASTM D3385-118 (American Society
for Testing and Materials, 2018). The infiltrometer consisted
of two concentric stainless rings (a 30-cm inner diameter and a
60-cm outer diameter) that were embedded in soil up to a depth
of 0.05 m and filled with water. The experiments were performed
at least 5 m away from roads under all infiltration conditions to
prevent border effects. A plate was placed on the top of the rings
and struck regularly with a hammer to drive the rings into the
ground without disturbing the topsoil surface. Note that prescribed
procedures for each land use type were followed to perform the
experiments. For pasture, grass at the soil surface inside the inner
and outer rings was carefully cut with shears; for cultivated forest,
banana, orange and sugarcane plantations, the experiments were
performed between plants; for forest, only the litter was removed.
The height of the ponded water in both rings was maintained
constant at 12 cm in all tests (Bouwer, 1986).

The infiltration rates were determined at preset time
intervals considering the drop in the water level inside a graduated
cylinder with a 30-cm diameter and a 42-cm height. The cylinder
was connected by a hose to a floater installed in the inner ring to
maintain a constant water level. The water level in the outer ring was
maintained manually using buckets. The graduated cylinder needed
to be rapidly refilled with water when carrying out experiments
on soils with high infiltration rates. The water register attached
to the cylinder base was closed, and buckets were used to refill
the cylinder. A graduated ruler was used to measure the water
level inside the inner ring, and the water register was reopened.
Tap water for the infiltration measurements was obtained from
the nearest farms to the measurement locations and stored in
two 200-L barrels. The experiment was carried out for at least
180 minutes to reach steady flow, i.c., the discharge change was
< 0.5% over a five-minute interval. The infiltration rates during the
tests generally stabilized between 100 and 180 minutes. Three trials
were performed for each infiltration condition (combination of
soil type, land use and management type), totaling 42 trials. Three
trials were carried out under each infiltration condition because it
would have been time consuming and expensive to perform more
tests over the entirety of the large extension area. In this study,
it was not find great variability in the three tests considering just
one infiltration condition, because of that additional tests were
not performed. However, is desirable additional infiltration tests
to increase the accuracy of the statistical representation, as well
as, to reduce the variability uncertainty.

The infiltration curves were obtained from the mean
infiltration rates measured by the three double-ring tests over
time for each infiltration condition. The stabilized infiltration rates
were used as the experimental potential infiltration capacity (P1C).
The water infiltration below the inner cylinder of the double-ring
infiltrometer can be considered one-dimensional. As the soil
surface becomes saturated over time (Bouwer, 1980), the water
pressure at the surface decreases to near zero. Therefore, we took
the near steady-state infiltration rate as Ks for comparison with the
laboratory results. The experimental sorptivity (S ) is the matric
component of the infiltration process and is the physical measure
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of a porous medium to take up and release capillary water into
soil (Philip, 1957). A high matric gradient between the dry and
wet portions of the soil results in a matricial contribution during
the eatly stage of the infiltration process. Matricial forces were
considered to influence the infiltration rates up to the inflection
point in the infiltration curve inflection, beyond which the infiltration
rate decreased increasingly slowly until stabilization. The inflection
in the curve obtained for most tests usually occurred within five
minutes. S, corresponds to the slope of the line obtained by
plotting the infiltration rate versus the square root of the time
(Talsma, 1969) for all the infiltration rate points between the
beginning of the test and the inflection point. As S _is a function
of the soil water content, we performed tests during dry periods
(at least 45 days without rain) to obtain the maximum S, that was
used in the comparative analysis.

Infiltration models

The eight infiltration models used to obtain the simulated
infiltration curves, PIC and Sp were chosen based on the ease of
obtaining the model input parameters, ease of application and
successful application reported in the literature (e.g., Mishra et al.,
2003; Sonaje, 2011). The eight selected infiltration models are
shown in Table 2.

The parameters of the eight selected infiltration models
(> £, v, Sp, K, K, he, AY, o, B, o, B, A, m, y,2,n,S,a and
n,) were determined using an inverse solution method called the
generalized reduced gradient (GRG) method, which is suitable for
nonlinear problems, such as the infiltration process (Lasdon et al.,
1978; Zakwan et al., 2016). The GRG generates the parameter
values that produce the best fit between the infiltration curve
obtained in the field and the simulated curve by minimizing the
sum of the squared residuals of the infiltration rates. Note that
nonempirical models, such as the Philip and Green and Ampt
model, were treated as empirical models in this study because
the underlying assumptions of the models were typically not
satisfied (e.g, the uniformity of the soil properties and the initial
water content). Thus, the model parameters were considered
unknowns and subjected to a fitting procedure. The independent
model parameters, such as F and t, were obtained directly from
the infiltration data. However, the S(t) parameter of the Singh and
Yu models could not be obtained directly and was determined
using Equation 1. This equation involves the initial potential
storage (So), the final infiltration rate (f), the observed initial
infiltration rate (f | (1)) and the observed infiltration rate at time t
(f,.(©) determined in the double-ring tests, where the (t-1) index
denotes the preceding interval.

§(0)= 8 +{ /e =0.5[ fops (1)+ fobs (")J}(’ ”(H)) M

Statistics and evaluation of the results

Basic statistics (e.g;, the mean, standard deviation, maximum
and minimum) were used to compile and analyze information

RBRH, Porto Alegte, v. 26, €26, 2021
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Table 2. Models chosen to estimate infiltration rates under the investigated infiltration conditions.

Model Author Equation

Parameter description and characteristics

Horton (HO) Horton (1940) /' = fe+(fo—fe)exp™"

Philip (PH) Philip (1957) £=0585,7%+K
Green and Ampt/ Green & Ampt hoAD
. ) ce
Mein and Larson (1911); Mein & f=Kg [1 + 7 j
(GA) Larson (1973)
Kostiakov (KV) Kostiakov (1932) f=ar? *
Modified Kostiakov Mezencev (1948) eap P

(MK)

Holtan (HO) Holtan (1961)

f=f.+a(Sy-F)'

A[s()]"
[So-5(r)]"

Modified Holtan
(MH)

Huggins & Monke
(1966)

(So—F)

f=fc+al|: P

Singh & Yu (SY)  Singh & Yu (1990) [ =/c+

fis the infiltration rate (mm/h); 0 (mm/h) and & (mm/h) are the initial

and final infiltration rates, respectively; t (h) is the time; and y (min™) is

an empirical constant that reflects how the decay in the infiltration rates
depends on the soil type and land use and management practices.

S (mm/h"/?) is the sorptivity, which is a function of the suction potential,
and K (mm/h)is a parameter with dimension of the saturated hydraulic
conductivity and is related to infiltration gravity factor.

K, (mm/h) is the hydraulic conductivity of the transmission zone, which
may be associated with the saturated hydraulic conductivity; h_ (mm)
is the effective capillarity at the wetting front; I (mm) is the cumulative
infiltration at time t; and A0 is the difference between the saturated
volumetric water content (0) and the initial volumetric water content (0).
(>0) and B (0<B=1) are empirical constants related to the soil suction and

hydraulic conductivity characteristics.
o, and B, are empirical constants related to the suction and hydraulic
conductivity characteristics.
a and 7 are constants that characterize how the soil type and surface layer
conditions depend on the type of land use and management practices; S
(mm) is the initial potential water storage in the soil, which is represented
by the water deficit (total porosity (TP) minusinitial moisture) multiplied
by a predefined depth of a permeable soil layer; and the quantity (So - F)

represents the soil’s capacity to store water.

a, and 7, are constants that depend on the type of soil and the type of land

use and management practices, respectively.

where A, m and y are constants that depend on the characteristics of the

infiltration conditions, which are obtained by fitting experimental data, and

S(t) is the water storage available at time t.

on the characteristics of the infiltration conditions, the trends in
the experimental infiltration curves and the model parameters.
We performed Kruskal & Wallis (1952) and Tukey’s (1953) honest
significant difference (HSD) tests to determine whether the
differences in the combinations of the two soil types, land uses and
management practices were statistically significant. The relationships
between the soil properties, PIC and Sp were analyzed using the
Pearson correlation coefficient (0.05 significance level).

Among the several approaches available to assess model
accuracy, minimizing the difference between the observed and
predicted data is one of the simplest. The performances of the
infiltration models were comparatively analyzed by calculating the
Nash and Sutcliffe efficiency (NSE) coefficient (Nash & Sutcliffe,
1970) using Equation 2 for all combinations of soil types and
land uses. The average efficiency indicator of each infiltration
condition was used as a measure of the model performance in the
absence of bias. The RMSE (Equation 3) was used as an auxiliary
indicator of the model performance by comparing the residual
values between the simulated and experimental infiltration rates.

The higher the NSEs are, the more efficient and accurate
a model is considered to be for describing the infiltration curve.
Thus, models with low RMSEs are preferable to those with high
RMSEs. The RMSE is always positive and only equals zero if all
the infiltration rates measured at different times equal the predicted
values. The NSE ranges from one (perfect model accuracy) to zero
(the error variance is zero) and takes negative values when the
error variance is much larger than the variance of the observations.

RBRH, Porto Alegte, v. 26, €26, 2021

n

Z X (xobs —Xm )2
i=1
n

Z it (xobs —Xobs )2

NSE =1-

)

C)

In the equations above, n is the number of observations;
x . denotes the infiltration rate observed at a time t; x | _denotes
the mean infiltration rate over the entire infiltration test; and x
is the infiltration rate predicted by the model at t.

The experimental infiltration curves were compared with
the model predictions, and the difference between the experimental
and simulated S and PIC values were analyzed. These two analyses
were used to assess the influence of different types of land use
and management on the simulation of the infiltration rates.

RESULTS

Soil properties and experimental infiltration curves

Table 3 shows the physical and hydraulic properties of the
soils obtained for different infiltration conditions (combinations of
land uses and management practices). The expetimental infiltration
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Table 3. Physical and hydraulic properties of the study soil for different land use types and management practices.

2
g B
-~ - o £ %
g @ = 53 g : 2
Q —_ = Q) B Q 2 T
¥ S D tE TR
& z g g % E E: gz g & B~ g2
z z % > g 5 g £ g8 g g 85 EE
3 3 = = b g o 5 0 & < e g
& s s} & 2 3 2 =1 LS s E &
% i ] s a1 % ° o) <
= o Q T ¢ I g o
£ s o g s 2 = 2
& S E = 3 g
A & 2
I
Rhodic Ferralsols ~ 2.900 +- 0.067  48.2 +-11.4 231 +-69 21.6+-39 7.6+-12 31+-0.6 Clay Loam  Sugarcane plantation 1.520 0.48 37.3 6.8
(Red Latosol in (ending of the cycle)
Brazlian soil Sugarcane plantation 1358 0.54 406 130
classification) (middle of the cycle)
Sugarcane plantation 1.300 0.57 35.7 40.0
(beginning of the cycle)
Forest 1.200 0.59 289.0 76.2
Cultivated forests 1.425 0.57 360.0 117.5
Pasture with cattle 1.500 0.58 54.8.0 79.6
trampling
Banana plantation 1.450 0.57 346.8 2371
Ferralic 2.669 +-0.129 43 +-12 74+-32  343+4+-38 474+-14 66+-03 Sand Sugarcane plantation 1.580 0.41 26.5 12.7
Arenosols (ending of the cycle)
(Quartzarenic Sugarcane plantation  1.510  0.43 61.4 86.4
NC?SOI m (beginning of the cycle)
Brazlian ol Pasture withoutcartle 1440 0.46 7185 1908
classification) .
trampling
Forest 1.420 0.47 7644 736.8
Cultivated forests 1.540 0.42 44.0 40.2
Pasture with cattle 1.560 0.42 45.1 12.0
trampling
Orange plantation 1.570 0.41 41.8 86.4

*Average and standard deviation values obtained for each soil property; *Soil grain size was classified by texture triangle proposed by United States Department of Agriculture (1999);

‘Average values obtained for each soil property.

curves and PIC values obtained from in situ tests for the identified
land uses and management practice types are shown in Figure 2.

The physical and hydraulic properties of the studied soil
vary with the land use type and management practice. The Rhodic
Ferralsols are high in clay and silt particles, which are 71.3% of
the soil matrix. By contrast, Ferralic Arenosols are sandy soil
with 88.3% sand particles. Land use and management practices
modify the soil surface layer and therefore, the soil properties.
The @, n and experimental S, values of the Rhodic Ferralsols
were 1.20 to 1.52 g em?, 0.48 to 35.7 mm h™2 and 0.59 to
360 mm h''/2, respectively. Variations in the soil properties of the
Ferralic Arenosols were also observed, where the maximum and
minimum values of the g , n and experimental S, were 1.42 and
1.58 ¢ cm?, 0.47 and 764.4 mm h''/? and 0.41 and 26. 5mm h'/2
respectively.

The in situ test results showed a significant variation in the
infiltration behavior between the two soil types. The infiltration
rates of the Rhodic Ferralsols were generally lower and exhibit
less variability than those of the Ferralic Arenosols. The initial
section of the infiltration rate curves (up to one minute) exhibited
significant variability varying from 1260.0 mm/h (forest-Ferralic
Arenosols) to 60 mm/h (sugarcane plantation in the middle of
the cycle-Rhodic Ferralsols). The inflection in the infiltration
curve for the Rhodic Ferralsols occurred within three minutes for
six out of seven land use and management types, compared to
between three and seven minutes for the Ferralic Arenosols for
four land use and management types and before three minutes
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for the remaining types. The average and standard deviation for
the PIC for Rhodic Ferralsols were 62.4 mm/h and 73.7 mm/h,
respectively, where the lowest and highest values of 8.0 mm/h
and 192.0 mm/h, respectively, were obtained for with sugarcane
plantations (at the end of the cycle) and banana plantations.
The average, standard deviation and maximum and minimum
values for the Ferralic Arenosols are 135.3, 202.0, 468.0 and
9.3 mm/h, respectively.

Considering the land use and management practice
types independently of the soil types revealed a wide range of
behaviors for the infiltration curves presented. The sugarcane,
orange plantations and pastures with cattle trampling had lower
infiltration rates and PIC and S_values than pasture without cattle
trampling, forests and banana plantations. However, different PIC
and Sp values were obtained for the two soils for cultivated forest:
141.0 mm/h and 360.0 mm h''/? respectively, for the Rhodic
Ferralsols and 18.0 mm/h and 44.0 mm h "/, respectively, for
the Ferralic Arenosols.

The K_ values measured in the infiltration tests also
exhibited variability across the land use and management types,
ranging from 6.0 mm/h (Rhodic Ferralsols — sugarcane at the end
of the cycle) to 736.8 mm/h (Ferralic Arenosols-forest). The Ks
results were generally concordant with the PIC values, except for
the Ferralic Arenosols, for which I was 268.8 mm/h higher and
199.2 mm/h lower for forest and pasture without cattle trampling,
respectively, mainly because of macroporosity.

RBRH, Porto Alegte, v. 26, €26, 2021
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Figure 2. Experimental infiltration curves for study soils (Ferralic Arenosols and Rhodic Ferralsols) with different land uses and

management practices.

Infiltration model parameters

Table 4a and 4b shows the parameters obtained by fitting
the experimental infiltration curves to the infiltration model and
the initial moisture content determined by the in situ tests.

The parameters representing the gravitational component
(K, K, f and f ) ranged from 0.1 to 36.7 mm/h for infiltration
conditions corresponding to experimental PIC values below
34 mm/h. Thus, the estimated values were in agreement with the
values obtained from the in situ tests. There was more significant
variation in the parameters for infiltration conditions with higher
PIC values. For example, the infiltration capacity observed in the
field was 192 mm/h for Rhodic Ferralsols in banana plantations,
whereas the estimated parameters ranged from 143 to 219 mm/h.
Agreement was also obtained between the parameters that reflect
infiltration decay and soil suction (i.e., Sp and Hce) and the
experimental Sp parameter, where infiltration conditions with high
Sp values resulted in higher values of the respective parameters.

Accuracy and classification of infiltration models

The RMSEs and NSEs reported in Table 5 generally
indicate a good fit between the simulated and experimental
infiltration curves for nine out of 14 combinations of soil type
with land uses and management practices. The models are ranked
in order of best to worst accuracy for all infiltration conditions as
follows: modified Kostiakov (which most adequately estimated the
infiltration rates); Horton; Singh and Yu; modified Holtan; Holtan;
Philip; Green and Ampt/Mein and Larson; and Kostiakov, with
mean NSEs of 0.964,0.941,0.939,0.936, 0.926, 0.914, 0.912 and

RBRH, Porto Alegte, v. 26, €26, 2021

0.905, respectively, and mean RMSEs of 9.87,11.87,12.01, 12.55,
13.12,13.27 13.89 and 17.78 mm/h, respectively.

Simulated infiltration curves

Simulated infiltration curves (Figures 3 and 4) were
developed by applying the infiltration parameters to the models
(Table 4a and 4b). Figure 5 is a comparison of the Sp and PIC
values obtained from the experimental and simulated infiltration
curves. The relationship between the PIC and Sp values obtained
from the simulated infiltration curves is also shown.

The data presented in Figure 5a show that for the models
simulated using infiltration conditions corresponding to experimental
PIC values below 34 mm/h, the maximum difference between the
estimated and observed values was =5 mm/h, and the standard
deviation between the infiltration models was below 2 mm/h.
For infiltration conditions corresponding to experimental PIC values
between 35 and 200 mm/h, the maximum difference between the
observed and predicted values was £29 mm/h, with a standard
deviation between the infiltration models of approximately 9 mm/h.
However, the data with the highest dispersion were obtained
under infiltration conditions corresponding to experimental
PIC values above 300 mm/h, where the maximum difference
between the observed and predicted values was 238 mm/h and
the standard deviation between the infiltration models was higher
than 15 mm/h. Figure 5b shows a good fit was obtained for the
combination of soil type with land use and management practices
cotresponding to experimental Sp values below 30 mm h'/? where
the differences between the measured and predicted values were
below £1.8 mm h'"/% However, differences up to 20 mm h"'/*and

7/17



d modeling

1n situ tests an

Soil water infiltration under different land use conditions

A} 21039q UORIPUOD P[AY Y} UT PAUILI(O 9aN[BA O[3} SEM JUIIVOD JILM JLIIWN[OA [ENIUT PaIIPISUOD vr:”b $3189) »thuNhOﬂN_ »\mn— paurelqo ;ﬁ_mOuOQ [e303 243 sem auuDENuN& SIY3 JO onfeA ﬂuu&O_.u.a Y L. .quHUENhNQ [PpOowW UB}[OH 2+t i

‘Buruuidaq 1891 vonEN[YUT

0

S .u ‘u ‘v ‘s1ovowrered [Ppows

A0SO pagipow axv o/ pue ‘1 ‘1 sorpwered pPpow Aoyensos] are ¢ pur » ‘siapwesed pPpow suolIof] a5e & pur i/ 9/ sipwered ppow vosie| pur wpN-Adwy pr usain) a3e 1 put s Yy Wi sy Ssimowrred ppow dijryg 2xe dg pue y :puady|

1’6

§sl

L'ee
¥'SsT

L'61T

6°66

€91

6'L9
6'l¢

0¥

st

6C

S'LT L8

91 €9

00T 9
0°0ss 8¢

6Cly 0¢

6'0% S9

901 0's

9'eve 0¥

1'se 9

o9l e
S'LL 81

€0c 'y

Ll 99

[ 1

100000°0

€00000°0

€00000°0
100000°0

0000

1000070

€0

€00000°0

L00000°0

100°0
0T

100000°0

00T

6l

86

1’0
9'68%

(4113

0'9¢

6

1’661

LT

89¢1
9'9¢

981

6

0's

0560

L95°0

120
9880

9950

8CL0

S0l

106°0

€9L°0

60
689°0

S€6°0

6¥¢0

809°0

60

'S

0'1e
'8¢

T8s

S0

89

¥y

€yl
L'SC

90

S0t

6'¢

¥9¥°0

860

120
12e0

S€T0

800

2s°0

86C0

0et’0

er'0
1LS0

8LC0

68C°0

L8Y'0

(0]

6Tl

012
sy

S§yse

oLl

8l

€911
€9

(8

L

§'9¢

€9¢

09
§'6¢

L9¢

Ly

1'0¢
Tee

8'81

§'ee

¥orl

8101

¥'Cs
1rogLe

6'L9CT

9¢lL

8¢6

CLL

8611
088

L6

9

S6

081

Ll

€0c
§'Css

¢y

01y

01t

61T

LYC

8291
8'LL

€0c

LT

801

cro

cro

€ro
80°0

Y10

10

0€0
Eray

0¢°0

8¢0

o

444

440
L¥'0

90

o

LS0

8¢°0

LS°0
650

<0

8¥°0

LT0

620

LT0
8¢°0

620

LT0

0

920

LT0
1424

{4

20

0C0

L'6C

6'LT

8T
¥'88¢C

8'L9

<
[Tl

9'8¢

LYY

0°0¢€
9CI8

0ce

€6

el

444
reey

9¥0¥

8'C6
LSl

991

0Ll

L9

'8
CSLE

8091

SPIL
118

49

o¢t

LYy

1L

81
$°66¢

8'90¢

0'0¢

6’1

oerl

8’6
0'sc

Sl

uwoneyue[d
2Buer
Suydwen apyed
A 2INISE
159303
pareannyy
18930,]
Suydwen apyed
INOYIA 2FNISEJ
(opfo op
30 Suruursaq)
vopewuerd
suededng
(op4o
oy jo Surpuo)
vopeyued
suedIesng
voneiue[d
eurURg
Sundwen aped
YA oIISEJ
$182103
pareanny)
18930,
(opfo o
30 Suruurdoq)
vopviueld
suedredng
(opfo
U JO A[ppru)
vopeued
suedresng
(oo
o jo Surpuo)
uwoneue[d
Juedresng

(uoneoyssed
[10s ueIIZEIg
Ul [0SO0IN
Jruarezieny))
S[OSOUDIY/ DI[EIId,]

(uoneoyissed
[10s ueIIZEIg
ur [0S01E'] PY)
S[OS[LI32,] JIPOYY

() s

(q/mm)of — u

(q /) §

'

(orw) & (g /u) f () of

1

a0

)

ov

() g

Oz
N

Au\—
:&E&
§

(g/worer)
y

ueloy

AOYENSOY PIYIPO

Ao3ensoy|

U0lI0OH

uosie] pue URN-1dwe pue usdIn

LUILE

ssopoerd
juswodeurwr
ros pue 2d£y

asn pue

2dfs frog

'$0010e3d JuoWwOSEURW pue

sosn pue] pue s9d£) [10S JO SUONBUIQUIOD 1UIIIJIP SULIDPISUOD S[OS[EFId,] IIPOY PUE S[OSOUIFY JI[eFId,] U3 JOJ SIAIND UONEN[FUT Y} 2ILWNSI 0 pasn siojowered [OPOJA “e S[qe],

RBRH, Porto Alegte, v. 26, €26, 2021

8/17



Table 4b. (cont.) Model parameters used to estimate the infiltration curves for the Ferralic Arenosols and Rhodic Ferralsols considering

Failache & Zuquette

different combinations of soil types and land uses and management practices

Land use type and Modified Holtan* Singh and Yu
Soil type soil management X ]
practices a, o, fc (mm/h) s, (mm) A m y fc (mm/h) s, (mm)
Sugarcane
plantation (ending 9.0 1.2 11.1 2.9 3,00E-02 0 10.11 10.8 53.9
of the cycle)
Sugarcane
plantation (middle 0.00001 5.3 17.3 12.3 2.34 0.709 0.36 0 40.9
of the cycle)
Rhodic Ferralsols Sugarcane
(Red Latosol in plantation
. .. () 9
Brazian ol (oqoming of the 02 32 204 32 0.85 0 3.29 19.1 65.0
classification) cycle)
Forest 0.00002 3.8 75.1 51.4 0.81 1.678 1.43 62.4 135.3
Cultivated forests 0.000002 3.9 161.7 76.0 1.29 1.575 0 152.6 311
Pasture with cattle 0.000001 54 252 14.7 0.86 1.149 0.29 0 420
trampling
Banana plantation 0.1 2.0 221.7 27.2 127991 0 1.57 203.3 58.0
Sugarcane
plantation (ending 0.02 4.5 10.7 3.0 9,00E-07 0.003 22.69 12.8 5.1
of the cycle)
Sugarcane
plantation . q
Ferralic Arenosols  (beginning of the 0.000006 6.8 429 5.6 3.60 0.807 0.21 20.5 19.2
(Quartzarenic cycle)
Neosol in ;
Brazilian soil l:j:ttl‘;rfm":;hﬁgt 0.00004 3.0 4130 119.7 1.63 1.955 1.47 403.0 623
classification) Forest 0.000002 33 5345 232.8 388.43 0.066 0.00 5544 145
Cultivated forests 0.02 2.1 21.2 15.1 2.30 0.959 0.25 24 18.4
Pasture with cattle 0.000003 53 16.9 11.6 142 0.782 113 129 35.6
trampling
Orange plantation 0.000001 67 17.7 7.2 137 0.808 0.65 9.2 37.8

Legend: 4, 1, f, S are Holtan model parameters.; a, m, n, fc and So are Singh and Yu model parameters. ‘the total porosity for each infiltration condition is presented in Table 1.

a trend toward smaller simulated values were observed for
infiltration conditions corresponding to experimental Sp values
above 200 mm h'/? Differences of up to £11.2 mm h'/* were
observed for infiltration conditions cortesponding to experimental
Sp values between 100 and 200 mm h''/2

DISCUSSION

General comments

The main study results show different soil properties and
infiltration rates for Ferralic Arenosols and Rhodic Ferralsols,
as well as for different land uses and management practices.
The infiltration capacity and Sp was not clearly correlated with
studied soil properties (1, od, s and texture) for more than 40%
of the infiltration conditions. Different model fits were obtained
under different infiltration conditions. The models are ranked in
order of best to worst accuracy as follows: modified Kostiakov
(the model that most adequately estimated the infiltration rates),
Horton; Singh and Yu; modified Holtan; Holtan; Philip; Green
and Ampt/Mein and Larson and Kostiakow.

The procedures used in the study enabled us to determine
and characterize the basic properties and infiltration behavior of
soil and to evaluate the ability of infiltration models to simulate
infiltration curves under different infiltration conditions. Although
good results are obtained using the double ring method (Bouwer,
1969), which can be used to determine infiltration rates of large areas,
a considerable quantity of water and time are needed to characterize

RBRH, Porto Alegte, v. 26, €26, 2021

several infiltration conditions. Thus, faster methods that use lower
water volumes are essential for infiltration studies on large areas to
obtain an overview of the infiltration behavior of a study region.
Indicators of the model performance were used for two soil types
with different land use and management in this study and permitted
to evaluate those infiltration conditions. Having briefly reviewed
the main results and analyzed the study methodology, we assess the
results and discuss the potential implications.

Soil characteristics and infiltration behavior

Different soil characteristics and infiltration behavior were
obtained under different infiltration conditions in this study. A linear
regression (Figure 6d and 6¢) showed the PIC of the Ferralic
Arenosols was strongly negatively and positively correlated with
0, and 1, respectively, with R? values of 0.90 and 0.94, respectively.
This result is a statistical indication that the infiltration capacity
is strongly affected by land use and management. However, the
absence of a clear correlation between the PIC and soil properties
for the Rhodic Ferralsols (Figure 6a and 6b) was attributed to
macroporosity, as observed by Fagundes & Zuquette (2012) and
Failache (2018), which can significantly modify infiltration rates
in these soil types. Thus, the properties of the two studied soils
do not adequately explain the infiltration behavior for the Rhodic
Ferralsols, because the PIC could not be clearly correlated with
the soil properties under all the infiltration conditions studied.

As previously discussed, the linear regression analysis did not
show a statistically significant correlation between the PIC and the
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Table 5. Statistical parameters for the results obtained by infiltration modeling;

Land Model Land Model
classification classification
Soil type m;;s: ?:ndem Model (xs/i) NSE based on Soil type m;;s: ?:ndem Model (21:’[118/]}521) NSE based on
8 NSE values B¢ NSE values
practice 1 practice 1
Rhodic Sugarcane PH 3.20 0.922 G Ferralic Sugarcane PH 3.50 0.896 ST
Ferralsols plantation GA 3.65 0.871 ST Arenosols plantation GA 3.59 0.900 G
(ending of . (ending of .
HO 3.16 0.960 VG - HO 1.88 0.970 VG
the cycle) the cycle)
KV 3.66 0.919 G KV 4.03 0.889 ST
KM 2.86 0.927 G KM 1.47 0.981 VG
HT 3.62 0.945 G HT 2.00 0.967 VG
HM 3.62 0.945 G HM 2.07 0.966 VG
SY 3.29 0.932 G SY 3.79 0.849 ST
Sugarcane PH 4.56 0.846 ST Sugarcane PH 3.18 0.920 G
plantation GA 456 0.846 ST plantation GA 3.87 0.918 G
(middle of (middle of
HO 333 0.893 ST HO 6.04 0.826 ST
the cycle) the cycle)
KV 227 0.937 G KV 4.31 0.854 ST
KM 221 0.939 G KM 3.53 0.933 G
HT 3.24 0.893 ST HT 6.16 0.820 ST
HM 3.27 0.891 ST HM 6.74 0.813 ST
SY 3.63 0.860 ST SY 1.77 0.984 VG
Sugarcane PH 3.23 0.906 G Pasture PH 42.89 0.921 G
plantation GA 257 0.941 G without cattle GA 57.56 0.878 ST
beginning of . trampling .
N HO 1.85 0.961 VG HO 32.64 0.960 VG
the cycle)
KV 4.90 0.805 ST KV 63.70 0.836 ST
KM 1.73 0.971 VG KM 44.24 0.929 G
HT 1.95 0.958 VG HT 30.00 0.963 VG
HM 1.99 0.955 VG HM 30.00 0.963 VG
SY 1.47 0.978 VG SY 36.19 0.942 G
Forest PH 35.32 0.822 ST Forest PH 33.35 0.956 VG
GA 18.91 0.975 VG GA 33.18 0.951 VG
HO 17.72 0.984 VG HO 37.03 0.955 VG
KV 20.68 0.978 VG KV 55.50 0.907 G
KM 13.07 0.985 VG KM 31.83 0.959 VG
HT 17.93 0.985 VG HT 37.90 0.954 VG
HM 17.11 0.986 VG HM 3891 0.951 VG
SY 24.51 0.955 VG SY 45.88 0.912 G
Cultivated PH 28.12 0.933 G Cultivated PH 293 0.897 ST
forests GA 22.71 0.960 VG forests GA 5.29 0.708 uT
HO 17.23 0.982 VG HO 1.66 0.968 VG
KV 37.89 0.910 G KV 1.25 0.980 VG
KM 13.12 0.986 VG KM 1.26 0.980 VG
HT 17.64 0.981 VG HT 1.40 0.975 VG
HM 17.38 0.981 VG HM 2.03 0.957 VG
SY 27.10 0.925 G SY 1.95 0.945 G
Pasture PH 4.57 0.947 G Pasture PH 1.27 0.990 VG
with cattle GA 422 0.961 VG with cattle GA 231 0.975 VG
trampling trampling
HO 6.10 0.917 G HO 2.43 0.979 VG
KV 5.22 0.934 G KV 2.27 0.977 VG
KM 3.85 0.967 VG KM 1.15 0.992 VG
HT 5.83 0.923 G HT 2.09 0.983 VG
HM 5.89 0.922 G HM 2.10 0.985 VG
SY 4.01 0.946 G SY 2.14 0.968 VG
Banana PH 24.36 0.931 G Orange PH 391 0.913 G
plantation GA 17.88 0.960 VG plantation GA 3.41 0.922 G
HO 29.38 0.918 G HO 5.17 0.896 ST
KV 37.96 0.843 ST KV 5.32 0.894 ST
KM 15.44 0.977 VG KM 247 0.967 VG
HT 51.31 0.710 uT HT 4.73 0.902 G
HM 32.08 0.893 ST HM 4.90 0.898 ST
SY 17.03 0.970 VG SY 234 0.977 VG

Legend: PH = Philip’s model; GA = Green and Ampt-Mein and Larson model; HO = Horton’s model ; KV = Kostiakov’s model; KM = Modified Kostiakov’s model; HT = Holtan model;
HM = Modified Holtan model; SY = Sing and Yu model; ST = Satisfactory; UT = Unsatisfactory; G = Good; VG = Very Good; 1*Classification based on Mishra et al. (2003) proposition.
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Figure 3. Comparison of the experimental and modeled infiltration rates for Rhodic Ferralsols. Legend: PH (Philip), GA (Green
and Ampt-Mein and Larson), HO (Horton), KV (Kostiakov), KM (modified Kostiakov), HT (Holtan), HM (modified Holtan) and

SY (Singh and YU).

analyzed soil properties for one of the studied soils. However, lower
infiltration rates and PIC values were found for the combinations
of soil type and land uses that generally correspond to highly
compacted conditions and vice versa. For example, the land uses and
management practices (e.g., sugarcane, orange plantation, pasture
with cattle trampling) that produced the highest dry o, values for

RBRH, Porto Alegte, v. 26, €26, 2021

Ferralic Arenosols (> 15 kN/m?) corresponded to much lower
PIC values (34 mm/h) than combinations with lower od values
(PIC > 390 mm/h). For the Rhodic Ferralsols, the two infiltration
conditions corresponding to high compaction (pasture with cattle
trampling and sugarcane at the end of the cycle) also corresponded
to the two lowest PIC values; however, cultivated forest and banana

11/17



Soil water infiltration under different land use conditions: in situ tests and modeling

1400

80
w--et---- PH —ee--- GA

_ - HO e KV
g 60 @ KM --X---HT
E ce- HM cetree SY
L
= —e— Observed
=40
=
2
£
f._. Sugar Cane plantation
= 20

1200

iy

000

800

600

400

Infiltration rate (mm/h)

200 A
Forest

0 T T T T
20

40 60 100
Duration (min)

Infiltration rate (mm/h)

Infiltration rate (mm/h)

Sugar Cane plantation 10 1 )
B (Beggining of the cycle) g Cultivated forest
0 20 40 60 80 100 0 20 40 60 80 100
Duration (min) Duration (min)
we-et--- PH 8- GA
T (0) e KV
- KM --%-- HT
o=k~ HM ---o---- SY

Infiltration rate (mm/h)

—e—— Observed

Pasture
(With cattle trampling)

200 Pasture SR e o e -
i (Without cattle trampling)
T T T T T 0+ T T T T 1
0 20 40 | 60 80 100 0 20 40 60 80 100
Duration (min) Duration (min)
120
. . ¢ 8- GA
100 & -2 HO e KV
T o= KM --%-- HT
£ 80 - HM - SY
§ 1 —e— Observed
= 60
£
£ 40
E Orange plantation
20
0 T T T T i
0 20 80 100

40
Duration (min)

Figure 4. Comparison of the experimental and modeled infiltration rates for Ferralic Arenosols. Legend: PH (Philip), GA (Green
and Ampt-Mein and Larson), HO (Horton), KV (Kostiakov), KM (modified Kostiakov), HT (Holtan), HM (modified Holtan) and

SY (Singh and YU).

plantation had a high o, (> 1.4 g cm?), as previously mentioned,

and macroporosity affected the infiltration behavior.

Performing a linear regression on PIC and K (Figure 7c and 7f)
produced a positive correlation with an R* of 0.86 and 0.72 for

12/17

Rhodic Ferralsols and Ferralic Arenosols, respectively, indicating
that reliable PIC values were measured in the infiltration tests.
The main variability found in the Ferralic Arenosols (forest and
pasture without cattle trampling) may be attributed to the test area,

RBRH, Porto Alegte, v. 26, €26, 2021
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Figure 6 Linear regression of experimental potential infiltration capacity with soil properties (dry bulk density, total porosity and
saturated hydraulic conductivity): (a), (b) and (c) correspond to the Rhodic Ferralsols; (d), (¢) and (f) correspond to the Ferralic Arenosols.

which is considered large for double-ring infiltrometer tests, and
can exhibit a high macroporosity.

The infiltration curves in Figure 3 show three distinct
regimes for the infiltration rate: between the beginning of the test
and the beginning of the inflection point, the inflection region
and the end of the curve. Significant variability in the infiltration
rates was observed over the first regime. Infiltration rates below
120 mm/h were observed for land use types producing intense
compaction and patticle rearrangement of the soil (sugarcane and
orange plantations and pasture with cattle trampling). However,
high infiltration rates ranging from 700 mm/h to approximately
1200 mm/h were observed for the land use types that do not
produce such intense compaction and are attributed to the strong
influence of the macroporosity on infiltration and the water deficit
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(0,-0),1.c., the higher the water deficit was, the higher the infiltration
rate was. To determine the size and extension of the macropores
and better explain the infiltration rates, cross sections were taken
of the samples used in the saturated hydraulic conductivity tests.
The macropore size varied from 0.1 mm to more than 8 mm for
the Rhodic Ferralsols (banana plantation) and Ferralic Arenosols
(forest) (see Figure 7a and 7b, respectively). This macroporosity
was primarily induced by roots and animals. In most samples in
which microporosity was identified, the pores were completely
or partially connected.

The inflection in the infiltration curve generally occurred
before three minutes of testing under high compaction conditions.
However, the inflection occurred between three and seven minutes
for the other land use and management types, which may be attributed
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Macropores with
variables sizes

Figure 7. Cross section of samples used in saturated hydraulic conductivity test showing the presence of macropores in (a) Rhodic

Ferralsols (banana plantation) and (b) Ferralic Anenosols (forest).

to the high porosity and presence of macropores in these soils,
which increase the time required to fill pores with water. The final
portion of the curve for infiltration conditions corresponding to
PIC values below 100 mm/h tended to stabilize faster before the
PIC was reached. Infiltration conditions corresponding to PIC values
above 100 mm/h produced a higher vatiation in the infiltration rates
and a longer time for stabilization. This result can be attributed to
the longer time required for water to fill the macropores identified
in the soils with the respective land uses and management.

The Kruskal-Wallis and Tukey tests were used to determine
whether there were significant differences between the combinations
of soil types and land use and management considering the PIC
values. The p value from the Kruskal-Wiallis test was lower than the
0.05 significance level, indicating that the median of the population
of the groups was not equal; thus, there were differences between the
infiltration conditions. Two main groups of infiltration conditions
were identified based on the Tukey test. The first group corresponded
to the Ferralic Arenosols, with sugarcane at the beginning and end
of the cycle, orange plantations, pasture with cattle trampling and
cultivated forest and the Rhodic Ferralsols with sugarcane at the
beginning, middle and end of the cycle and pasture with cattle
trampling. A maximum average PIC of 34 mm/h was reached
under these infiltration conditions. The second group corresponded
to the Rhodic Ferralsols with cultivated forest, forest and banana
plantations and the Ferralic Arenosols with pasture without cattle
trampling and forests, which corresponded to average PIC values
above 48 mm/h. However, the infiltration conditions within the
second group were not equivalent, that is, these conditions did not
correspond to the same statistical behavior. These results corroborate
the soil characterization and infiltration data showing that land use
and management affect infiltration behavior and rates.

Infiltration model evaluation

Good results were generally obtained using the considered
infiltration models for most infiltration conditions. A comprehensive
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and qualitative analysis of the mean statistical indicators for all the
infiltration conditions was used to evaluate the selected models
more generally in terms of accuracy and the infiltration curves
generated for the different infiltration conditions. Mishra et al.’s
(2003) proposition was used as the evaluation criterion: infiltration
conditions with NSEs between 1 and 0.95, 0.95 and 0.90, 0.90 and
0.75 and less than 0.75 were classified as very good, good, satisfactory
and unsatisfactory, respectively.

Considering the NSEs for all the infiltration conditions,
only the modified Kostiakov model fell into the very good class,
whereas the other models were classified as good. The modified
Kostiakov model outperformed the other models in terms of lower
RMSEs. Zolfaghari et al. (2012) and Sihag et al. (2017) similarly
found that the modified Kostiakov model fit measured data better
than other models. Bayabil et al. (2019) and Mishra et al. (2003)
found that the Horton and Singh and Yu models provided good
fits to infiltration data, which is consistent with the results obtained
in this study that these two models produced the second and third
most accurate simulated infiltration rates. The Kostiakov and Green
and Ampt and Philip models exhibited the worst performance
and generated the highest residual values among the considered
models. Jacka et al. (2016) reported similarly high RMSEs using
the Philip and Green and Ampt/Mein and Larson models.

Separate analyses of the land uses and management practices
showed that for the nine infiltration conditions corresponding to
high compaction, few macropores and infiltration capacities below
35 mm/h, accurate simulated infiltration curves were obtained
with RMSEs below 5 mm/h and a low standard deviation for
the estimated PIC and Sp. However, for the five infiltration
conditions corresponding to low compaction, high macroporosity
and measured PIC values above 35 mm/h, a high RMSE was
obtained, as well a large dispersion in the simulated PIC and
Sp values relative to the experimental values. These infiltration
conditions correspond to banana plantations, cultivated forest
and forest with Rhodic Ferralsols and forest and pasture without
cattle trampling with Ferralic Arenosols, which produced RMSEs
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above 15 mm/h in practically all the analyzed models. Note that
applying the modified Kostiakov model to pasture without cattle
trampling and with Ferralic Arenosols produced RSMEs of
up to 63.0 mm/h. Suryoputro et al. (2018) obtained a similatly
high RMSE by applying models to forest, which was considered
unsatisfactory performance.

These high RMSEs are attributed to the infiltration data
obtained in the field in this study. These data include the effect of
soil heterogeneity and macroporosity (as previously identified by
Fagundes & Zuquette (2012), Failache (2018) and in this study)
under the considered infiltration conditions, which resulted in
erratic infiltration rates. The considered models were not designed
to be applied under conditions of heterogeneity and macroporosity,
i.e., the characteristics of the infiltration conditions (hydraulic
conductivity, initial moisture, porosity and suction) did not meet
the assumptions and boundary conditions of the models. Thus,
the simulated infiltration curves did not fit the data well, resulting
in poor model performance.

A comparison of the types of model used to simulate
the infiltration conditions in the presence of macroporosity
and heterogeneity generally showed physical models performed
below empirical models. However, the physical models tended
to be more accurate for analyzing land uses and management
practices that produce high compaction and homogenization of
the soil structure. For example, applying the Green and Ampt/
Mein and Larson model to pasture with cattle trampling and
Rhodic Ferralsols produced the second-best performance for
this infiltration condition. This result is corroborated by that of
Mishra et al. (2003), who found a high accuracy using physical
models to simulate infiltration rates based on laboratory data,
which are more homogencous than those based on field data and
therefore agree well with experimental results.

Other models with more parameters could be applied to
infiltration conditions that do not conform to the assumptions
made in the commonly used infiltration models considered in this
study. Although increasing the number of parameters generally
improves model performance, overparameterization may occur,
and parameter uncertainty may increase (Perrin et al., 2001).
To solve this problem, an optimum model with the lowest number
of fitting parameters for the same fitting condition could be
defined using several statistical techniques, such as the F-statistic
(Green & Caroll 1978), the F-statistic and Cp statistic of Mallows
(1973) and the Akaike information criterion (AIC) (Carrera &
Neuman 1986). It is important to consider that the best model
for a specific infiltration condition may not be applicable to all
types of problems.

CONCLUSIONS

High variability is observed for data obtained for different
combinations of soils with land uses and management practices.
Thus, different conditions for a hydrographic basin, in terms of
infiltration and runoff rates, can be generated depending on the
predominant combination in the basin that can change from one
year to the next. The specific land uses and management practices
developed in a basin can be used as basic input to a selected
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model to simulate infiltration behavior and forecast potential
environmental problems, such as erosion and flooding.

The estimated parameters reflecting the gravitational and
matrix components in the infiltration models were significantly
influenced by the macroporosity, void ratio and porosity. These
parameters were considerably higher for infiltration conditions
corresponding to high macroporosity, void ratios and porosities
than for more compacted and homogeneous infiltration conditions.

The modified Kostiakov, Horton and Singh and Yu models
can be applied to accurately estimate infiltration rates for the
land use and management types used with Ferralic Arenosols
and Rhodic Ferralsols. The Kostiakov model exhibited the worst
performance among the investigated models by underestimating or
overestimating the infiltration rates. The modified Holtan, Holtan,
Philip and Green and Ampt/Mein and Larson models exhibited
satisfactory to good performance in estimating the infiltration rates
under eight infiltration conditions. The land uses and management
practices affected the accuracy of the selected infiltration models.
Poor model performance was generally observed for land uses and
management practices that produced low-compaction soil layers
with high porosities and void ratios, high degree of macroporosity
and heterogeneity, which generated an erratic infiltration behavior.
By contrast, the most accurately simulated infiltration rates
were obtained for conditions corresponding to land uses and
management practices that produced high compaction and low
porosities and void ratios.
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