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and Otto Corréa Rotunno Filho

Soilwaterretention data are fundamentalin soilmodeling studies. Temperate
pedotransfer functions (PTFs) have been commonly used to estimate water
retention of Brazilian soils, mainly because of the lack of soil data for Brazil.
However, these PTFs may not be suitable for tropical or subtropical condi-
tions such as those found in Brazil. The objective of this study was to establish
a dedicated Hydrophysical Database for Brazilian Soils (HYBRAS) suitable
for PTF development. Data present in HYBRAS comprise 445 soil profiles with
1075 samples and are representative of a wide range of Brazilian soils. The
data are organized in a relational structure of tables that cover general site
descriptions, land cover, and hydrophysical and chemical measurement
methods. Raw data (e.g., water retention points covering the 0-15,000-cm
suction range) and derived data are included in the tables. Another objec-
tive of this study was to use the database to compare the accuracy of water
retention estimates based on PTFs developed for Brazilian and temperate
regions. In general, the Brazilian PTFs performed better than the temperate
models, especially for weathered (Ferralsols, Acrisols, and Nitisols) fine-
textured (clay, sandy clay, clay loam, silty clay loam, and silty clay) soils.
Silt content was not a successful criterion for distinguishing performance of
Brazilian and temperate PTFs for Brazilian weathered soils. The water reten-
tion of weathered soils was shown to differ from that of temperate soils due
to differences in pore structure resulting from their clay content and mineral-
ogical nature, thus confirming results reported in the literature.

Abbreviations: HYBRAS, Hydrophysical Database for Brazilian Soils; HYPRES, Hydraulic
Properties of European Soil; ME, mean error; pF, log, g suction; PTF, pedotransfer function;
UNSODA, Unsaturated Soil Hydraulic Database; VG, van Genuchten.

Soil water retention data are fundamental in soil modeling studies. Their
direct measurement is costly and demands intense field work, which makes it infeasible
for large arcas. As a result, pedotransfer functions (PTFs) (Bouma, 1989) are being
developed and used increasingly to estimate water retention data from routinely avail-
able soil measures.

Brazil plays an important role in the development of tropical water retention PTFs (Botula
ctal., 2014). Barros and de Jong van Lier (2014) extensively reviewed water retention
PTFs for Brazilian soils. These PTFs are commonly developed to estimate the available
water content on the basis of field capacity and permanent wilting point, with their use
often restricted to certain types of soils or geographic regions (Barros and de Jong van Lier,
2014). To our knowledge and according to Barros and de Jong van Lier (2014), the studies
by Tomasella and Hodnett (1998), Tomasella et al. (2000, 2003), Tormena and da Silva
(2002), de Mello et al. (2005), Fidalski and Tormena (2007), da Silva et al. (2008), Fiorin
(2008), Barros et al. (2013) and Medrado and Lima (2014) are the main publications on
PTF development in Brazil for water retention parameters, so-called parametric PTFs,
which then can be used directly in mathematical models (Patil and Singh, 2016). The
above PTFs were generated using limited soil databases and/or specific geographic regions,

whereas some of their predictors are not easily accessible, such as the moisture equivalent
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used in Tomasella et al. (2000, 2003). Since these facts limit the
use of the parametric Brazilian PTFs in soil modeling studies, tem-
perate PTFs are frequently used for Brazilian soils.

One of the main reasons for slow advances in PTF development
in Brazil relative to temperate regions is the lack of an organized
hydrophysical soil database (Barros and de Jong Lier, 2014).
However, a study by Ottoni et al. (2014) pointed to the viabil-
ity of setting up an extensive and representative hydrophysical
database for Brazilian soils based on a survey of 52 publications
containing information available on soil hydrophysical properties.
The BDSOLOS (Brazilian Soil Information System Database;
BDSOLOS, 2017), a database containing soil profile data and
samples from all regions of Brazil, was recently launched. However,
this database contains few measurements of hydraulic properties.
For example, only 14 of the records contain water content datain a
broad suction range (015,000 cm). More extensive soil databases
with hydrophysical data exist for temperate environments, such
as the Unsaturated Soil Hydraulic Database (UNSODA; Nemes
etal., 2001), and, more recently, the European Hydropedological
Data Inventory (EU-HYDI; Téth et al., 2015).

The indiscriminate application of temperate PTFs to tropical
soils may lead to inconsistent and misleading modeling results
and to inappropriate or faulty decision making (Botula et al.,
2012). Temperate PTFs may fail to represent the typical hydrau-
lic functioning of tropical soils, such as the hybrid behavior of
Oxisols, which have a predominance of kaolinitic and oxidic clays
(Tomasella and Hodnett, 2004). Additionally, temperate soil
PTFs only minimally cover the clay content ranges usually found
for tropical Oxisols (Tomasella and Hodnett, 2004). Hodnett
and Tomasella (2002) and Minasny and Hartemink (2011)
reported other relevant differences between tropical and temper-
ate soils, such as in the bulk density and cation exchange capacity.
Tomasella et al. (2000), Reichert et al. (2009), Botula et al. (2012),
and Nguyen et al. (2015) corroborated the better performance of
tropical soil PTFs, in relation to the temperate PTFs, for estimat-
ing some of the hydraulic properties they investigated. In contrast,
Manyame et al. (2007) noted that temperate PTFs can be used to
model the hydraulic properties of sandy soils from Nigeria with
reasonable reliability. Botula et al. (2012) highlighted that the tem-
perate PTFs from Schaap et al. (2001) predicted water retention
at field capacity and wilting point of African tropical soils well.
Therefore, expanding our knowledge of the interface between the
hydrophysical behavior of tropical and temperate soils is necessary
and may contribute to a better understanding of the interactions
between pedogenic and hydraulic processes, as well as help clarify
the extension of the applicability of PTFs. Brazil still lacks stud-
ies comparing the performance of Brazilian and temperate PTFs
using an independent and large Brazilian soil database covering
different soil types and regions. The work by Tomasella et al.
(2000) is one of the pioneering studies with this objective. Reichert
etal. (2009) and Medeiros et al. (2014) also contributed to this

approach. However, the independent soil databases used in the
two latter studies were related to specific geographic regions of the
Brazilian territory (Rio Grande do Sul state and the Amazonian
region, respectively). In addition, Tomasella et al. (2000) and
Medeiros et al. (2014) used limited numbers of samples in their
PTF validation (113 and 67 samples, respectively).

The main objectives of this study were (i) to present a hydrophysical
database for Brazilian soils, and (ii) to use the database to compare
the accuracy of water retention estimates based on PTFs developed

for Brazilian and temperate regions.

HYBRAS: Hydrophysical

Database for Brazilian Soils

The Hydrophysical Database for Brazilian Soils (HYBRAS) is
an initiative of the Department of Hydrology of the Geological
Survey of Brazil (Companhia de Pesquisa de Recursos Minerais)
with the support of the Federal University of Rio de Janeiro. The
main objective of the HYBRAS project was to provide consistent
and good-quality soil hydrophysical data suitable for PTF
development. The project was developed between 2011 and 2015
with collaboration from Brazilian and foreign researchers.

The HYBRAS 1.0 (Version 1) database gathers water retention
and saturated hydraulic conductivity (K) data together with basic
soil attributes and soil property measurement methods. The inclu-
sion of unsaturated hydraulic conductivity information is planned
for a future version. HYBRAS is available from the corresponding
author on request.

Database Structure

The HYBRAS database was developed using the Microsoft Access
2007 format. The database structure (Fig. 1) was based mainly
on HYPRES (Hydraulic Properties of European Soils; Wosten et
al., 1999) and partially on UNSODA (Nemes et al., 2001) datas-
ets. The table field descriptions, as well as the table names, are in
English, as HYBRAS is meant to have broad public access; how-

ever, the records are in Portuguese.

Data are recorded in 14 tables organized in logical groups contain-
ing related information. Soil samples are identified in the “code”
field, which appears in nearly all database tables, and through

which the tables are usually linked. Integer numbers are attrib-
uted to this field. The structure of each individual table and the

names, data types, and descriptions of each field in the table can

be inspected by opening a table in the “Design View.” Missing data

are usually indicated with the NULL value, or the sequence 999

for the method tables.

The main HYBRAS table (GENERAL) holds master informa-
tion about the soils (location, soil group, soil profile description,
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code 1075
code 105! (== Eode 1076 1 wrp 175 H | :;ZR_ID 2;22
General_description 1037 clay 1075 WR_Methgd D 1075 heid 8793
Detail_description 576 silt 1075 - _ theta 8793
Profile_identifier 790 sand 1075 comments1 8793
Others_identifiers 482 vi_sand 184 “Vis PARAMETERS ns ——y 8793
Depth 1070 f_sand o —| WR_ID 273 comments3 204
horizon 521 m_sand 197 vg_sat 273
top_depth 1060 c_sand 454 vg_res 273
bot_depth 1058 ve_sand 184 vg_alpha 273 WR_METHOD n
depth_class 1075 ksat 425 vg_n A I 1 [P 50
texture 1075 satwat 786 ve_m s 3 ©
e o bullc_dan 1075 comments 1 273 WR_Method 28
Styt 1075 icle d S comments2 97 Nb_thetaxh 9
L T'ted OR 703 " Ic'f_ - 993 TR regions :
atitude porosity
f HYDRAULIC_PROPS ns Type_WRC 1
LongitudeOR 703 org_carb 684 WRC_Time_Meas 0
Zone 110 org_mat 749 —| WRID Ui WR_sample_TP 2
UTM X 110 general_comments1 634 dvg_sat 1063 WR_SampIe_ s71 23
UTM Y 110 general_comments2 109 dg_res 1063 WR_Sample_Sz2 12
Elev 510 hc_comments 10 dg_alpha i ments 3
] A ) dg_n 1063 comments
BR_Soil Classification 1075 other_comments1 1059 - v keywords 5
BR_Soil Classification FN 1075 other_comments2 442 e -
FAO/WRB 1075 theta10 1063
top_depth_gw 14 LANDCOVER ns theta20 1063 UNITS
bot_depth_gw 0 || soms 737 theta50 1063
s!tedescr!m 337 LandCover1 737 theta100 1063 (list of fields with metric
sitedescrip2 228 LandCover2 518 theta200 1063 dimensions and
year 555 theta250 1063 corresponding tables)
LandCover3 671
month 478 theta500 1063
day 217 theta1000 1063
S 607 theta2000 1063
B— 537 theta5000 1063
elivats 871 TEXTURAL_METHOD n || thetal0000 1065
theta15000 1063
contact_name 671 — Textural_Method_ID 11 || thetat8000 1063
cont.actaddress 584 Textural_Method comments1 1063
emafl 671 Particle_SZ_fraction 7 comments2 1063
publicn1 1059 comments3 1063
publicn2 522 CHEMICAL_METHOD
comments1 1075 = "
_ KSAT_METHOD n
comments2 241 Chemical_Method_ID 8
0OC_OM_Method 7 r Ksat_Method_ID 11
Ksat_Method 4
BASICPROP_METHOD_ID ns
] _| DENSITY METHOD = Ksat_Sample_SZ1 [¢]
- 1075 . Ksat_Sample_SZ2 5
Textural_Method_ID 1075 [~ | /| Density_Method 1D 6
Chemical_Method_ID 895 B0 Wethac !
Density_Method_ID 1075 PD,_Wethod 3
Ksat_Method_ID 494 —‘ HFethad i

Fig. 1. Relationships between tables in the HYBRAS; ns, number of soil samples; 7, number of methods of determination of the indicated soil variable;
nth, number of 0-s data pairs, where 0 is the volumetric water content and s is the suction.

etc.). Soil physical attributes are recorded in the SOIL_PROPS
table, including K o The LAND COVER table describes soil cover
classes in a three-level hierarchy. The first level follows the classifi-
cation criteria of the first category level of the European Land Use
and Land Cover Classification System, LUCAS-Land Use/Cover
Area Frame Survey (European Commission, 2009). The second
and third hierarchical levels record crop types and soil treatment,
respectively. The reason for organizing such data is their capacity

to possibly improve soil hydraulic estimation by means of PTFs.

The RAWRET table contains all of the contributed data on the
0—s pairs, that is, volumetric water content (0) vs. suction (s, taken
to be positive here). The HYDRAULIC_PROPS table contains
the van Genuchten (VG) parameters (van Genuchten, 1980) fitted
to the water retention measurements from RAWRET, as well as
calculated 0 values at predetermined pressure head (s) values and
the parameter fitting methodology (described below). Contributed

VG parameters recorded in the source publication are stored in

the CVG_PARAMETERS table, together with the parameter
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fitting procedure. The data from the last three tables are identified
by non-numerical codes described in the “WR_ID” field, which
allows linking the other fields of the three tables to the “code”
field (Fig. 1). Even though HYBRAS does not contain unsatu-
rated hydraulic conductivity measurements, they can be estimated
from the VG water retention parameters and the K data using the
traditional Mualem—van Genuchten model (van Genuchten, 1980).

There are two types of tables that contain information on soil
properties methods; one contains code fields, and the other
method descriptions. The BASICPROP_METHOD_ID
and WR_METHOD_ID tables hold the code fields, the first
related to basic soil attributes, and the second to water reten-
tion information. The method descriptions are stored in
the tables KSAT METHOD, TEXTURAL METHOD,
DENSITY _METHOD, CHEMICAL METHOD, and
WR_METHOD. Each record from the last five tables has a
numerical identification stored in a separate field named with
the ending “Method_ID,” through which the BASICPROP_
METHOD_ID or WR_METHOD_ID tables are linked (Fig.
1). Some auxiliary tables are included also in HYBRAS. The table
UNITS provides a summary of measurement units of numeri-
cal fields present in the database. Two additional hidden tables,
Example_Queryl_general_information and Example_Query2 _
WRdata, are used in a predefined query. To run a specific query,
the user must select one of the two query tables in Design View
and then include or exclude the tables and fields of interest. The
query result will be displayed in the Layout View.

Data Collection and Description

The HYBRAS data were taken from publications compiled in
the study by Ottoni et al. (2014), and other sources (Table 1).
The following soil sample selection criteria were adopted: undis-
turbed samples with at least five water retention measurements
in a broad suction range (0-15,000 cm) performed by methods
in which the water pressure and water content were measured
directly (such as in the pressure plate method). To ensure that the
water retention datasets were well distributed along the suction
range, one point was always for saturation conditions (saturated
water content or total porosity); another three points were at suc-
tion intervals 30 to 80, 250 to 500, and 9000 to 15,000 cm; and
a fifth point was outside the suction ranges above. Additionally,
information on sand, silt, and clay contents, as well as on bulk
density, must be available.

Approximately 9000 samples were gathered from some 60 sci-
entific studies; the majority of the samples were eliminated for
not meeting the sample selection criteria. The contributed data
were in various forms, cither in print or digital. The informa-
tion was standardized following the structure proposed for
HYBRAS, and the data were checked for consistency (data
consistency method not presented here). The HYBRAS 1.0
database comprises approximately 16 Mb of data. The database

Table 1. Source references in the Hydrophysical Database for Brazilian
Soils (HYBRAS) database.
Reference States nt
Aguiar (2008) Ceara, Minas Gerais 6
Andrade (1987) Minas Gerais 5
Araujo, Jr., etal. (2011) Minas Gerais 45
Azevedo (1976) Minas Gerais 10
Barcelos (1996) Rio Grande do Sul 9
Bhering (2007) Rio de Janeiro 9
Carducci et al. (2011) Goids 10
Cintra and Libardi (1998) Sergipe S
Coelho etal. (2005a, 2005b) Amazonas 35
Cooper’s soil databaset Sao Paulo 76
Costa and Libardi (1999), Costa (1986) Sio Paulo 10
da Costa (1993) Rio Grande do Sul 23
da Silva et al. (2005), da Silva (2003) Rio Grande do Sul 16
Embrapa and FAO (1991) Maranhio, Paré 62
Ferreira (2007) Sio Paulo 55
Grego ctal. (2011) Sdo Paulo 15
Leal (2011) Rio de Janeiro 50
Lumbreiras (1996) Maranhio 20
Macedo (1991) Rio de Janeiro 45
Marquesi ct al. (2010) Amazonas 25
Moreira and Silva (1987) Pernambuco 5
Nacif (1994), Nacif et al. (2008) Bahia 20
Nebel et al. (2010), Parfitc (2009) Rio Grande do Sul 100
Neuwald (2005) Santa Catarina 75
Parfitc (2009) Rio Grande do Sul 99
Rojas (1998) Rio Grande do Sul 36
Scardua (1972) Sio Paulo 12
Souto Filho (2012) Mato Grosso do Sul 12
Souza and Souza (2001) Bahia 36
Stone’s soil database§ Goias 88
Thurler (2000) Espirito Santo, Rio de Janciro 13
Toma (2012) Sdo Paulo 15
Vasconcellos (1993) Rio Grande do Sul 33
total 1075
t Number of soil samples with selected water retention data.
# Data by Miguel Cooper, from Luiz de Queiroz College of Agriculture (ES-
ALQ), University of Sao Paulo, Brazil.
§ Data by Luis Fernando Stone, from Embrapa, National Center of Rice and
Bean Research, Goids, Brazil.

currently contains 445 sampled locations (or profiles) with
1075 samples, many of which are georeferenced (813 samples),
representing 15 of the 26 Brazilian states and 11 different soil
groups according to the FAO soil classification system (IUSS
Working Group WRB, 2015). Only 588 samples would have
been grouped for the HYPRES database (Wosten et al., 1999)
if the same sample selection criteria as those for HYBRAS had

VZJ | Advancing Critical Zone Science p. 4 of 17



been used. This comparison shows the potential of HYBRAS
for assembling water retention information across a wide suction
range (0-15,000 cm).

Figure 2 shows the geographical locations of the HYBRAS sam-
pling sites and the number of samples in each state of Brazil. The
states with the greatest number of data are Rio Grande do Sul,
Sao Paulo, and Rio de Janeiro, three states where major Brazilian
pedological research centers are concentrated. The main soil
groups are Ferralsols (355 samples), Acrisols (209 samples), and
Nitisols (108 samples), which are representative of weathered
tropical environments, the first two being predominant in Brazil
and corresponding to 60% of the Brazilian territory (Ottoni et
al., 2014). Planosols (192 samples), Gleysols (82), Cambisols
(69), Phacozems (28), Podzols (16), Histosols (8), Regosols (6),
and Fluvisols (2) are also included. According to Tomasella et
al. (2000), Brazilian weathered soils mostly have a low silt con-
tent (<20%) (Fig. 3a), as was also pointed out by Oliveira (1968).
Despite the low representation of coarse-textured soils (sand and
loamy sand) in HYBRAS (Fig. 3b), the presence of Arenosols
and other soils with high sand content is common in Brazil. Soils
with high silt content (>50%) are underrepresented in HYBRAS
because they are not frequent in Brazil (Benedetti et al., 2008;
Ledo, 2016).

RORAIMA

AMAZONAS
60

MATO GROSS!
DO SUL
12

RIO GRANDE
DO SUL
316

Soil Hydrophysical Data

The HYBRAS database contains consistent and well-defined mea-
surement methods of the soil properties (Table 2), with ranges in
the soil properties (Fig. 4) being larger than those in other stud-
ies of Brazilian soils (Assad et al., 2001; Tomasella et al., 2003;
Reichert et al., 2009; da Costa et al., 2013; Barros et al., 2013;
Medeiros et al., 2014; Medrado and Lima, 2014). The HYBRAS
soils are comparable in general with those from Hodnett and
Tomasella (2002), who worked with tropical soils worldwide. All
of these factors increases the potential of the HYBRAS database
to generate accurate water retention PTFs.

Soils with a high organic matter content (>6%) and low bulk
density (<0.8 g cm™) are underrepresented in HYBRAS, as are
those with a high silt content (>50%) (Fig. 4), as mentioned pre-
viously. Average HYBRAS hydrophysical values for the various
textural classes and soil groups according to the FAO system (IUSS
Working Group WRB, 2015) are shown in Table 3. Although K
was available for only 425 samples, the data covered a relatively
wide range of values (Fig. 4). The geometric mean of K for the
Brazilian clay soils was 65 cm d~! (Table 3), highly contrasting with
the usual K range of 2 to 5 cm d~! reported in the literature for
clays of temperate soils (Tictje and Hennings, 1996; Rawls, 2004).
The available water content, arbitrarily taken as the difference

RIO GRANDE DO NORTE
PARAIBA

PERNAMBUCO - 5

N - North, NE - Northeast,
CW - Central-Western, S- South
SE-Southeast

¥ soil sample location

Fig. 2. Distribution of HYBRAS sampling locations with water retention data in Brazil (1075 samples). |
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Fig. 3. (a) Distribution of HYBRAS soil samples (1075 samples) in the USDA soil textural triangle, highlighting Ferralsols, Acrisols, and Nitisols, and
(b) percentage of samples in each soil texture class: clay (C), sandy clay (SC), clay loam (CL), sandy clay loam (SCL), sandy loam (SL), loamy sand (LS),
sand (S), loam (L), silty clay (SiC), silty clay loam (SiCL), silt loam (SiL), silt (Si).

between field capacity and permanent wilting point, was low
(~0.07 cm? cm™3, average for 896 samples). In this study, we arbi-
trarily adopted the classical water contents at suctions 330 and
15,000 cm for the field capacity and the permanent wilting point,
respectively. Our result for available water (~0.07 cm3 cm™3) was
close to that reported by Batjes (1996) for fine-textured Ferralsols
(0.08 cm3 cm™3).

The HYBRAS database contains 8793 0-s pairs (RAWRET
table), pertaining to 1075 soil samples (Fig. 1). The distribution of
recorded water suctions in these samples shows a greater concentra-
tion at suctions of 60 (876 samples), 100 (1042), 330 (905), 1000
(1043), and 15,000 cm (1066). The number of 0 —s pairs per sample
in the database is fairly homogencous. A total of 483 samples are
from the soil surface (topsoil), and the others (592) are classified as
subsoil samples. The topsoil and subsoil classification followed the

methodology described in the supplemental material of Téth et al.

(2015). Among the subsoil samples, the deepest ones (50) were taken
from horizons with their top at depths >1 m (only seven samples
were from horizons deeper than 1.50 m).

Model Parameters and Their Performance
in the Estimation of Water Retention Data
The four parameters of the VG equation (0, 0, o, and »)
were fitted to the experimental water retention data using the
GlobalSearch function from the Global Optimization Toolbox
in MATLAB (MathWorks, 2014). Only samples with at least six
0—s pairs (1063 samples), including the saturated water content
(or total porosity when saturated water content was not avail-
able), were considered for the optimization procedure. The van
Genuchten equation is given as

0() =0, +(0,~0, )1+ ()" )

(1]

Table 2. Predominant measurement methods of soil properties in HYBRAS. Granulometric fractions follow the USDA system. |

Soil property Soil samples  Predominant measurement methods Percentage
no. %

Saturated hydraulic conductivity 425 constant-head permeameter 80

Granulometric fractions 1075 pipette 67
densimeter 27

Organic carbon 910 Walkley and Black (1934) by titration 85

Particle density 1075 volumetric flask and pycnometer 91

Bulk density 1075 volumetric ring 100

Water retention curve 1075 tension tables for suctions between saturation and 60 cm, and pressure chambers for higher suctions 60
pressure chambers for the entire suction range 22
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Table 3. Average values of hydrophysical data in the HYBRAS database, including bulk density (BD), organic matter content (OM), water content at
different suctions (0—s), and saturated hydraulic conductivity (K,) calculated as the geometric mean, for various textural classes and soil groups accord-

ing to the FAO system (IUSS Working Group WRB, 2015).

Soil type
Sand
Loamy sand
Sandy loam
Loam

Silt loam
Sandy clay loam
Clay loam
Silty clay loam
Silty clay
Sandy clay
Clay
Ferralsol
Acrisol
Nitisol
Cambisol
Gleysol
Planosol
Phacozem
Fluvisol
Histosol
Podzol
Regosol

All soils

Sand Sile Clay
%

92.8 2.8 4.4

(27)t

85.1 5.0 9.9

(18)

69.8 14.6 15.6

(80)

45.8 38.8 15.4

(207)

)

62.1 11.6 26.2

(155)

34.8 32.6 32.6

(44)

12,2 54.6 33.3

(10)

12.6 435 44.0

(38)

50.0 97 40.3

(70)

24.2 18.8 57.0

(424)

36.3 13.5 50.2

(355)

55.4 14.6 30.0

(209)

19.1 315 49.3

(108)

33.4 23.4 43.2

(69)

42.2 29.8 278

(82)

47.0 36.5 16.6

(192)

35.4 32.3 32.4

(28)

()

®)

R.2 2.1 5.7
(16)

©)

41.6 219 36.5

gem™
1.59
(27)
1.52
(18)
1.51
(80)
1.60
(207)

©)
1.52
(155)
1.23
(44)
097
(10)
1.17
(38)
1.42
(70)
1.24
(424)
1.29
(355)
1.50
(209)
1.30
(108)
1.16
(69)
1.29
(82)
1.63
(192)
1.40
(28)
@)
®)
1.42
(16)
6)
1.4

3

%
1.76
27)
2.25
(18)
2.17
(65)
2.31
(204)
@
1.76
(131)
4.60
(34)
6.69
(10)
411
(38)
1.74
(54)
2.61
(327)
2.04
(237)
195
(164)
377
(108)
2.81
(67)
373
(82)
1.80
(192)
2.37
(28)
©)
®
3.81
(16)
(6)
251

0 (0 cm)

0.40
(27)
0.38
(18)
0.41
(80)
0.41
(207)
@)
0.42
(155)
052
(44)
0.61
(10)
057
(38)
0.47
(70)
056
(424)
0537
(355)
0.422
(209)
0.542
(108)
0561
(69)
0502
(82)
0.390
(192)
0.453
(28)
@
®)
0.477
(16)
(6)
0.484

0 (60 cm)
cm?
0.11
(10)
(4)
0.27
(60)
0.33
(207)
@)
0.30
(121)
0.39
(43)
0.44
(10)
0.41
(38)
0.33
(50)
0.39
(331)
0.351
(231)
0.298
(185)
0.385
(98)
0.391
(55)
0.402
(71)
0.321
(192)
0.404
(28)

)

®)

(0)

©)
0.346

cm

6(330 cm)

3

0.08
27)
0.13
(18)
0.21
(58)
0.27
(206)
()
0.22
(107)
0.35
(38)
0.39
(10)
0.37
(37)
0.28
(52)
0.35
(350)
0.314
(258)
0.212
(154)
0.338
97)
0.366
(65)
0.332
(81)
0.260
(192)
0.370
(28)
(0)
8)
0.166
(16)

©)
0.293

0 (15,000
cm)

0.05
(27)
0.04
(18)
0.13
(80)
0.19
(207)
©)
0.16
(155)
0.27
(44)
0.29
(10)
0.29
(38)
0.20
(70)
0.29
(415)
0.243
(346)
0.175
(209)
0.268
(108)
0.245
(69)
0.241
(82)
0.186
(192)
0.303
(28)

s
cmd!
184
(12)

(205)
70.3

(224)
1035
(101)

©)
50.7
(46)

+ The number of soil samples is given in parentheses; data with fewer than 10 soil samples per group are not represented.

where 0(s) is the volumetric water content (cm3 cm™3) at suction s
(cm), 0 . and 0 Lare the saturated and residual water contents, respec-

tively (cm3 cm™3), and o (cm™!) and 7 (dimensionless) are curve

shape parameters. The parameter optimization was subjected to
the following constraints: Gr [0.000; 0.533 cm? cm73], 95 [0.10;
0.96 cm? cm™3], o [0.00001; 0.99999 ¢cm™1], and 7 [1.01; 15.0].
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The limits of o and 7 followed those found in Téth
etal. (2015). The final results are shown in Fig. 5.
The average 6 o 0 o and 7 values were relatively close
to the corresponding VG parameter values found by
Hodnett and Tomasella (2002) (Fig. 5). The great-
est discrepancy was in the magnitude of o (Fig. 5),
which can be partially attributed to the use of dif-
ferent constraints for its fitting interval, as well as its
larger variation (many orders of magnitude). A more
refined data analysis may be warranted for the devel-
opment of future PTFs of Brazilian soils, including
of the unsaturated hydraulic conductivity.

Root mean square error (RMSE) and mean error
(ME) indicators were used to evaluate the perfor-
mance of the VG model in describing the measured
water retention data. Both indicators were defined
for each soil sample (subscript “s”) or other 6-data

grouping (subscript “rs”):

Z]L'Zl(epf _em/ )2

RMSE, :\/L
L—4

1 L
ME, =——
* L—4Z'

RMSE,, =

1
ME TN (

TN A= b, —ij)

where L is the number of measurements per sample,

(5]

with four representiing the number of parameters,
TN is the total number of measurements per suc-
tion interval (or per bulk density, silt interval, or
a given soil group, as described in the Results and
and 0_ are the measured and

P
predicted water content values, respectively. The

Discussion), and em

RMSE informs the global prediction error, while
ME expresses the overestimation (ME > 0) or under-
estimation (ME < 0) tendency.

The VG model was suitable for fitting HYBRAS
water retention data, with a mean RMSE_ in the
order of 0.0107 cm3 cm 3, lower than that reported
by Tomasella et al. (2003) (0.013 cm3cm=3), without
bias (mean ME_ ~ 0.00 cm? cm ™), with ~80% of
the samples having RMSE_ values <0.015 cm3em™
and 96% <0.030 cm?>cm ™. The parametric paired
# test showed that the water retention estimates by
the VG model and their corresponding water reten-

tion measurements (8732 measurements) were not
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Fig. 5. Mean values of the van Genuchten parameters for soils in the HYBRAS soils (1063
samples) and the tropical soils from Hodnett and Tomasella (2002) in different USDA
soil textural classes and in fine-, medium-, and coarse-textured soils, according to Cassel et

al. (198

3); 0, and 0, are the saturated and residual water contents, respectively, and o and

7 are curve shape parameters.




significantly different (p = 0.71; p-value ranged from 0 to 1; the
greater its value, the greater the similarity between measured and
estimated 0 values). The RMSE  magnitude was low in all suction
intervals from 3 to 15,000 c¢m, in the order of 0.01 cm3cm™3, and
so were the MEs (Table 4). The wet range, very close to saturation,
with suction values between 1 and 3 ¢cm, had the worst prediction
performance (statistics defined in this suction interval must be
treated with care due to the low data resolution, Table 4). Mean
RMSE, value per textural class did not vary significantly between

textural classes, being around 0.012 cm3em 3,

In general, the water retention measurements of the HYBRAS
samples visually adhered well with the fitted VG curves when the
RMSE_ values were less than 0.03 cm? cm™3 (96% of the samples)
(Fig. 6). For the other samples (with RMSE_ > 0.03 cm? cm™3),
some soils seemed to tend toward bimodality, in which case the

VG model was less effective (Fig. 6¢).

Estimation of
Water Retention Data
from Pedotransfer Functions
Methodology

Pedotransfer Function Selection

The PTFs from Medrado and Lima (2014) (complete model) and
Tomasella and Hodnett (1998), both developed for Brazilian tropi-
cal soils, were selected for predicting the water retention data from
HYBRAS. The Brazilian PTFs from Tomasella et al. (2000, 2003)
were not used for this evaluation since HYBRAS does not con-
tain data for some of their predictors (e.g., moisture equivalent).
Additionally, the models from Téth et al. (2015) (Model 21) and
Schaap etal. (2001) (Model H3), derived for temperate soils, were
included in the evaluation. All four models were developed using
extensive databases representative of large scales, even though the

Table 4. Root mean square error (RMSE ) and mean error (ME,) for
water retention data in different suction (s) ranges.
s No. of measurements RMSE ¢ ME
€ cm? em™3 x 1072 cm3 cm™3
Saturation 1063 0.0106 0.0189
1-3 56 0.0304 -1.7986
3-10 116 0.0125 0.3353
10-30 551 0.0109 —-0.0145
30-100 1522 0.0095 0.0741
100-320 1256 0.0084 0.2110
320-1000 1197 0.0100 —0.4004
1000-3200 1328 0.0110 —-0.2504
3200-10,000 549 0.0112 0.3054
10,000 1094 0.0087 0.3216

15,000

two former models were calibrated for specific Brazilian territory
biomes (Table 5). Therefore, their use is suitable for our soil data-
base. The four PTFs above will be referred to as Savanna, Amazon,
Euro, and Rosetta, respectively (Table 5). All of the PTFs are para-
metric and generally use a common set of predictors: bulk density,
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Fig. 6. Water retention curves based on the van Genuchten model and
corresponding water retention measurements for some HYBRAS-
soils. Root mean square error (RMSE) values are also indicated.




Table 5. Selected pedotransfer functions (PTFs) and their characteristics.

Independent variables$

PTF Geographic domain 7t Clay
Tropical PTFs
Savanna (complete model from Brazilian Savanna 1092 x
Medrado and Lima, 2014) (Cerrado)
Amazon (Tomasella and Brazilian Amazonian 416 x
Hodnett, 1998) region
Temperate PTFs
Rosetta (Model H3 from North Americaand 2134 X
Schaap etal., 2001) Europe
Euro (Model 21 from Téth et Europe 4749 X

al., 2015)

Sand OM/OC BD T/S Output§

% % x - 0,,0,, o, and 7 from the VG
equation

% - - - 0,0, hb, and B from the BC
equation

X - X - 0,0, o, and 7 from the VG
equation

X X X X

0,0, o, and 7 from the VG
equation

+ Number of soil samples in the calibration database.

# x indicates the existence of data; — indicates the absence of data; OC, organic C content; OM, organic matter content; BD, bulk density; T/S, topsoil and subsoil distinction.
§ 0, residual water content; 0, saturated water content; ovand 7, curve shape parameters; VG, van Genuchten; hb, suction corresponding to the largest pore size (air-

entry pressure); B, empirical constant; BC, Brooks and Corey.

organic matter (or organic C) content, and percentage of granu-
lometric fractions, all using the same limits (USDA-FAO) of the
sand, silt, and clay contents. Exceptions to the predictors are the
Rosetta model, which does not take organic matter content into
consideration, and the Amazon model, developed only for granu-
lometric fractions (Table 5). The PTFs were generated for the VG
parameters, with the exception of the PTF from Tomasella and
Hodnett (1998), for which the Brooks and Corey (1964) equation

was used.

Database Selection and

Pedotransfer Function Applicability

Since the soils data required by the PTFs may not be available
for all of the HYBRAS samples, we first selected a set of soil
samples from HYBRAS to which all the chosen PTFs could be
applied. Next, we determined whether the sample data fitted the
calibration database of the different PTFs. For this procedure, the
applicability index proposed by Tomasella and Hodnett (2004),
and used also by Nguyen et al. (2015), was used. The applicability
index is defined as the ratio between the number of samples for
which a given PTF can be applied and the total number of samples
in the evaluated database.

Evaluation Criteria

The performance of the PTFs was evaluated using Eq. [4] and [5]

(for ease of notation, the subscript “rs” in RMSE and ME will

be omitted from now on). The RMSE and ME values were calcu-
lated only for the 10- to 15,000-cm suction interval, since all four
models were developed for suctions that contained this interval.
To investigate how the RMSE and ME values varied with suction,
we also computed these indicators for seven suction classes: 10 (pF

1, pF = log;¢s), 30 (pF 1.5), 100 (pF 2), 316 (pF 2.5), 1000 (pF 3),
3160 (pF 3.5), 10,000 (pF 4), and 31,600 cm (pF 4.5). The RMSE

was also determined for bulk density and silt intervals, as well

as textural class groups, taking into account soils representative
of weathered and unweathered environments. Soils classified as
Ferralsols, Acrisols, and Nitisols were considered weathered, while

the others were characterized as unweathered.

Results and Discussion

Pedotransfer Function Applicability

From the total of 1075 HYBRAS samples, 868 had all of the infor-
mation needed for evaluation of the four retained models. The
applicability index was calculated according to this number of
samples. The Brazilian and temperate PTFs mostly covered the
range of the evaluated database (applicability index > 95%) (Table
6). For this reason, we used the 868 soil samples for the evaluation

of all four PTFs in this study.

Evaluation of the Selected

Pedotransfer Functions

The lowest global RMSE and ME values were for the Brazilian

PTFs (Table 7). Their superior performance in relation to the

temperate PTFs was also reported by Tomasella et al. (2000),
Reichert et al. (2009), and Medeiros et al. (2014). The Savanna

and Amazon models had almost the same performance (RMSE

in the order of 0.065 cm? cm™3 and ME close to zero) as the two

temperate PTFs when they were validated against extensive data-
bases of temperate soils (global RMSEs of 0.064 [Téth et al., 2015]

and 0.068 cm? cm™3 [Schaap et al., 2001]). This result indicates a

consistent performance of the Brazilian PTFs. The global errors

of the temperate models were very close to each other (Table 7), as

were their errors in the suction intervals (Fig. 7 and 8). These two

PTFs had a tendency to overestimate water contents for suction

intervals between 10 (pF = 1) and 316 cm (pF = 2.5) and underesti-
mate them for the other suction ranges (Fig. 8). Similar evaluations
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Table 6. Applicability index of the selected pedotransfer functions (PTFs) and their validity ranges.
Organic matter
PTF Applicability index ~ Clay Sile Sand content Bulk density
% g cm™3

Brazilian soils

HYBRAS (868 samples) - 0-96 0-63.6 0.40-97.8 0.08-11.0 0.63-2.00
Tropical PTFs

Savanna 95 4.80-91.5 0.03-55.0 1.20-90.0 0-7.80 0.60-1.92

Amazon 100 ~0-99 ~0-85 ~0-99 - -
Temperate PTFs

Rosetta 99 0-89 6-89 0-100 - 0.50 (max. not specified)

Euro 99 0-91.6 0-86.8 0-100 0 (max. not specified) 0.09-2.02

of temperate PTFs in tropical environments gave global RMSE
values ranging from 0.06 to 0.20 cm? cm™3, more frequently from
0.08 t0 0.10 cm> cm™ (Tomasella et al., 2000; Medina et al., 2002;
Reichert et al., 2009; Botula et al., 2012; Medeiros et al., 2014;
Nguyen et al., 2015), which is consistent with the errors found
here. The greatest discrepancies between temperate and Brazilian
PTFs were observed at very high suctions (>3160 cm [pF > 3.5],
Fig. 7 and 8). The poor performance of the Rosctta model at high
suctions was also reported by Cornelis et al. (2001) and Rubio and
Llorens (2004); both recorded an underestimation tendency, as
observed in this study (Fig. 8). A closer performance of Brazilian
and temperate models was found in the suction interval from
316 cm (pF = 2.5) to 1000 cm (pF = 3.0). In fact, the RMSE of
models Savanna, Amazon, Euro, and Rosetta were close to each
other at a suction of 330 cm, with mean values between 0.061 and
0.070 cm3 cm™3. Only in the suction range from 10 (pF = 1.0)
to 31.6 cm (pF = 1.5) did a Brazilian PTF, the Amazon model,
perform worse than the temperate models in terms of RMSE (Fig.
7). Among the Brazilian PTFs, the Savanna model, in general, per-
formed the best. This model was less biased than the Amazon PTF
in all the suction ranges (Fig. 8), with the exception of the range
from 10 (pF = 1.0) to 100 cm (pF = 2.0); however, in this suction

Table 7. Global root mean square error (RMSE) and mean error (ME)
for the Brazilian and temperate pedotransfer functions (PTFs) in the
suction interval from 10 to 15,000 cm, and RMSE values for weathered
and unweathered soils.

Brazilian PTFs Temperate PTFs
Parameter Savanna Amazon Euro Rosetta

em3 em™3

Complete database: 868 soil samples
RMSE 0.064 0.065 0.081 0.080
ME —-0.0007 -0.0073 —-0.0132 —-0.0167
Weathered soils: 484 soil samples
RMSE 0.057 0.052 0.080 0.073
Unweathered soils: 384 soil samples
RMSE 0.072 0.081 0.083 0.089

interval, the RMSE of the Amazon model was higher than that of
the Savanna model (Fig. 7).

Greater differences in RMSE values were found between the
Brazilian and temperate models for weathered soils rather than
unweathered soils (Table 7). Also, the Brazilian models performed
better for the former than for the latter soils. This reflects the
capacity of the two Brazilian PTFs to represent weathered soils
better than soils from other pedogenic environments. In fact,
the soils predominantly used for calibration of the PTFs were
mostly Ferralsols, the most common soil in Brazilian weathered
environments. In contrast, the performances of the Brazilian and
temperate models were more comparable for unweathered soils.
Tomasella et al. (2000) also reported a better performance of
Brazilian PTFs relative to temperate PTFs for Brazilian weathered
soils. However, their concept of weathered soils only considered
the low silt content values, which differs from a weathered soil con-

cept from a pedological classification viewpoint as adopted here.

The performance of the Brazilian and temperate PTFs was also
evaluated for groups of textural classes labeled fine (clay, clay loam,
sandy clay, silty clay loam, and silty clay), medium (sandy loam,
loam, sandy clay loam, silty loam, and silt), and coarse (sand and
loamy sand) (according to Cassel et al., 1983) for the same types
of soils in Table 7 (weathered and unweathered). The Brazilian
models were more accurate than the temperate models for the dif-
ferent textural groups (fine, medium, and coarse) and soil types
(weathered and unweathered), with the exception of coarse-tex-
tured soils (Fig. 9a and 9b). The worse performance of the Brazilian
models in this case may have resulted from the small number of
sandy soil samples used for their calibration. In any case, the results
for sandy soils (sand and loamy sand) must be considered with care
given the small number of samples (43) in these textural classes
of the evaluated database (Fig. 9a and 9b). The magnitude of the
differences in the RMSE values between the Brazilian and temper-
ate PTFs depended as a whole on the content of fine particles and
their pedogenesis. Indeed, the RMSE differences between both
climate-based PTFs were much greater for weathered fine-textured
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Fig. 7. Root mean square error (RMSE) of the Brazilian and temperate pedotransfer functions. The number of retention points for each suction range
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soils (Fig. 9a) than for the medium-textured soils (Fig. 9a and 9b)
or the unweathered fine-textured soils (Fig. 9b). Additionally, the
mean RMSE values of the two Brazilian PTFs for weathered fine-
textured soils (~0.048 cm? cm™3, Fig. 9a) were even lower than
those from the same PTFs for the whole set of weathered soils
(Table 7). These results point to the relevance of weathered clays to
distinguish the hydraulic behavior of tropical and temperate soils.
This difference may have resulted from both the peculiar mineral-
ogy of such clays and their frequent occurrence at high contents
in weathered environments, as mentioned above. According to
Tomasella et al. (2000), Hodnett and Tomasella (2002), Tomasella
and Hodnett (2004), and many others, weathered clays allow the
formation of well-developed granular structures with hydraulic
conductivities similar to those of sandy soils at low suctions, and
amicroporosity that holds a high amount of water at high suction,
resembling a typical clayey soil. The relevance of weathered clays
for characterization of soil pore structure also became apparent
when the performance of the models was evaluated for different
bulk density ranges (Fig. 10). For the weathered soil group (Fig.
10a), the greatest differences in RMSE between Brazilian and
temperate models were found for soils with bulk density values
<l2g cm ™3, whch usually have a high clay content. This did not
occur for the unweathered soil group (Fig. 10b). The study by
Tomasella et al. (2000) suggests that different silt content ranges

may be a criterion when distinguishing hydraulic functioning

BSAVANNA BEAMAZON DEURO BROSETTA

between weathered and temperate soils, in agreement with the
hypothesis that low silt contents (<10%) are indicative of highly
weathered soils. This suggestion by Tomasella et al. (2000) was
not confirmed for HYBRAS weathered soils since both Brazilian
and temperate PTFs tended to perform worse with the increase in
silt content (Fig. 11), which did not occur for the temperate PTFs
that they used.

Conclusion

The HYBRAS 1.0 database is representative of a wide range of
Brazilian soils. The database is based on consistent and well-
defined measurement methods of soil properties and contains a
reasonable amount of hydrophysical information on weathered
tropical soils, which constitute the most common pedoenviron-
ment in Brazil. The water retention and K data in HYBRAS
were mostly obtained in the laboratory using undisturbed sam-
ples. Good resolution of water retention data was available across
a large suction range (from 3-15,000 cm). The HYBRAS data-
base contains interconnected tables, and its data can be casily
accessed through predefined queries. The VG equation was suit-
able for fitting water retention data of Brazilian soils, especially
in the 3- to 15,000-cm suction range, with global RMSE values
0f 0.0107 cm3 cm™3 and almost no marked bias across the whole

suction range. All of these factors support excellent prospects for
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the development of accurate water retention PTFs for Brazilian
soils. This is an effort to cover hydrophysical data at various scales
and for various applications, such as soil modeling. The K data
(425 samples) in HYBRAS are less represented than water reten-
tion data (1075 samples) but still cover a relatively large range that
may be suitable for the development of PTFs.

This study also emphasized the better performance of Brazilian
PTFs as compared with temperate soil PTFs in the prediction of
water retention data of Brazilian soils, with the possible exception
of coarse-textured soils, for which the temperate models proved
to be generally adequate. The greater reliability of Brazilian PTFs
relative to temperate PTFs, when applied to Brazilian soils, is also
confirmed in the literature, but a larger and more pedologically
diverse soil database was used in the present work to validate the
PTFs. Our study points out that the major differences in hydrau-
lic behavior between weathered Brazilian soils and temperate
soils are determined mainly by clay content and its mineralogical
nature, as both strongly affect soil structure formation. This rein-
forces the need for developing water retention PTFs by including
information on soil structure. We make the following suggestions
regarding the prediction of water retention data of Brazilian soils:
(i) the development of Brazilian PTFs for two soil groups, one
exclusively for weathered soils (Ferralsols, Acrisols, and Nitisols)
and another for other soils; and (ii) in cases where it is not conve-
nient to apply a Brazilian PTF, we propose applying the temperate
PTFs used in this study preferentially for soils not belonging to
the weathered fine-textured soil group and then paying special
attention to suctions between 3000 and 15,000 cm, for which the
temperate models gave less satisfactory results.
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