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ABSTRACT: Currently, the Brazilian savanna (Cerrado) represents the main agricultural 
area of the country, comprising a great variety of landscapes and soils, geological 
formations and vegetation patterns, as well as the major watershed. We studied 
the hydropedology and morphometry of a representative catchment (Frutal river), 
on a high tableland (Chapada) in the Triângulo Mineiro region, Brazil, describing the 
soil-water-landscape relationships to understand land use and water resources. To this 
end, we applied physical, chemical, micromorphological, and morphometric methods. 
When dry, compaction was observed in well-structured Ferralsols (Latossolos) with 
medium texture under intensive agriculture, reducing the water recharge capacity. The 
soil carbon stock was highest in hydromorphic savannas (veredas), reaching an organic 
matter content of 316.8 g kg-1 in the studied Umbric Gleysols, representing poorly 
drained lowlands. Physical and micromorphological properties were relevant parameters 
to understand the water recharge in soil; in agricultural fields, bulk density tended to 
increase and hydraulic conductivity to decrease, particularly under long-term sugarcane; 
morphometric parameters in the Frutal catchment indicated a low flooding risk and high 
flow capacity. This reinforces the need for soil conservation strategies to enhance water 
infiltration and groundwater recharge, with a view to maintain the water longer in the 
catchment. For surface water dynamics, slope morphology is an important property, 
affecting soil erosion, water retention and crop productivity.

Keywords: Rhodic Ferralsols, Gleysols, hydromorphic savannas, veredas.

Division - Soil Use and Management  |  Commission - Soil and Water Management and Conservation



Pereira et al. Hydropedology of a high tableland with Cerrado, Brazilian central plateau…

2Rev Bras Cienc Solo 2018;42:e0160523

INTRODUCTION
Brazil has a great variety of landscapes and vegetation types and the greatest agricultural 
potential of all tropical areas worldwide. The need to produce more food has to be 
reconciled with the conservation of natural resources, with scientific support methods 
to reach the main goals of the twenty-first century, of combining food production and 
environmental quality, especially with regard to water, soils, and biodiversity (Turetta et al., 
2010; FAO, 2015).

After the “Green Revolution”, the Brazilian savanna (Cerrado) became the area most 
affected worldwide by the wide-reaching land-use changes, associated with rural credit 
policies subsidized by government programs since the 1970s, especially the Polocentro 
(Cerrado Development Program).

Thus, the Cerrado became the major agricultural frontier in the tropics (Costa et al., 2002), 
with rapid replacement of native vegetation by pasture and crops at a large scale. As a 
result, the deforestation rate in the Cerrado became the second highest in the history 
of humanity, considering a 40-year period (1970-2010), only behind deforestation in the 
Amazon region. This anthropogenic pressure, accompanied by land degradation, created 
serious problems in terms of erosion and soil compaction, increasing production costs 
(Canillas and Salokhe, 2002), and promoting new phenomena such as “savannization” 
in Amazônia and “aridification” of the Cerrado, arising from predatory human actions. 
These phenomena result in deleterious effects on the biodiversity and on soil and water 
availability for agriculture.

Of the originally around 1.8 million km2 occupied by the Cerrado biome (Pinto, 2002), 
currently only 47 % remain, with annual loss rates of the natural vegetation cover between 
-0.79 % per year and -0.44 % per year from the 1990s to the 2010s (Beuchle et al., 2015), 
estimated at a mean conversion rate of 1.1 % per year by Machado et al. (2004). The 
Cerrado is one of the 25 priority ecosystems for conservation (biodiversity hotspots) on 
the planet and home to a high number of endemic species (Myers et al., 2000), being 
the richest savanna in terms of biodiversity worldwide (Klink and Machado, 2005).

Conditions such as flat relief, ease large-scale mechanization, suitable climatic conditions, 
modern techniques of soil cultivation, and genetic advancements have all contributed 
to optimize agricultural productivity. The dominant Ferralsols (Latossolos) cover on 
extensive tablelands, the absence of rocky or gravelly pavements, and good drainage 
conditions make the Cerrado the most suitable tropical area for intensive farming 
(Resende, 2002).

For many years, the Cerrado was considered a resilient environment, compared to the 
other areas of agricultural frontier expansion in Brazil, such as the Amazon. On the other 
hand, this apparent resilience was questioned by Ab’Saber (1970) who described the 
Cerrado as a vulnerable area, threatened by a rapid loss of its natural resources. The 
strategic position of the Cerrado as the main watershed in Brazil allows understanding 
the current model of agricultural occupation, raising the question whether the prominent 
hydrological role of the Cerrado can be maintained in this model. 

Some observations suggest a possible hydrological imbalance: the need to introduce 
more drought-resistant crop varieties and pastures, the increasing demand of water for 
irrigation, predatory elimination of native vegetation, decreasing water flow in most 
rivers, decreasing water table, among others (Arantes et al., 2016; Spera et al., 2016).

Thus, the concern for natural resources is a key element to understand the balance between 
agricultural expansion and environmental sustainability. In this regard, hydropedology 
is a multidisciplinary science, to contribute positively to a better understanding of 
the interaction of soil-water systems in a given scenario (Mello and Curi, 2012). Its 
pillar is the interaction between pedology and hydrology, integrating phenomena at 
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the micro-scale (pores and aggregates), meso-scale (toposequence), and macroscale 
(watershed). Therefore, hydropedology allows the understanding of processes of soil 
structure formation, as influenced by mineralogy and land use (Resende et al., 2011), 
to characterize soil horizons along a toposequence, and to analyze the watershed 
landscape, with its respective hydrological processes. Thus, landscape research methods, 
especially the morphometric analysis of the watershed, allow studies related to hydric 
resources (Horton, 1945; Christofoletti, 1978; Pissarra et al., 2004), underlying further 
interpretations of soil data, valuable for watershed modeling (Mello and Curi, 2012).

Hydropedology has an unquestionable potential for enhancing knowledge on water 
production and groundwater recharge. Recent hydropedological studies in Brazil clearly 
demonstrated the promising potential for a renewed view of environmental sustainability 
(Alvarenga, 2010; Menezes, 2011; Mello and Curi, 2012).

One area of the Cerrado biome, the Triângulo Mineiro, represents an economically important 
region of the Minas Gerais State of intense agriculture. However, soil degradation and 
decreasing productivity caused by land-use pressures have been observed in recent 
years (Batlle-Bayer et al., 2010). These warning signs highlight the need for integrated 
research to prevent this trend. Thus, research based on principles of hydropedology and 
morphometric analysis of a watershed can be key tools underlying measures to balance 
the maintenance of ecosystem services and agricultural production.

We hypothesized that the land use changes the hydropedological characteristics and soil 
quality under Cerrado. Therefore, we studied the hydropedology and morphometry of 
the Frutal watershed in the Triângulo Mineiro region, describing the soil-water-landscape 
relationships under intensive land use.

MATERIALS AND METHODS

Study area 

The watershed of the Frutal stream has an area of 3,478 ha and lies in the municipality 
of Frutal (Figure 1), in the Triângulo Mineiro. At the higher hierarchical level, it is part 
of the watersheds of the Grande and Paraná rivers. Currently, the Frutal catchment is 
used for urban water supply by the municipality. For this study, the Frutal catchment was 
chosen in view of the ease of access, intensive agricultural land use, flat topography, 
and regionally representative drainage patterns.

The region has a tropical climate with a well-defined dry season. The mean annual 
rainfall varies between 1,200 and 1,400 mm, concentrated between October and 
March. The dry season lasts from 4 to 5 months, coinciding with cooler temperatures. 
The mean annual temperature is 25 °C, with a maximum monthly average of 31 °C 
(Inmet, 2009).

The landforms of the area are those of the plateau of the Paraná Sedimentary Basin, 
in which sedimentary sandstone layers are interbedded between dominant basalt flows 
(CPRM, 2003). Thus, the stratigraphic sequence in the Frutal basin is composed of basalts 
of the Serra Geral Formation (± 120 million years ago), overlayered by sandstones of the 
Vale do Rio do Peixe Formation (± 80 million years ago) and sandstones and conglomerates 
of the Marília Formation (± 70 million years ago) (CPRM, 2003).

The main soil type in the Frutal catchment are Dystric Rhodic Ferralsols (Typical) (Latossolo 
Vermelho distrófico típico) with medium texture, which are deep, well-drained soils with 
high aluminum content, covered by Cerrado vegetation. Currently, these soils are widely 
used for crops (sugarcane, corn, sorghum, soybean, irrigated pineapple), grazing, rubber 
tree, mostly.
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Other soils, such as Haplic Cambisols (Cambissolos Háplicos), Haplic Lixisols (Argissolos), 
and Arenosols (Neossolos Quartzarênicos), also occur as inclusions in small areas. 
These soils are directly related to changes in vegetation patterns, and are found under 
grassland (campo sujo) and woodlands (cerradão), where veredas systems occur in the 
hydromorphic fluvial plains.

Figure 1. Watershed of the Riberão Frutal, located in the county of Frutal, State of Minas 
Gerais, Brazil.  

Source: Leandro de Souza Pinheiro, 2016
Modified : Angela Silva Milazaki, 2016
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Morphological description and soil sampling

Eleven representative pedons were described and sampled as proposed by Santos et al. (2013a). 
The soil classes were identified based on the current Brazilian System of Soil Classification 
- SiBCS (Santos et al., 2013b), and adapted according to the World Reference Base for Soil 
Resources (WRB, 2015) (Table 1). Some soils are located near the catchment border. Pedons 
P2 and P9 lie in a flat upland area representative of the drainage divide, whereas P7 and P8 
are representative of hydromorphic areas under very well-preserved buriti-palm swamps.

Physical characterization

The analysis of the particle composition was performed in air-dried soil samples (<2 mm) 
(Ruiz, 2005). Soil density (volumetric ring method) and hydraulic conductivity were 
analyzed according to Donagema et al. (2011).

Chemical characterization

We determined: pH in H2O and KCl 1 mol L-1; total organic carbon (TOC) (Yeomans 
and Bremner, 1988); available P, Na+, and K+, after extraction with HCl 0.5 mol L-1 + 
H2SO4 0.0125 mol L-1 (Mehlich-1); Ca2+ and Mg2+ were determined by atomic absorption 
spectroscopy and Al3+ by titration after extraction with KCl 1 mol L-1; and potential acidity 
(H+Al) by titration, after extraction with Ca(CH3COO2) 0.5 mol L-1 at pH7.0. All chemical 
analyses were carried out as described by Donagema et al. (2011).

Morphometric analysis of the catchment

Catchment form

Relief ratio (Rr = Da/L), in which Da is altimetric amplitude and L is length of the main 
channel (Schumm, 1956).

Hydrographic density (Hd = n × A), in which n is the number of channels and A the total 
catchment area (Freitas, 1952). 

Drainage density (Dd = C/A), in which C is the total length of channels and A the total 
catchment area (Horton, 1945).

Hydrographic components

Maintenance coefficient [Mc = (1/Dd) × 1000], in which Dd is the drainage density 
(Schumm, 1956).

Channel gradient (Cg = amax/L) (%), in which amax is the maximum altitude and L the 
length of the main channel (Horton, 1945).

Combined parameters

Roundness index (Ri = A/Ac), in which A is the total catchment area and Ac the circle 
perimeter area equivalent to the total catchment area (Miller, 1953; Schumm, 1956).

Sinuosity index (Si = L/vd), in which L is the length of the main channel and vd the vectorial 
distance between the upstream and downstream ends of the main channel (Schumm, 1963).

All morphometric data were processed with software ArcGis 10.0 (ESRI, 2010).

Micromorphology

Undisturbed soil samples from the 0.05-0.10 m layer were collected in Kubiena boxes, 
dried in a forced-air oven at 35 °C. Subsequently, they were impregnated with polyester 
resin and cut in 1.8 × 30 × 40 mm thin sections (30 µm thick) for subsequent analysis 
under a petrographic microscope. The microstructural descriptions were based on 
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criteria defined by Stoops (2003) and Stoops et al. (2010). For all descriptions we used 
a trinocular optical microscope, model Zeiss Axiophot, with integrated digital camera 
for photographic recording.

RESULTS AND DISCUSSION

Morphological, physical, and micromorphological characterization

The studied soils have structures varying from strong microgranular to massive types 
(Table 1). According to Resende et al. (2014), soils with latossólico Bw horizons (Ferralsols) 
are important absorbers of water in natural systems. In this case, a better structural 
development is observed in Ferralsols under native forest. On the other hand, compacted, 
coalesced structures (hard or very hard, dry consistency) were observed in similar 
Ferralsols (P9, P14, and P20) under permanent intensive agriculture or pasture. Higher 

Table 1. Morphological properties of some selected studied soils

Pedon Depth Structure(1) Boundary Texture(2) Consistency(3)

ColorDry Moistd Wet
m

P1 - Eutric Rhodic Ferralsols (Clayic)/Latossolo Vermelho eutrófico argissólico(4) - Semideciduous rainforest. Undulated relief
A 0.00-0.19 st f/m bl/gr gradual flat arenic/medium s hr v f s pl s st 2.5YR 4/3
AB 0.19-0.44 st f/m bl/gr gradual flat arenic/medium s hr v fr s pl s st 2.5YR 4/3.5
Bw1 0.44-0.70 st f/m gr diffuse flat medium sf fr s pl s st 2.5YR 4/4
Bw2 0.70-1.00+ st f/m gr - medium sf fr s pl st 2.5YR 4/6

P2 - Dystric Rhodic Ferralsols (Typical)/Latossolo Vermelho distrófico típico(4) - Savanna. Flat relief
A 0.00-0.20 md f/m bl/gr gradual flat arenic/medium s hr fr s pl s st 2.5YR 4/4
Bw1 0.50-0.80 st f/m bl/gr diffuse flat medium s hr fr s pl s st 10R 4/6
Bw2 0.80-1.20+ st f/m gr - medium sf v fr s pl s st 10R 4/8

P3 - Eutric Haplic Gleysols (Typical)/Gleissolo Háplico Ta eutrófico típico(4) - Vereda. Undulated relief
Ap 0.00-0.20/0.35 md m/b bl/s g clear wavy arenic hr f n pl s st 7.5YR 4/3

C1 0.20/0.35-
0.50/0.55 ma clear wavy medium - fr n pl s st 7.5 YR 5/3

C2 0.50/0.55-0.80+ ma - medium - - s pl s st 10YR 7/2
P7 - Dystric Umbric Gleysols/Gleissolo Melânico Tb distrófico organossólico(4) - Vereda. Flat relief

A 0.00-0.20 ma clear flat medium/clayic - - pl st 7.5YR 3/2
C1 0.20-0.40 ma - medium - - s pl s st 10YR 7/2

P8 - Dystric Umbric Gleysols (Alic)/Gleissolo Melânico Tb distrófico organossólico álico(4) - Vereda. Flat relief(4)

A 0.00-0.20 ma abrupt flat medium - v fr pl s st 10YR 2/1
C 0.20-0.50 ma - arenic/medium - - s pl s st 10YR 7/1

P9 - Eutric Rhodic Ferralsols (Typical)/Latossolo Vermelho eutrófico típico(4) - Flat relief (sorghum/soybeans crop)
A 0.00-0.18 md f/m bl gradual flat medium hr fr s pl s st 2.5YR 4/4
Bw1 0.40-0.80 st f/m gr - medium s hr fr s pl s st 10R 4/6

P12-Dystric Haplic Gleysols (Typical. Alic)/Gleissolo Háplico Ta distrófico típico álico(4) - Vereda. Flat relief
A 0.00-0.20 md m bl clear flat medium s hr fr n pl s st 5YR 4/4
C1 0.20-0.60 ma - medium - - n pl s st 7.5YR 6/2

P13 - Dystric Xanthic Ferralsols (Typical. Alic)/Latossolo Amarelo distrófico típico álico(4) - Semideciduous rainforest. Undulated relief
A 0.00-0.20 md f/m bl/gr gradual flat medium s hr fr s pl s st 7.5YR 4/4
Bw1 0.30-0.50 md f/m bl/gr diffuse flat medium s hr fr s pl s st 7.5YR 5/4
Bw2 0.50-0.90 md f/m gr - medium sf v fr s pl s st 10YR 5/6

P14 - Dystric Rhodic Ferralsols (Typical)/Latossolo Vermelho distrófico típico(4) - Flat relief (sugarcane crop)
A 0.00-0.20 md m/b bl/gr diffuse flat medium v hr f s pl s st 2.5YR 4/6
Bw 0.50-1.20 md m gr - medium s hr fr s pl s st 10R 4/7

P20 - Dystric Rhodic Ferralsols (Clayic. Alic)/Latossolo Vermelho distrófico argissólico álico(4) - Savanna. Flat relief
A 0.00-0.20 md f/m bl/gr gradual flat medium hr f s pl s st 2.5YR 4/4
Bw1 0.30-0.60 md p/m gr diffuse flat medium s hr fr s pl s st 10R 4/5
Bw2 0.60-1.10 st f/m gr - medium sf fr s pl st 10R 4/6

P21 - Dystric Umbric Gleysols/Gleissolo Melânico Tb distrófico organossólico(4) - Vereda. Undulated relief
A 0.00-0.20 st f/m gr clear flat clayic s hr fr v pl v st 7.5YR 3/1
C1 0.23-0.50 ma - heavy clayic - - v pl v st 10YR 7/2

(1) Structure: weak = w, moderate = md, and strong = st; Size: fine = f, medium = m, and big = b; Type: ma = massive, gr = granular, bl = blocky, 
and single grain = s g. (2) Texture: sandy (<15 % clay), medium (15≤ % clay ≤35), clayey (35< % clay ≤60), and heavy clayey (>60 % clay). (3) 
Consistency: (a) Dry: loose = ls, soft = sf, slightly hard = s hr, hard = hr, very hard = v hr; (b) Moist: very friable = v f, friable = fr, and firm = f; (c) 
Wet: not plastic = n pl, slightly plastic = s pl, plastic = pl, very plastic = v pl, not sticky = n st, slightly sticky = s st, sticky = st, and very sticky = v st. 
(4) Soil classes [FAO (WRB, 2015) and SiBCS (Santos et al., 2013)].
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soil density values observed in P9, P14, and P20 (Table 2) resulted from cultivation, 
reaching 1.77 Mg m-3 in a medium texture Ferralsol (P14), confirming studies of Assis 
and Lanças (2005), which reported higher soil density in cultivation areas than in native 
rainforest. According to Costa et al. (2002), yield loss due to soil compaction in pasture 
is common in Brazil and sometimes notorious in the Cerrado region. The soil consistency 
of the Ferralsols is slightly plastic and sticky, adequate for mechanized agriculture. The 
soil texture is closely related with the parent material (sandstones - Vale do Rio do Peixe 
Formation), a reddish hematitic sandstone. All soils had medium texture (15-35 % clay), 
with exception of P21, which has clayey to very clayey texture in all layers (Table 3).

The dominance of fine sand in these Ferralsols is a direct result of sandstone weathering. 
These soils with high amounts of fine sand and medium texture are easily compacted 
under cultivation (Reichert et al., 2003; Severiano et al., 2009; Silva and Castro, 2015), 
due to inadequate management, heavy machinery at all stages of agricultural cultivation 
(Pankhurst et al., 2003), especially under sugarcane (Roque et al., 2010). This was 
ascribed to a close packing of the fine sand under cultivation, as reported by Silva and 
Castro (2015).

According to Costa et al. (2002), soil compaction has increased in the Cerrado and 
represents the main constraint for yield maintenance, especially in areas of long-term 
monoculture, regardless of their texture. Although soil compaction is greater in clayey 
soils, sandy soils are also prone to compaction and require careful management. One 
such soil is the medium-texture Ferralsol of this study, found in large areas of the Cerrado 
with very similar properties. Hence, soil degradation occurs even in the most resilient 
medium-texture Ferralsols.

Dias Junior and Miranda (2000) postulated that the sand fraction can increase the packing 
capacity of soil particles when the grains have irregular shapes. In addition, when wet, soil 
deformation is pronounced (DeJong-Hughes et al., 1987), whereas compaction problems 
are greater in dry sandy soils (Dias Junior and Miranda, 2000) than in clay soils.

Photomicrographs of Ferralsols under native vegetation (P1 and P2) illustrate differences 
in the coalesced microgranular (interconnected) structure, showing greater porosity 
(Figure 2), greatly decreasing in intensively cultivated soil - P14. In all soils, the groundmass 
consists of fine quartz grains (coarse material), and a reddish clay micromass, partially 
coating grains, with a gibbsite-hematite nature. In the same region, Gomes et al. (2004) 
showed a very similar microstructure with interconnected (coalesced) granules, similar 
to soils P1 and P2, with zones of loose microaggregates, micromass, appearing mostly 
as grain coatings, indicating a mixture of quartz grains, and clays in the groundmass. 
Similar impacts of cultivation/ploughing on Ferralsols’ microstructure were described by 
Marcelino et al. (2010).

Table 2. Bulk density, particle density and hydraulic conductivity of some selected studied soils
Pedon Soil class Depth BD PD Ko

m Mg m-3 cm h-1

P1 FReuroce 0.05-0.10 1.44 2.67 8.85
P2 FRdyro 0.05-0.10 1.21 2.67 3.46
P9 FReuro 0.05-0.10 1.67 2.67 3.19
P14 FRdyro 0.05-0.10 1.77 2.63 3.08
P16 GLha 0.05-0.10 1.59 2.56 2.27
P20 FRdyroceal 0.05-0.10 1.70 2.74 1.44
P21 GLdyum 0.05-0.10 1.21 2.70 35.27

FReuroce: Eutric Rhodic Ferralsols (Clayic); FRdyro: Dystric Rhodic Ferralsols (Typical); FReuro: Eutric Rhodic 
Ferralsols (Typical); GLha: Haplic Gleysols (extra sample); FRdyroceal: Dystric Rhodic Ferralsols (Clayic, Alic); 
GLdyum: Dystric Umbric Gleysols. BD: bulk density (volumetric ring method); PD: particle density (volumetric 
flask method); Ko: hydraulic conductivity (constant head permeameter).
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Pedofeatures such as discrete organic matter fragments and carbon-rich coating were 
observed. The relative distribution pattern was typically gefuric in P1 and P2, and chitonic/
porfiric in P14, probably caused by clay losses and packing under intensive cultivation (soil 
compaction) (Figure 2, Table 4). Analyzing a comparable Rhodic Ferralsols with medium 
texture under sugarcane (Cerrado), Silva and Castro (2015) reported very similar results, 
with a porfiric pattern as a consequence of densified zones, reaching cementation of 
quartz grains (skeleton) by the compacted micromass. This was also corroborated by Silva 
et al. (1998) and Soares et al. (2005), who considered the porfiric pattern of Ferralsols 
as result of severe compaction, particularly in surface horizons of medium-texture soils. 
This results in a porostriated to granostriated b-fabrics under plane polarized light.

Table 3. Physical properties of some selected studied soils
Pedon Depth CS(1) FS(2) Silt Clay S/C(3)

m g kg-1

P1 - Eutric Rhodic Ferralsols (Clayic) - Semideciduous rainforest. Undulated relief
A 0.00-0.19 290 520 70 120 0.6
AB 0.19-0.44 230 540 100 130 0.8
Bw1 0.44-0.70 240 500 110 150 0.7
Bw2 0.70-1.00+ 220 490 80 210 0.4

P2 - Dystric Rhodic Ferralsols (Typical) - Savanna. Flat relief
A 0.00-0.20 180 620 60 140 0.4
Bw1 0.50-0.80 190 610 10 190 0.1
Bw2 0.80-1.20+ 190 540 80 190 0.4

P3 - Eutric Haplic Gleysols (Typical) - Vereda. Undulated relief
Ap 0.00-0.20/0.35 260 540 90 110 0.8
C1 20/35 - 50/55 510 140 100 250 0.4
C2 50/55 - 80+ 60 530 190 220 0.9

P7 - Dystric Umbric Gleysols - Vereda. Flat relief
A 0.00-0.20 400 60 180 360 0.5
C1 0.20-0.40 290 480 10 220 0.0

P8 - Dystric Umbric Gleysols (Alic) - Vereda. Flat relief
A 0.00-0.20 220 330 170 280 0.6
C 0.20-0.50 220 550 70 160 0.4

P9 - Eutric Rhodic Ferralsols (Typical) - Flat relief (sorghum/soybeans crop)
A 0.00-0.18 230 520 40 210 0.2
Bw1 0.40-0.80 290 500 60 150 0.4

P12 - Dystric Haplic Gleysols (Typical. Alic) - Vereda. Flat relief
A 0.00-0.20 100 660 80 160 0.5
C1 0.20-0.60 90 680 70 160 0.4

P13 - Dystric Xanthic Ferralsols (Typical. Alic) - Semideciduous rainforest. Undulated relief
A 0.00-0.20 140 550 70 240 0.3
Bw1 0.30-0.50 130 540 70 260 0.3
Bw2 0.50-0.90 90 550 90 270 0.3

P14 - Dystric Rhodic Ferralsols (Typical) - Flat relief (sugarcane crop)
A 0.00-0.20 60 680 60 200 0.3
Bw 0.50-1.20 60 630 70 240 0.3

P20 - Dystric Rhodic Ferralsols (Clayic. Alic) - Savanna. Flat relief
A 0.00-0.20 240 520 60 180 0.3
Bw1 0.30-0.60 190 500 60 250 0.2
Bw2 0.60-1.10 220 450 70 260 0.3

P21 - Dystric Umbric Gleysols - Vereda. Undulated relief
A 0.00-0.20 60 60 310 570 0.5
C1 0.23-0.50 20 70 300 610 0.5

(1) Coarse sand. (2) Fine sand. (3) Silt/clay ratio. Coarse sand, fine sand, silt, clay: particle size analysis [pipette method (Claessen, 1997)].
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Micromorphological results indicated evidences of compaction by intensive mechanization 
in patches of sandy soils, and the structural reorganization of P14, leading to coalescing 
aggregates and closed packing voids with lower macroporosity, becoming similar to clayey 
Ferralsols, as reported by Gomes et al. (2004) and Silva and Castro (2015). Changes 
in soil structure due to land use can be detected by micromorphological studies and 
associated features, when comparing natural with compacted or degraded soil (Bullock 
et al., 1985). Compacted soils are barriers to natural water infiltration, and may reduce 
the groundwater recharge capacity, even in medium-texture Ferralsols.

Hydraulic conductivity of saturated soils is considered a very useful property to differentiate 
the effects of tillage systems and water movement in soils (Assis and Lanças, 2005). In 
the studied Ferralsols, the hydraulic conductivity values were lowest in cultivated soils 
(P9, P14, and P20) (Table 2), and highest in P1 (native forest). The high conductivity of 
the Gleysols (P21), reaching 35.27 cm h-1, may result from biological channels. According 
to Boone (1988), under no-tillage, a permanent system of biopores and root channels 
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Figure 2. Photomicrographs of some selected soil layers under an optical microscope, in flat light, 
highlighting different sections with solid microstructure, showing higher porosity (P) in P1 and P2 
(planar pores), and lower porosity in P14. The groundmass consists of fine quartz grains (Qz = 
coarse material) and reddish clay (micromass). Pedofeatures such as organic matter fragments 
(OM) and coating were observed. Relative distribution showed a gefuric pattern in P1 and P2, and 
a chitonic/porfiric pattern in P14, due to intensive agricultural use and soil compaction.



Pereira et al. Hydropedology of a high tableland with Cerrado, Brazilian central plateau…

10Rev Bras Cienc Solo 2018;42:e0160523

allows for better drainage. In a Rhodic Ferralsol under no-tillage, Arzeno (1990) reported 
hydraulic conductivity values twice as high as under conventional tillage. Also, Assis 
and Lanças (2005) found a higher saturated hydraulic conductivity in no-tillage than 
conventional tillage system, and similar to that of native vegetation.

Under conventional tillage, lower infiltration rates lead to increasing runoff and sheet 
erosion, forming decapitated soils, common in old agricultural areas of the Cerrado 
(Costa et al., 2002). Aside from erosion, Ferralsols under monoculture (sugarcane and 
sorghum) are prone to crust formation and hard pan, further reducing water infiltration. 
According to Håkansson and Medvedev (1995), even under no-tillage cultivation, some 
soil compaction may occur, caused by the cumulative effect of traffic, although pores 
are usually better connected (Dick et al., 1989).

Increased clay contents in deeper soil layers of some Ferralsols are usually associated 
with some clay translocation/illuviation. Although cultivation is known to enhance clay 
illuviation of Ferralsols, the amount is not enough to induce a textural shift to Lixisols 
(Argissolos) (Chagas, 2004). Increasing soil erodibility of these soils (P1 and P20) is 
expected, since they would be subjected to both clay elutriation and illuviation.

A low silt/clay ratio in all soils indicates an extreme weathering degree of these Ferralsols, 
and even of the Gleysols. The Ferralsols developed from basalt (P20) contained consistently 
higher amounts of clay.

Chemical characterization

The soils are mostly dystrophic (Table 5), as expected for these highly weathered soils, 
regardless of the parent material (sandstones or basalt). The epi-eutrophic character of 
Ferralsols (P1) under semideciduous forest is due to its relative shallowness, exposing 
deeper saprolite, and especially to nutrient cycling at the surface, as observed by Resende 
(2002) in forest soils. In the case of Ferralsols (P9) (sorghum/soybean rotation) and P14 
(sugarcane), the constant fertilizer applications resulted in higher nutrient content in 
the exchange complex, promoting enrichment both at the surface (application site) and 
in the deeper soil layers, followed by leaching.

Table 4. Structural and microstructural characteristics of some selected studied pedons
Pedon Depth Classification Vegetation/use Structure(1) Microstructure(2)

m

P1 0.05-0.10 Rhodic Ferralsols 
(Clayic)

Semideciduous 
rainforest

st
f/m
bl/gr

Type: granular
Form: equidimensional

Degree of rounding: subrounded/rounded
Surface roughness: smooth/wavy

Relative distribution: gefuric
Degree of aggregate development: moderate

Pores: complex/channels

P2 0.05-0.10 Rhodic Ferralsols 
(Typical) Savanna (Cerrado)

md
f/m
bl/gr

Type: granular
Form: equidimensional

Degree of rounding: subrounded/rounded
Surface roughness: smooth/wavy

Relative distribution: gefuric
Degree of aggregate development: moderate

Pores: complex/channels/cavity

P14 0.05-0.10 Rhodic Ferralsols 
(Typical) Sugarcane crop

md
m/b
bl/gr

Type: granular
Form: equidimensional

Degree of rounding: subrounded/rounded
Surface roughness: smooth/wavy

Relative distribution: chitonic/porfiric
Degree of aggregate development: weak

Pores: complex/cavity
(1) Development: md = moderate, and st = strong; Size: f = fine, m = medium, and b = big; Type: gr = granular and bl = blocky. (2) According to 
Stoops (2003) and Stoops et al. (2010).
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All soils have high amounts of exchangeable Al3+ and Al saturation levels of >50 % in P2, P8, 
P12, P13, and P20. The Gleysols P7, P8, and P21 were classified as umbric by the IUSS Working 
Group WRB (2015), suggesting presence of organo-mineral complexes in these Gleysols, 
corroborated by higher values of CEC pH 7.0 and organic matter, reaching 316.8 g kg-1 in 
P7 (Table 5). A strong interaction of Al/Fe oxides in the clay fraction with soil organic carbon 
(SOC) was reported by Zinn et al. (2005), accounting for greater SOC protection in soils of 
tropical ecosystems. However, even in these regions, significant SOC losses may occur under 
intensive land use systems (annual tillage) in the 0.00-0.20 m layer and under non-intensive 
systems on coarse-textured soils in the 0.00-0.40 m layer (Zinn et al., 2005). For soils under 

Table 5. Chemical properties of the studied soils
Pedon Depth pH(H2O) Ca2+ Mg2+ K+ Al3+ H+Al S T AC V m OM P rem-P

m cmolc dm-3 % g kg-1 mg dm-3 mg L-1

P1 - Eutric Rhodic Ferralsols (Clayic) - Semideciduous rainforest. Undulated relief
A 0.00-0.19 5.18 1.67 0.51 0.13 0.68 3.4 2.31 5.71 47.6 40.56 22.7 10.1 0.8 32.2
AB 0.19-0.44 5.16 1.81 0.31 0.08 0.78 2.6 2.21 4.80 36.9 45.81 26.2 6.3 0.4 32.1
Bw1 0.44-0.70 5.29 2.41 0.40 0.07 0.59 2.1 2.88 4.98 33.2 57.82 17.0 7.6 0.3 29.8
Bw2 0.70-1.00+ 5.49 3.13 0.55 0.07 0.29 2.1 3.75 5.85 27.9 64.10 7.2 7.6 0.3 23.1

P2 - Dystric Rhodic Ferralsols (Typical) - Savanna. Flat relief
A 0.00-0.20 4.71 0.52 0.26 0.05 0.39 2.6 0.83 3.43 24.5 24.2 32.0 12.7 0.7 38.0
Bw1 0.50-0.80 4.13 0.09 0.08 0.02 0.39 2.1 0.19 2.29 12.1 8.31 67.2 2.5 0.4 33.1
Bw2 0.80 -120+ 5.21 0.04 0.06 0.01 0.29 1.8 0.11 1.91 10.1 5.84 72.5 2.5 0.2 29.2

P3 - Eutric Haplic Gleysols (Typical) - Vereda. Undulated relief
Ap 0.00-0.20/0.35 5.52 3.94 0.64 0.25 0.00 3.2 4.83 8.03 73.0 60.13 0.0 35.5 2.4 45.9
C1 0.20/0.35-0.50/0.55 5.47 1.25 0.64 0.34 1.85 4.0 2.23 6.23 24.9 35.81 45.3 2.5 1.7 15.4
C2 0.50/0.55-0.80+ 5.48 4.94 3.18 0.41 1.56 3.9 8.53 12.43 56.5 68.60 15.5 2.5 4.0 14.0

P7 - Dystric Umbric Gleysols - Vereda. Flat relief
A 0.00-0.20 5.05 2.01 0.78 0.51 0.39 11.8 3.31 15.11 42.0 21.91 10.5 316.8 1.8 15.6
C1 0.20-0.40 4.87 0.34 0.11 0.09 0.29 1.8 0.53 2.33 10.6 22.71 35.4 8.9 0.6 24.1

P8 - Dystric Umbric Gleysols (Alic) - Vereda. Flat relief
A 0.00-0.20 4.89 0.36 0.21 0.21 1.27 13.2 0.79 13.99 50.0 5.60 61.7 190.1 2.1 13.4
C 0.20-0.50 5.13 0.12 0.08 0.01 0.78 2.4 0.21 2.61 16.3 8.01 78.8 8.9 0.5 21.6

P9 - Eutric Rhodic Ferralsols (Typical) - Flat relief (sorghum/soybeans crop)
A 0.00-0.18 4.61 0.30 0.14 0.03 0.21 1.9 0.47 2.37 11.3 19.81 29.9 6.3 0.4 27.2
Bw1 0.40-0.80 5.08 1.69 0.61 0.15 0.00 1.8 2.45 4.25 28.3 57.60 0.0 16.5 8.5 40.3

P12 - Dystric Haplic Gleysols (Typical. Alic) - Vereda. Flat relief
A 0.00-0.20 4.81 0.33 0.32 0.14 0.88 6.9 0.79 7.69 48.1 10.31 52.7 38.1 1.5 24.3
C1 0.20-0.60 4.86 0.11 0.11 0.07 0.78 4.5 0.29 4.79 29.9 6.12 72.9 21.5 1.1 22.6

P13 - Dystric Xanthic Ferralsols (Typical. Alic) - Semideciduous rainforest. Undulated relief
A 0.00-0.20 4.69 0.19 0.16 0.13 1.27 5.5 0.48 5.98 24.9 8.01 72.6 31.7 2.1 26.1
Bw1 0.30-0.50 4.69 0.06 0.08 0.04 0.88 2.6 0.18 2.78 10.7 6.50 83.0 11.4 0.3 22.4
Bw2 0.50-0.90 5.04 0.08 0.08 0.02 0.59 2.1 0.18 2.28 8.4 7.91 76.6 7.6 0.3 18.5

P14 - Dystric Rhodic Ferralsols (Typical) - Flat relief (sugarcane crop)
A 0.00-0.20 6.51 1.82 0.49 0.11 0.00 1.4 2.42 3.82 19.1 63.4 0.0 12.7 1.6 33.1
Bw 0.50-1.20 4.99 0.38 0.16 0.03 0.39 2.3 0.57 2.87 12.0 19.9 40.6 6.3 0.2 20.8

P20 - Dystric Rhodic Ferralsols (Clayic. Alic) - Savanna. Flat relief
A 0.00-0.20 4.95 0.33 0.23 0.07 0.59 2.9 0.63 3.53 19.6 17.8 48.4 13.9 0.9 35.1
Bw1 0.30-0.60 4.53 0.09 0.07 0.02 0.68 2.4 0.18 2.58 10.3 7.1 79.1 3.8 0.2 19.7
Bw2 0.60-1.10 4.37 0.09 0.07 0.01 0.20 1.8 0.17 1.97 7.6 8.6 54.1 5.1 0.2 18.2

P21 - Dystric Umbric Gleysols - Vereda. Undulated relief
A 0.00-0.20 4.75 2.82 1.46 0.51 0.59 14.6 4.77 19.37 34.0 24.6 11.2 183.8 8.1 14.5
C1 0.23-0.50 4.44 1.38 0.42 0.19 0.98 12.9 1.99 14.89 24.4 13.4 33.1 82.4 6.1 10.2

Methods: pH in water (1:2.5, soil:water ratio); P, K+, Na+ = Mehlich-1 extractor; Ca2+, Mg2+, Al3+ = extractor 1 mol L-1 KCl; H+Al = acidity potential, 
calcium acetate 0.5 mol L-1; S = sum of bases; T = cation exchange capacity at pH 7,0; AC = activity clay (T/clay content × 1000); V = base saturation; 
m = Al saturation; OM = organic matter (Yeomans and Bremner, 1988); rem-P = remaining phosphorus (Donagema et al., 2011).
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native Cerrado, Bayer et al. (2006) reported higher C stocks in clayey than in sandy clay 
loam soils, suggesting a higher physical stability or organic matter associated with Al/Fe 
oxy-hydroxides in the clayey Ferralsols. Low rem-P contents in these “umbric” soils show a 
clearly oxidic nature, with high P sorption, despite the high organic matter content.

The great agricultural expansion into the Cerrado has increased the awareness of the 
role of this region in the global C cycle and climatic change (Batlle-Bayer et al., 2010). 
Considering the large area (about 70 million hectares) of the Cerrado that is currently 
used and potentially available as cropland, the adoption of no-till systems could turn 
the Cerrado into a major sink for atmospheric C and contribute to the mitigation of 
global climate change (Bayer et al., 2006). Consequently, the organic matter in Cerrado 
soils is highly relevant, and its conservation under agricultural use is imperative for a 
sustainable production. Organic matter is also related with soil compaction, as pointed 
out by Assouline et al. (1997), as well as soil structure and water infiltration (McBride and 
Bober, 1989; Zhang et al., 1997 ). The higher clay contents in the Gleysols of veredas 
is consistent with their hydromorphic nature, representing the largest carbon sink in 
the Cerrado region, and according to the current Brazilian environmental law they are 
permanent preservation areas (Código Florestal) that must be fully protected.

Morphometric analysis of the Frutal catchment 

The studied catchment is classified as fourth-order watershed, with a perimeter of 
56.85 km and total area of 123.52 km2. The length of the main channel was 26.84 km 
(Riberão Frutal), with a vectorial distance of 22.95 km. The altimetric amplitude was 
146 m and the total length of the 45 tributaries was 96.82 km. The relief ratio (Rr) was 
0.0055, indicating the flatness of this high tableland (chapada) landform. The hydrographic 
density (Hd) was 0.36 channels km-2, indicating a low capacity to generate new streams 
in this catchment. The drainage density (Dd), 0.78 km km-2, indicates low flow and little 
landscape dissection, typical of the highly permeable nature of the underlying sandstones 
(Vale do Rio do Peixe Formation). According to Resende et al. (1996), Cerrado areas have 
perennial rivers with a large distance between drainage channels. Hence, the risk of 
pollution is high, and any pollution hotspot may affect the water quality of extensive areas.

The maintenance coefficient (Mc) of 1,282.05 m2 m-1 reinforces that the catchment has 
few drainage channels, whereas the channel gradient (Gc) of the chapada slope is 2.12 %, 
corroborating the low declivity, decreasing the normal erosion. Although the number 
of narrow channels with low flows is small, they are intensively exploited for irrigation. 
Hence, a low sustainability of water resources is expected when irrigation demands 
must be reconciled with water conservation at the catchment scale, of any watershed 
in the Cerrado region. 

The roundness index (Ri) of 0.4802 indicates that the catchment has an elongated shape, 
with high output capacity and low flooding risk. Also, the extensive flat to slightly undulating 
relief and high permeability of the sandstone substrate in most Cerrado landscapes results 
in a high subsurface water recharge capacity. In this respect, Lopes (1983) claimed that 
the Cerrado region has large water reserves due to the high permeability of sandstones 
and overlying soils, along with the retention caused by the underlying basalts, which 
prevent leaching.

These high tablelands have many upland depressions where runoff is concentrated and 
stored for groundwater recharge, provided that upland erosion is reduced. Consequently, 
with suitable soil management strategies and an adequate erosion control, intensive 
agriculture can be reconciled with long-term sustainability, preserving the soil functions.

The sinuosity index (Si) (1.17) indicates that the main channel varies from straight 
to slightly sinuous, suggesting low sediment deposition (retention), and also low 
structural control.
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CONCLUSIONS
The soil physical and micromorphological properties detected important changes with 
regard to water recharge.

After cultivation, the microstructure of medium-texture Ferralsols (Latossolos) shifted 
from stable, strong microgranular to compacted, massive types. In the long term, this 
strongly affects water recharge and intensifies erosion, even where landforms at the 
landscape scale are flat.

Under cultivation, the soil density of these medium-texture Ferralsols increases and 
hydraulic conductivity decreases, particularly under sugarcane. Long-term cultivation 
induced chemical enrichment in the soil surface layer, due to fertilization, with an 
eutrophic character generated by cultivation.

The morphometric parameters of this typical chapada catchment (Frutal) indicated a low 
flooding risk and high flow capacity. Hence, the need for soil conservation measures to 
maintain and increase water recharge is emphasized, maintaining the lowland depression 
free form sedimentary inputs that may prevent water storage and groundwater recharge.
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