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Abstract: Soil erosion is one of the most dangerous impacts of climate change and anthropic disturbance in drylands. Its
control and reduction of soil and nutrient loss are essential to maintaining terrestrial ecosystems. Rare studies present data
about soil fragility in the Brazilian semiarid. This study aimed to measure soil resistance to erosion. Ten soil profiles were
described and classified to represent vegetation cover and geological diversity. The study area encompasses the Seridé
region, one of the driest regions in Brazil. The water-stable aggregates (WSA) content is highly variable, regardless of the
equivalent diameter of the aggregates. The lowest levels of WSA were recorded by Arenosol and A and E horizons of
Solonetz. Plinthosol and argic horizon of Solonetz and Luvisol recorded the lowest levels of soil loss. Large and fine
aggregates presented different stability mechanisms. Vegetation cover, clay, and sand contents intermediate the stability of
aggregates larger than 1 mm. Soil reactivity, Al* content, and altitude are important for aggregates smaller than 1 mm.
Conservation practices that favor coverage and maintenance of soil moisture and organic residues should be induced by the
government and applied by small rural producers to minimize human environmental effects.

Keywords: Dry forest; Soil fragility; Desertification; Caatinga; Drylands

Resumo: A erosao do solo é um dos impactos mais danosos ocasionado pelas mudangas climaticas e pela agao antrépica em
terras secas. Seu controle e reducao da perda de solo e nutrientes sao essenciais para a manutengao dos ecossistemas terrestres.
Sao raros os estudos que apresentam dados sobre a fragilidade do solo no semidrido brasileiro. Este trabalho teve como
objetivo medir a resisténcia do solo a erosdo. Dez perfis de solo foram descritos e classificados para representar a cobertura
vegetal e a diversidade geoldgica. A drea de estudo abrange a regiao Seri6 Poioguar, uma das mais secas do Brasil. O teor de
agregados estaveis em agua (WSA) é altamente variavel, independentemente do didmetro equivalente dos agregados. Os
menores niveis de WSA foram registrados pelo Neossolo Quartzarénico e horizontes A e E do Planossolo. O Plintossolo e o
horizonte Bt do Planossolo e Luvissolo registraram os menores niveis de perda de solo. Os agregados de maior e menor
tamanho apresentaram diferentes mecanismos de estabilidade. A cobertura vegetal, teores de argila e areia intermediam a
estabilidade de agregados maiores que 1 mm. A reatividade do solo, o teor de Al* e a altitude sdo importantes para agregados
menores que 1 mm. Praticas conservacionistas que favoregam a cobertura e manutencdo da umidade do solo e dos residuos
organicos devem ser induzidas pelo poder publico e aplicadas pelos pequenos produtores rurais para minimizar os efeitos
antrdpicos no meio ambiente.

Palavras-chave: Floresta seca; Fragilidade do solo; Desertificacao; Caatinga; Terras secas

Revista Brasileira de Geomorfologia. 2024, v.25 n.2; 2451; DOI: http://dx.doi.org/10.20502/rbg.v25i2.2451 https://rbgeomorfologia.org.br


https://orcid.org/0000-0001-8962-0692
mailto:jessica.n.carvalho@ufv.br
https://orcid.org/0000-0002-4675-732X
mailto:jjlelis@ufv.br

Revista Brasileira de Geomorfologia, v. 25, n. 2; e2451; 2024 2 de 33

1. Introduction

Soils are complex mixtures of minerals, water, air, and organic matter and host a large diversity of organisms
that interfere in several biogeochemical cycles (LAL, 2018). Although its relevance in sustaining life, it is estimated
that by 2050 around 1.5 million km? of soil will be lost by erosion (FAQ, 2019). Studies suggest that half of all crop
and pasture areas in Brazil are degraded due to soil erosion (EMBRAPA, 2002).

Loss of soil favors CO2 emission into the atmosphere (LAL, 2006, 2018; OLSON et al., 2016), loss of nutrients
(CHARTIER et al., 2013; TRAORE et al., 2015; WOLKA et al., 2021), pollution, and silting of rivers and reservoirs
(BAKKER et al., 2005), decrease in the ability to infiltrate and retain water in soils(SANTOS et al., 2016), destruction
of natural habitats (PRINCE et al., 2018), and acceleration of the desertification process (SOUZA et al., 2009; FAO,
2017; IPCC, 2019).

Liquid water is the major erosive agent in tropical areas, and its erosivity is conditioned by the intensity of
rainfall, gravitational potential, and terrain slope (FAO, 2019b). Soil properties also mediate erosion. Content of
soil organic matter (SIX et al., 2004; WUDDIVIRA and CAMPS-ROACH, 2007; BLAUD et al., 2014), shrink-swell
process (DIEL et al., 2019), tri and divalent cations contents (ROWLEY et al., 2018), bioturbation (SCHAEFER, 2001;
BLAUD et al,, 2014; LEHMANN and RILLIG, 2015), total porosity, and structure (TOTSCHE et al., 2018a) are the
main features that influence soil resistance to erosion.

The low density of vegetation cover (WANG et al., 2016; Leite et al., 2018) and spatio-temporal rainfall
variability (SANTOS et al., 2011, 2016; SANTOS et al., 2018) induce higher erosion rates in semiarid environments
compared to wet tropical regions. The Brazilian semiarid region hosts more than 54 million inhabitants (IBGE,
2023), comprising one of the most populated semiarid regions on the planet (MARENGO, 2008). Annual
precipitation is below 800 mm, and potential evapotranspiration is up to four times greater than precipitation
(KAYANO AND ANDREOLL 2009). A shrub deciduous vegetation cover is dominant and usually composed of
thorny, cactus, and bromeliad plants (QUEIROZ et al., 2018). Leptosols, Regosols, and Luvisols are the main soil
groups and reflect incipient weathering and pedogenesis (ARAUJO et al., 2017).

The studies on erosion in the Brazilian semiarid region show discrepant results (SAMPAIO, 2008; XAVIER,
2016, 2021). For example, a straight relation between rainfall and soil erosion is indicated in some studies (dos
SANTOS, 2009; LOBATO et al., 2009; PALACIO et al., 2016) and not confirmed in others (BORGES NETO et al.,
2023; LEITE et al., 2018), suggesting a lack of knowledge about the complexity of the process. Knowledge of the
mechanisms that retard the erosive process is fundamental for planning and elaborating soil conservation projects.
Therefore, this study aimed to measure soil erosion fragility by water and eolian erosion processes in different
classes in the Brazilian semiarid region. Here we included those soil groups which express more than 90% of the
Brazilian semiarid total area: Luvisols, Leptosolos, Arenosols, Ferralsols, Cambisols, Solonetzs, and Plinthosols
(Santos et al., 2011). We hypothesize that aggregate resistance to erosion significantly differs between soil groups
according to their texture and reactivity.

2. Study area

The study area encompasses the Seridd Potiguar region in Rio Grande do Norte state. It has a total area of
approximately 9,374 km? and particular landscape diversity. The altitude varies between 150 m, in valleys, and 750
m, in plateaus associated with Cenozoic sandstone. Seridé Potiguar is one of the driest regions in Brazil. Areas
below 400 m of altitudes have mean precipitation of 500 mm year!, concentrated between January and May, and
evapotranspiration is up to four times higher than precipitation. The average temperature is above 30 °C in all
months of the year (KAYANO and ANDREOLL 2009). On the other hand, areas at higher altitudes have peculiar
climatic dynamics derived from a local type of “valley-mountain” circulation, thus favoring the occurrence of
orographic rains, fog, and a high number of springs. The mean temperature in highlands is up to 5 °C lower than
lowlands (LUCENA et al., 2022).

Leptosols (17% of the total area), Luvisols (11%), and Regosols (2%) occur in pediment surfaces partially
eroded and associated with horst-graben systems (XAVIER et al., 2016). These soils occur between 350 and 400 m
and are developed from Proterozoic gneiss and schists (ANGELIM et al., 2006; SANTOS et al., 2011). Planosols
(10%), Vertisols (>1%), and Fluvisols (>1%) occur on alluvial plains and terraces, between 160 and 250 m, over
Cenozoic sediments. These soils are dominantly loamy, shallow (<1 m deep), eutrophic, and have low organic
carbon content (RUCKAMP et al., 2010; GIONGO et al., 2011; MENEZES et al,, 2012; FERREIRA et al., 2018).
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Shrubs, 3 to 9 m height-trees that shed their leaves seasonally, cacti, and arid-adapted grasses, such as
Anadenanthera colubrine, and Cenostigma piramydale, cover the lowlands (AMORIM et al., 2005; ALVES et al., 2011;
APG, 2016).

Ferralsols (26%), Arenosols (9%), and Plinthosols (>1%) cover plateaus, between 350 and 700 m, derived from
Cenozoic sandstones. These soils are dominantly acidic, deep, dystrophic, and have organic carbon content higher
than 1% (ARAUJO et al., 2017). Semideciduos forest cover the highlands and are composed by non-drought species,
as Bowdichia nitida, Manilkara bidentata, Tapirira guianensis, Myrciaria cauliflora Harpochilus neesianus, Ruellia
geminiflora, Schinopsis brasiliensis, and Mandevilla dardanoi (GARIGLIO et al., 2010).

Extensive livestock and agriculture have been practiced since European colonization in the 18% century.
Between 1940 and 1970, scheelite mining took place in open pit mines. A prolonged drought between 1964 and
1970 and the low technical production level led to crises in these productive sectors (MARENGO, 2008). The
population density is 35.20 hab km? (IBGE, 2022), one of the highest among the semiarid regions of the planet.

3. Material and Methods
3.1 Sampling and soil analysis

Ten soil profiles were described to represent the geomorphological and geological diversity of the study area
(Figure 1). Diagnostic horizons, attributes, and properties were identified according to the morphological
description (color, texture, structure, consistency, thickness, roots, and pores). At each pedon, soil samples were
collected on each horizon, from the surface down to the lithic contact. For deeper soils, a 200-cm control section
was used. All soil profiles were classified according to the World Reference Base for soil resources (IUSS
WORKING GROUP WRB, 2015). Pedons also were classified according to the SiBCS (SANTOS et al., 2018).

Dry forest

Brazil |

.‘q

Figure 1. Location of the study area (a) and distribution of sites (b).

Biomass and primary productivity were estimated by Landsat surface reflectance-derived soil adjusted
vegetation index (SAVI). The SAVI derives from Landsat 4-5 Thematic Mapper (TM), Landsat 7 Enhanced
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Thematic Mapper Plus (ETM+), and Landsat 8 Operational Land Imager (OLI)/Thermal Infrared Sensor (TIRS)
scenes that can be processed to Landsat Level-2 Surface Reflectance products. Landsat Surface Reflectance-derived
SAVlis calculated as a ratio between the R and NIR values with a soil brightness correction factor (L) defined as
0.5 to accommodate most land cover types. SAVI is used to correct Normalized Difference Vegetation Index
(NDVI) for the influence of soil brightness in areas where vegetative cover is low.

According to methods established for tropical soils, samples were air-dried and sieved through a 2.0-mm sieve
before physical and chemical analysis (TEIXEIRA et al., 2017). Sand, silt, and clay content were determined by the
pipette method after dispersion with 0.1 mol L-* NaOH. Textural classes were identified according to WRB (IUSS
WORKING GROUP WRB, 2014). Soil pH was measured with a glass electrode in a 1:2.5 suspension v/v soil and
deionized water (pH H20). The content of Ca%, Mg?, and exchangeable acidity (H+Al) were determined in an
unbuffered 1 mol L1 KCI extract. The potential acidity (PA) at pH 7.0 was determined in a 1 M ammonium acetate
solution at pH 7. Exchangeable K* and Na* were determined by flame photometry after Melhich-1 extraction. From
these results, we calculated the sum of bases (BS), base saturation (V), aluminum saturation (m), equivalent cation
exchange capacity (ECEC), and total cation exchange capacity (CEC).

Available phosphorus content (Pm) was determined by photocolorimetry after Mehlich-1 extraction. The soil
organic carbon (SOC) was determined by wet combustion (YEOMANS and BREMNER, 1988). Total nitrogen (N)
was determined by the Kjeldahl method and titration (TEIXEIRA et al., 2017b). The carbon to nitrogen ratio (C/N)
was calculated on a mass basis. The P adsorption capacity of the soil (Prem) was determined after stirring 2.5 g of
soil in 0.01 mol L-* CaClz containing 60 mg of P L-' for 1 hour. The suspension was filtered, and the remaining P in
solution (Prem) was determined by photocolorimetry. The higher the value of Preym, the lower is the affinity of soils
for the P in the solution. Texture and chemical analysis were executed in three aliquots and results have a coefficient
of variation below 10%.

Undisturbed samples were collected using a metallic cylinder of 100 cm?® in the surface and subsurface
horizons of each soil group to determine soil density and water retention capacity (TEIXEIRA et al., 2017). Bulk
density was calculated as the ratio between the mass of the samples after heating at 105 °C for 48 h - discounting
the mass of the metallic cylinder - and the volume of each cylinder measured by pachymeter. Particle density was
measured by weighing 20 g of soil after drying at 105 °C, then dividing that mass by the volume of the particles,
measured by a volumetric flask and alcohol. Water retention was measured at matric potentials of -6, -10, -30, -60,
-100, -300, -1500 kPa using a Richards' pressure plate apparatus. Total porosity was calculated using the formula:
Total porosity=(1- Bulk density/Particle density). Water retained in the potential of -1500 kPa was considered non-
available water. Available water was calculated as the difference between water retained in potentials of -30 and -
1500 kPa. Three replicates were sampled for each horizon. Soil organic carbon and total nitrogen stocks were
calculated using total organic content, sampling depth, and bulk density: Stock (kg m-2) = bulk density (kg dm-3) x
total organic carbon (or total nitrogen) content (%) x depth (dm) (FIDALGO et al., 2007).

3.2 Ped stability analysis and statistical procedures

Undisturbed samples of aggregates with an equivalent diameter greater than 10 cm were collected in all
horizons. Aggregate stability was determined by wet and dry sieving apparatus according to traditional
methodologies (TEIXEIRA et al., 2017). Each soil sieving stack consisted of 4 sieves ranging in size from 4 to 0.25
mm. Aggregate stability was expressed using percentage water stable aggregates (WSA), and mean weight
diameter (MWD). MWD was calculated by the formula (HAYNES, 1993):

MWD = S, F;.D

where Fi is the corrected mass proportion of stable aggregate fraction i in the total 0.25-10 mm aggregate and Di is
the mean diameter of stable aggregate fraction i. Three aliquots of 25 g each of air-dried aggregates retained on a 2
mm sieve were used for determinations.

Descriptive statistics were performed on water-stable aggregates. One-way analysis of variation
(ANOVA)was used to evaluate statistical difference of aggregate stability. Tukey's HSD test was used to determine
the significance level (p <0.05). The Pearson correlation between the water stable aggregates content, the properties
of each soil horizon, SAVI, slope, and altitude was calculated. Properties significantly correlated (p<0.05) with
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aggregate indices were incorporated into a multiple linear regression model. The equation with the highest
adjusted coefficient of determination and lowest residual was selected.

4. Results

Two Solonetz were described on fluvial terraces at the lowest altitude of the study area (Table 1). A Luvisol
was described on a pediment surface derived from gneiss. Two Leptosols and two Regosol were described in
backslope. They are derived from granites and granitoids. A Plinthosol was described in a plateau shoulder. An
Arenosol and an Acrisol, derived from sandstone, were described in a summit. Dry forest species dominated in all
profiles, except in the plateaus. Fragments of semideciduous forest were found over Acrisol and Arenosol.

Table 1. Site description of the soil profiles.

Soil . Altitude . L Coordinates
. SiBCS WRB Site description
profile (m) ¥

Lowlands in pediment plain

Soil described in a middle third
slope of the Borborema plateau.
Surface has 30° of slope. Well-

Eutric drained soil, with strong laminar
NEOSSOLO Leptosol erosion and derived from gneiss.
1 LITOLICO (Loamic, 387 Quartz and feldspar occur as 6.21552°S
Eutrofico Humic, gravel in all soil profile. 36.42868°W
fragmentario Yermic, Commiphora leptophloeos, Croton
Raptic) blanchetianus, and Jatropha

mollissima dominate a dry forest
fragment. Soil is covered by sparse
litter.
Soil described in a pediment plain.
Surface has 10° of slope. Well-

Leptic drained soil, with strong laminar
Abruptic erosion and derived from gneiss.
Luvisol Quartz and feldspar occur as
LUVISSOLO (Clayic, gravel in all soil profile. Sparse &
2 CROMICO Ortico Cutanic, 367 grasses and no litter on soil. ’
36.47816°W
tipico Differentic, Anadenanthera colubrine, and
Hypereutric, Cenostigma piramydale dominate a
Ochric, dry forest fragment. Soil is
Raptic) covered by sparse litter. Clay
coatings were identified in the B
horizon.
NEOSSOLO Hypereutric Soil described in an inselberg. 6.18171°5
3 REGOLITICO Regosol 395 Surface has 40° of slope. Well- '
36.527780°W
Eutrofico tipico (Loamic, drained soil, with strong laminar
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Ochric,
Yermic,

Raptic)

Stagnic
Abruptic
Solonetz
(Clayic,
PLANOSSOLO
5 NATRICO Ortico

durico

Columnic,
Cutanic,
Differentic,
Ochric,
Magnesic,
Hypernatric,
Raptic)

Hypereutric
NEOSSOLO
7 LITOLICO

Eutrofico tipico

Regosol
(Loamic,
Ochric,

Yermic)

Stagnic
Solonetz
(Albic,
Loamic,
Ochric,

Magnesic,

PLANOSSOLO
8 NATRICO Ortico
tipico
Hypernatric,
Raptic)

300

427

300

6 de 33

erosion and derived from granite.
Quartz and feldspar occur as
gravel in all soil profile. Sparse
grasses and no litter on soil.
Commiphora leptophloeos, Croton
blanchetianus, and Jatropha
mollissima dominate a dry forest

fragment.

Soil described in a stream terrace.
Surface has 2° of slope. Poor-
drained soil, with slight laminar

erosion and derived from alluvial
6.338335°S

36.529220°W

sediments. Dominance of
Cenostigma piramydale. Litter
covers the soil surface, and
bioturbation is limited to the first

horizon.

Soil described in a should of a

slope. Surface has 40° of slope.

Well-drained soil, with strong
laminar erosion and derived from

ranite. Quartz and feldspar occur
& Q P 6.1461697°S

as gravel in all soil profile. Sparse
36.58432°W

grasses and no litter on soil.
Commiphora leptophloeos, Croton
blanchetianus, and Jatropha
mollissima dominate a dry forest
fragment.
Soil described in a stream terrace.
Surface has 2° of slope. Poor-
drained soil, with slight laminar

erosion and derived from alluvial
6.33622897°S

36.525395°W

sediments. Dominance of
Cenostigma piramydale. Litter
covers the soil surface, and
bioturbation is limited to the first

horizon.
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Soil described in a middle third
slope of the Borborema plateau.
Surface has 30° of slope. Well-

drained soil, with strong laminar

Eutric
erosion and derived from gneiss.
NEOSSOLO Leptosol
. Quartz and feldspar occur as 6.19636564°S
9 LITOLICO (Loamic, 447
’ ) gravel in all soil profile. 36.603682°W
Eutrofico tipico Ochric, )
Commiphora leptophloeos, Croton
Yermic) .
blanchetianus, and Jatropha
mollissima dominate a dry forest
fragment. Soil is covered by sparse
litter.
Highlands in plateau
Soil described in a plateau. Surface
has 5° of slope. Well-drained soil,
with slight laminar erosion and
Xanthic
derived from sandstone.
Acrisol
ARGISSOLO ] Harpochilus neesianus, Ruellia
(Clayic, o ] ) o 6.088025°S
4 AMARELO . 680 geminiflora, Schinopsis brasiliensis,
o Hyperdystri . . . 36.527140°W
Distrofico tipico and Mandevilla dardanoi dominate
¢, Ochric,
_ a semideciduous forest fragment.
Raptic) ] )
Litter covers the soil surface, and
bioturbation is intense. A 10 cm-
depth surface horizon buries soil.
Soil described in a plateau. Surface
has 5° of slope. Well-drained soil,
with slight laminar erosion and
derived from quartzite.
NEOSSOLO Hypereutric ) ' )
a Harpochilus neesianus, Ruellia 6.263237°S
6 QUARTZARENI Arenosol 412 o ) ) o
L. . ) geminiflora, Schinopsis brasiliensis, ~ 36.451164°W
CO Ortico leptico (Ochric)
and Mandevilla dardanoi dominate
a semideciduous forest fragment.
Litter covers the soil surface, and
bioturbation is intense.
Soil described in a scarp of a
Geric
plateau. Surface has 30° of slope.
PLINTOSSOLO Plinthosol
. Well-drained soil, with strong
HAPLICO (Clayic, 6.39039298°S
10 675 laminar erosion and derived from
Eutrofico Eutric, ) 36.603681°W
o ) petroferric layer. Iron nodules
petroplinticos Ochric, ) ) )
) occur as gravel in all soil profile.
Raptic)

Commiphora leptophloeos, Croton
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blanchetianus, and Jatropha
mollissima dominate a dry forest
fragment. Soil is covered by sparse

litter.

* World Geographic System, SIRGAS 2000 Datum.

Soil thickness varied between 20 and 200 cm (Table 2). The A-C and A-B sequences were recurrent. The
transition between horizons varied between abrupt and diffuse, being predominantly smooth and clear. The
dominant structures are of moderate grade, fine to medium size, and subangular and angular block types. Roots
are dominantly common, and in general, there is a decrease in the quantity of roots with increasing soil depth.
Pores are predominantly fine and common.
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Table 2. Morphological soil properties.
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Redoximorphic
features (kind,
Boundary Structure Consistence (dry, . . Roots Pores
. Depth L. . . . quantity, size, Nodule . .
Horizon (distinctness, (grade, size, Moist color moist, wetter, (quantity, (quantity,
(cm) . contrast, state, color . .
topography) type) cementation) size) size)
hardness,
boundary)
Lowlands in pediment plain
S1 — Eutric Leptosol (Loamic, Humic, Yermic, Raptic)/ NEOSSOLO LITOLICO Eutréfico fragmentario
A 0-7 C-S 2, f/m, sbk 75YR 3/1 S, FR, po, so, NC - - 2, vf 2, f/m
Cr 0-25 C-S 1, m, sbk 10YR 3/6 S, FR, ps, ss, NC - - 1, vf 2, vi/t
R 25+ - - - - - - - -
52 —Leptic Abruptic Luvisol (Clayic, Cutanic, Differentic, Hypereutric, Ochric, Raptic)/ LUVISSOLO CROMICO Ortico tipico
A 0-30 C-S 2, m/co, sbk 10YR 3/2 SH, FR, ps, NC - - 1, vf 2, f
Bt 30-47 C-S 2, co, sbk 7.5 YR 3/4 SH, FR, vp, vs, NC - - 1, vf 1, f/m
Cr 47-70 C-S 0,-, m 10YR4/6 HA, VH, p-vp, vs, NC - - 1, m 2, f
R 70+ - - - - - - - -
S3 - Hypereutric Regosol (Loamic, Ochric, Yermic, Raptic)/ NEOSSOLO REGOLITICO Eutréfico tipico
A 0-65 C-S 2, m/co, sbk 7.5YR3/2 HA, FR, p, s, NC - - 1, vi/f 3, f/m/co
Cr 65-112 G-S 0,- m 10 YR 3/6 HA, FR, po, so, NC - - 1, vf/m 1, vf
R 112+ - - - - - - - -

S5 - Stagnic Abruptic Solonetz (Clayic, Columnic, Cutanic, Differentic, Ochric, Magnesic, Hypernatric, Raptic)/ PLANOSSOLO NATRICO Ortico dtrico
Anl 0-10 C-S 2, f/m, sbk 10 YR 3/4 SH, FR, po, so, NC - - 2, vi/f 3, f/m
An2 10-12 A-S 1, f/m, sbk 10 YR 5/8 SH, FR, po, so, NC - - 1, m/co 3, f/m/co

F3M/f, 2, F, D, ],
Btnvl 12-48 C-S 3, vc, pr/cpr 10 YR 2/1 VH, VER, vp, vs, NC c 10YR 4/6 1, m 1, vi/f
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Btnv2  48-115+ - 3, ve, pr 10YR3/4  VH-EH, FR, ps, ss, NC FIM, If z D ovR 3/6 absent 1,f
S7 - Hypereutric Regosol (Loamic, Ochric, Yermic)/ NEOSSOLO LITOLICO Eutréfico tipico
A 0-19 G-S 2, f/m, sbk 2.5Y 3/1 FR, po, ss, NC - - 2, vi/f/m 3, f/m/co
AC 19-45 G-W 1, m, sbk 2.5Y 3/2 FR, ps, s, NC - - 3, vi/f 2, f/m
R 45+ - - - -
S8 - Stagnic Solonetz (Albic, Loamic, Ochric, Magnesic, Hypernatric, Raptic)/ PLANOSSOLO NATRICO Ortico tipico
A 0-10 C-S 2, f/m, gr 10YR 2/1 S, FR, po, so, NC - - 3, vi/f 3, f/m
AEn 10-37 C-S 1, m, abk 10YR 3/3 S, FR, po, so, NC - - 2, vi/f/m 2, f
En 37-52 C-S 2, f, abk 10YR 2/1 S, FR, po, so, NC - - 2, vf/f/m
Env 52-70 CS 2, f/m, abk 10YR 4/3 S, FR, po, so, NC FIML 2C BB 10YR 5/8 2, vi/f/m 3, f/m
EB 70-95 C-S 2, m/vc, abk 10YR 4/3 S, FR, po, so, NC FIML i B 10YR 5/3 2, f/m 3, f/m
Btn 95-125+ 2, m/vc, abk 10YR 3/1 SH, FR, po, so, NC - - 1, vi/f 2, f/m
S9 - Eutric Leptosol (Loamic, Ochric, Yermic)/ NEOSSOLO LITOLICO Eutréfico tipico
A 0-20 A-S 2, m, sbk 10YR 4/2 FR, po, so, NC - - 3, vi/f/m 2, f/m
R 20+ - - - - - - - -
Highlands in plateau
54 - Xanthic Acrisol (Clayic, Hyperdystric, Ochric, Raptic)/ ARGISSOLO AMARELO Distroéfico tipico
A 0-10 G-S 1, f/m, sbk 10 YR 4/3 S, FR, po, so, NC - - 3, vi/f/m 3, f/m
2Ab 10-50 D-S 2, f/m, sbk 10 YR 6/4 SH, FR, po, so, NC - - 2, vi/f/m 3, f/m/co
2Bto 50-120+ 2, f/m, sbk 10 YR 7/4 SH, FR, ps, ss, NC - - 2, vi/f 3, f/m
S6 - Hypereutric Arenosol (Ochric)/ NEOSSOLO QUARTZARENICO Ortico 1éptico
Al 0-3 C-S 2, f/m,sbk 2.5Y 4/3 FR, po, so, NC - - 1, vt 1, vt
A2 3-8 G-S 2, m/co, sbk 2.5Y 4/4 FR, po, so, NC - - 1, vf 1, vf
A3 8-13 G-S 2, m/co, sbk 2.5Y 3/3 FR, po, so, NC - - 3, vf 3, vi/f/m
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AC 13-28 C-S 2, f, sbk 2.5Y 3/3 S, FR, po, so, NC - - 2, vi/f/m 2, f/m
C 28-70 C-S 2, m, sbk 2.5Y 4/4 S, FR, po, so, NC - - 2, vi/f 3, f/m
R 70+

S10 — Geric Pisoplinthic Plinthosol (Clayic, Eutric, Ochric, Raptic)/ PLINTOSSOLO PETRICO Concrecionario éutrico
FSN, m, 2, P, D,
Ac 0-3 C-W 2, m, sbk 2.5YR 3/2 FR, ps, s, NC s 10R 4/6 1,f 2, f/m
FSN, m, 3, P, D,
Bcl 3-30 C-S 2, m,sbk 2.5YR 4/3 FR, p, ss, NC s 10R 4/6 2, vi/f 2, f/m
FSN, m, 4, P, D,
Bc2 30-50 C-S 2, f, sbk 2.5YR 4/6 FR, p, s, NC s 10R 4/6 1, vf 2, vi/f

Bm 50+ - - - - -
Distinctness: A=abrupt, C=clear, D=diffuse; G=gradual. Topography: S=smooth, W=wavy. Structure: Grade: 1=weak, 2=moderate. Size: co=coarse, f=fine, m=medium, vc=very
coarse. Type: abk=angular block, cpr=columnar, gr=granular, m=massive, pr=prismatic, sbk= subangular block. /=principal structure parting to secondary one. Consistence:
Dry: EH=extreme hard, EF=extreme firm, HA=hard, L= loose, S=soft, SH=slightly hard. Moist: FR= friable, L=loose. Wetter: so=nonsticky, ss= slightly sticky, p=moderately
plastic, po=nonplastic, ps= slightly plastic. Cementation: M=moderately cemented, NC= non-cemented. Redoximorphic features: Kind: F3M=noncemented Fe* mass,
FSN=ironstone. Quantity: f=few, m=many. Size: 2=medium, 3=coarse, 4=very coarse. Contrast: F=faint, P=prominent. State: D=dry. Hardness: I=sindurated. Boundary: C=clear,
S=sharp. Roots and pores: 1= few, 2= common, 3=many, co=coarse, f=fine, m= medium, vf=very fine.
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Coarse sand is the dominant particle in most profiles (Table 3). The texture varies between clay and loamy
sand. Overall, clay content increases in depth. Soils range from extremely acidic to strongly alkaline (Table 4). The
coarse sand/fine sand and/or sand/silt ratios indicated lithic discontinuity in all soil profiles, except for one
Arenosol, one Leptosol and one Regosol. The pH H2O values are higher than pH KCl. The Plintosol register ApH
close to zero. Ca?*>Mg?>K*>Na* is the dominance of bases in all horizons, except among the Solonetz. The Al
contents were below 1 cmolc kg in all horizons. All profiles have base saturation greater than 50%, except Acrisol.
The coarse sand/fine sand ratio indicates lithic discontinuity at 10 cm of depth in Acrisol.
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Table 3. Physical soil properties
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Coarse sand Fine sand Silt Clay Coarse sand Sand
Horizon Depth (cm) Silt/Clay Texture
% Fine sand Silte
Lowlands in pediment plain
S1 — Eutric Leptosol (Loamic, Humic, Yermic, Raptic)/ NEOSSOLO LITOLICO Eutréfico fragmentario
A 0-7 36 35 18 11 1.0 3.9 1.61 sandy loam
Cr 0-25 53 9 22 16 5.8 2.8 1.44 sandy loam
R 25+ - - - - - - - -
52 —Leptic Abruptic Luvisol (Clayic, Cutanic, Differentic, Hypereutric, Ochric, Raptic)/ LUVISSOLO CROMICO Ortico tipico
A 0-30 40 27 18 15 1.5 3.7 1.14 sandy loam
Bt 30-47 22 11 18 49 2.0 1.8 0.36 clay
Cr 47-70 33 18 18 31 1.8 2.8 0.58 sandy clay loam
R 70+ - - - - - - - -
S3 - Hypereutric Regosol (Loamic, Ochric, Yermic, Raptic)/ NEOSSOLO REGOLITICO Eutréfico tipico
A 0-65 20 23 25 33 0.9 1.7 0.76 clay loam
Cr 65-112 41 22 29 9 1.9 21 3.33 sandy loam
R 112+ - - - - - - - -

S5 - Stagnic Abruptic Solonetz (Clayic, Columnic, Cutanic, Differentic, Ochric, Magnesic, Hypernatric, Raptic)/ PLANOSSOLO NATRICO Ortico durico
Ani 0-10 34 41 13 12 0.8 5.8 1.11 sandy loam
Anz 10-37 33 51 7 9 0.6 12.0 0.86 loamy sand

Btnvi 37-48 35 31 8 26 1.1 8.3 0.3 sandy clay loam
Btnv2 48-115+ 15 12 11 62 1.3 25 0.18 clay
S7 - Hypereutric Regosol (Loamic, Ochric, Yermic)/ NEOSSOLO LITOLICO Eutréfico tipico
A 0-19 41 26 17 16 1.6 3.9 1.01 sandy loam
AC 19-45 40 21 18 21 1.9 3.4 0.84 sandy clay loam
R 45+ - - - - - - - -
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AEn
En
Env
EB
Btn

2ADb
2Bt

Aa
A
As
AC

Ba
Bc

Bm

0-10
10-37
37-52
52-70
70-95

95-125+

0-20
20+

0-10
10-50
50-120+

0-3
3-8
8-13
13-28

1.59
1.33
1.44
0.93
1.27
0.96

0.71

0.18
0.21
0.19

0.84
1.61
1.69
1.16

10 58 20 13 0.2 3.4
22 59 11 8 0.4 7.4
22 53 15 10 0.4 5.0
24 62 7 7 0.4 12.3
14 62 14 11 0.2 5.4
9 43 24 25 0.2 2.2
S9 - Eutric Leptosol (Loamic, Ochric, Yermic)/ NEOSSOLO LITOLICO Eutréfico tipico
40 39 9 12 - -
Highlands in plateau
54 - Xanthic Acrisol (Clayic, Hyperdystric, Ochric, Raptic)/ ARGISSOLO AMARELO Distrofico tipico
16 15 10 59 1.1 3.1
62 19 3 16 3.3 27.0
17 16 11 56 1.1 3.0
S6 - Hypereutric Arenosol (Ochric)/ NEOSSOLO QUARTZARENICO Ortico 1éptico

69 13 8 10 5.3 10.3
72 12 10 6 6.0 8.4
74 11 10 6 6.7 8.5
74 11 8 7 6.7 10.6
72 12 9 7 6.0 9.3

28-70
70+

510 - Geric Plinthosol (Clayic, Eutric, Ochric, Raptic)/ PLINTOSSOLO HAPLICO Eutréfico petroplintico

0-3
3-30
30-50

50+

22
22
14

8
7
8

12 58
13 59
13 65

2.8
3.1
1.8

25
2.2
1.7

1.19

0.21
0.21
0.2
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S8 - Stagnic Solonetz (Albic, Loamic, Ochric, Magnesic, Hypernatric, Raptic)/ PLANOSSOLO NATRICO Ortico tipico

sandy loam
loamy sand
sandy loam
loamy sand
sandy loam

sandy clay loam

sandy loam

clay
sandy loam

clay

loamy sand
loamy sand
loamy sand
loamy sand

loamy sand

clay
clay
clay
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Table 4. Chemical soil properties

Depth pH pH Pm K+ Na+ Ca» Mg» AI* H+Al ECEC CEC ISNa V COS N C/N  Prem
Horizon cm H.0 KCl mg kg cmolc kg % mgL-!

Lowlands in pediment plain
S1 - Eutric Leptosol (Loamic, Humic, Yermic, Raptic)/ NEOSSOLO LITOLICO Eutréfico fragmentario

A 0-7 4.8 3.6 9 <1 <1 2.2 0.7 0.6 4.7 3.9 8.0 1 41 195 0.11 18 45.3
Cr 7-25 5.1 3.4 2 <1 <1 2.0 1.3 1.0 1.9 4.5 5.4 2 65 045 0.04 12 46.7

R 25+ - - - - - - - - - - - - - - - - -

52 —Leptic Abruptic Luvisol (Clayic, Cutanic, Differentic, Hypereutric, Ochric, Raptic)/ LUVISSOLO CROMICO Ortico tipico

A 0-30 6.0 5.0 8 <1 <1 5.3 15 <01 1.6 74 9.0 1 82 120 0.10 12 48.6

Bt 30-47 6.0 3.5 2 <1 <1 162 75 0.3 2.6 24.4 26.7 1 9 045 0.05 87 35.4
Cr 47-70 6.2 3.8 2 <1 <1 146 9.1 0.2 1.4 24.3 25.5 2 95 030 0.03 10 43.6

R 70+ - - - - - - - - - - - - - - - - -

S3 - Hypereutric Regosol (Loamic, Ochric, Yermic, Raptic)/ NEOSSOLO REGOLITICO Eutréfico tipico

A 0-65 6.4 49 65 1 <1 185 115 <0.1 1.0 30.6 31.6 1 97 082 0.06 14 43.2
Cr 65-112 7.9 6.0 112 <1 1 285 104 <01 <0.1 39.5 39.5 1 100 056 0.01 94 50.0

R 112+ - - - - - - - - - - - - - - - - -

S5 - Stagnic Abruptic Solonetz (Clayic, Columnic, Cutanic, Differentic, Ochric, Magnesic, Hypernatric, Raptic)/ PLANOSSOLO NATRICO Ortico durico
Ani 0-10 5.4 5.1 14 <1 1 4.1 22 <01 14 7.7 9.1 14 8 142 0.1 13 53.9
Anz 10-12 5.3 4.8 5 <1 1 2.8 14 <01 0.6 5.3 5.9 15 90 038 0.03 12 54.5
Btnu 12-48 5.6 5.2 2 <1 7 6.7 6.5 <01 0.3 20.3 20.6 34 99 038 0.04 92 46.2
Btnz 48-115+ 74 5.9 2 <1 5 2.3 26 <01 0.0 9.7 9.7 49 100 0.23 0.02 12 49.2
S7 - Hypereutric Regosol (Loamic, Ochric, Yermic)/ NEOSSOLO LITOLICO Eutréfico tipico

A 0-19 5.6 4.4 50 <1 <1 3.6 30 <01 1.1 6.9 8.0 3 8 039 0.05 7 54.0
AC 19-45 6.6 4.3 68 <1 2 5.4 79 <01 0.6 15.9 16.5 15 9% 0.08 0.04 2 51.3

R 45+ - - - - - - - - - - - - - - - - -
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S8 - Stagnic Solonetz (Albic, Loamic, Ochric, Magnesic, Hypernatric, Raptic)) PLANOSSOLO NATRICO Ortico tipico
A 0-10 6.6 6.0 99 1 <1 49 14 <0.1 0.2 7.1 7.3 1 97 156 0.14 11 56.0

AEn 10-37 6.4 5.8 92 <1 1 3.3 1.3 <01 <0.1 5.9 5.9 14 100 023 0.04 6 55.5
En 37-52 6.9 6.1 51 1 4 4.3 1.3 <01 <0.1 10.1 10.1 38 100 031 0.03 9 53.7
Env 52-70 74 6.4 104 <1 3 1.5 1.4 <0.1 <0.1 6.2 6.2 48 100 0.08 0.02 4 56.6
EB 70-95 8.7 7.5 21 <1 4 1.6 1.7 <0.1 <0.1 7.7 7.7 52 100 0.08 0.02 4 57.0
Btn 95-125+ 8.6 7.1 13 <1 9 1.7 21 <01 <01 13.4 13.4 68 100 020 0.04 5 47.8
S9 - Eutric Leptosol (Loamic, Ochric, Yermic)/ NEOSSOLO LITOLICO Eutréfico tipico
A 0-20 44 3.7 3 <1 <1 1.2 0.2 0.3 1.3 2.1 3.0 <1 58 047 0.05 10 55.0
R 20+ - - - - - - - - - - - - - - - - -
Highlands in plateau
54 - Xanthic Acrisol (Clayic, Hyperdystric, Ochric, Raptic)/ ARGISSOLO AMARELO Distréfico tipico
A 0-10 49 3.7 6 <1 <1 0.6 0.2 0.3 1.6 1.1 2.4 <1 34 052 0.03 21 54.5
2Ab 10-50 4.6 3.7 2 <1 <1 0.2 0.1 0.6 1.4 0.9 1.7 <1 19 030 0.02 14 53.5
2Bt 50-120+ 4.3 3.8 1 <1 <1 02 <01 0.9 1.8 1.1 21 1 13 030 0.02 14 46.1
S6 - Hypereutric Arenosol (Ochric)/ NEOSSOLO QUARTZARENICO Ortico 1éptico
Al 0-3 5.5 5.0 4 <1 <1 2.1 05 <01 0.3 2.7 3.0 <1 90 047 0.08 58 58.8
Az 3-8 5.6 4.6 1 <1 <1 14 02 <01 0.5 1.7 22 <1 77 016 0.02 8 56.9
As 8-13 5.5 4.4 1 <1 <1 1.1 02 <01 0.6 14 2.0 <1 70 016 013 1 59.1
AC 13-28 5.5 4.3 1 <1 <1 0.9 02 <01 0.3 12 1.5 <1 79 016 0.02 10 57.0
C 28-70 5.5 43 0 <1 <1 0.9 02 <01 0.2 1.1 1.3 <1 85 0.08 0.01 7 59.8
R 70+ - - - - - - - - - - - - - - - - -
S10 - Geric Plinthosol (Clayic, Eutric, Ochric, Raptic)/ PLINTOSSOLO HAPLICO Eutréfico petroplintico
Av 0-3 5.1 4.7 4 <1 1 3.5 14 <01 22 6.1 8.3 8 73 117 010 12 51.8
Bvi 3-30 3.9 3.8 2 <1 2 1.7 1.2 0.6 3.0 6.3 8.7 27 66 0.62 0.06 11 41.8
Bv2 30-50 3.6 3.7 1 <1 3 22 14 0.9 2.7 8.3 10.2 34 74 039 0.04 10 40.8
Bm 50+ - - - - - - - - - - - - - - - - -
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The contents of SOC, N, and Pm decrease with increasing depth, indicating the influence of organic residues
on the content of these nutrients. The SOC content in the surface horizon varied between 0.38 and 1.95%. Between
10 and 50 cm depth, the SOC contents varied between 0.08 and 0.42%. The C/N ratio varies between 1 and 93. The
Prem contents varied between 35.4 and 59.8 mg L. Prem has an inverse relationship with the affinity of P with
organic and mineral compounds. The highest values were observed in Arenosol. In turn, the lowest Prem values
were recorded by the plinthic horizon of the Plinthosol.

Particle density values is close to quartz and feldspar (Table 5). In general, the bulk density is similar between
the horizons of each profile. Bulk density at the surface horizon varies between 0.85 and 1.54 g cm. Between 10
and 50 cm the bulk density varied between 0.94 and 1.71 g cm-. The total porosity ranged from 0.37 m?® m- at the
argic horizon, of the Acrisol, to 0.67 m? m* at the Solonetz eluvial horizon. The highest values of field capacity and
permanent wilting point were recorded by Luvisol and Plinthosol. The values of water available at the surface
horizon vary between 0.04 m3 m=? at Arenosol and 0.12 m?® m= at Plinthosol. Between 10 and 50 cm of depth, the
values of available water varied between 0.05 m3 m-=3, in Arenosol, and 0.11 m3 m-=2, in Luvisol.
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Table 5. Physical soil properties determined in undisturbed samples

Depth Particle density Soil density Total porosity Field capacity Wilting point Available water

Horizon cm g cm3 m3 m-3 kg kg -mmmmmnmmmmnnnna-

Lowlands in pediment plain

S1 — Eutric Leptosol (Loamic, Humic, Yermic, Raptic)/ NEOSSOLO LITOLICO Eutréfico fragmentario

A 0-7 2.7 1.25 0.54 0.138 0.035 0.103
S2 —Leptic Abruptic Luvisol (Clayic, Cutanic, Differentic, Hypereutric, Ochric, Raptic)/ LUVISSOLO CROMICO Ortico tipico
A 0-30 2.69 1.18 0.56 0.167 0.054 0.113
Bt 30-47 2.68 1.14 0.57 0.222 0.111 0.111
S3 - Hypereutric Regosol (Loamic, Ochric, Yermic, Raptic)/ NEOSSOLO REGOLITICO Eutréfico tipico
A 0-65 2.89 1.3 0.55 0.233 0.125 0.108
S5 - Stagnic Abruptic Solonetz (Clayic, Columnic, Cutanic, Differentic, Ochric, Magnesic, Hypernatric, Raptic)/ PLANOSSOLO NATRICO Ortico dtrico
Btnl 12-48 2.82 1.43 0.49 0.113 0.039 0.074
S7 - Hypereutric Regosol (Loamic, Ochric, Yermic)/ NEOSSOLO LITOLICO Eutréfico tipico
A 0-19 2.67 1.37 0.487 0.109 0.039 0.070
AC 19-45 2.67 1.35 0.494 0.137 0.051 0.086
S8 - Stagnic Solonetz (Albic, Loamic, Ochric, Magnesic, Hypernatric, Raptic)/ PLANOSSOLO NATRICO Ortico tipico
AEn 10-37 2.56 0.85 0.67 0.151 0.073 0.078
En 37-52 2.6 0.97 0.627 0.181 0.098 0.083
S9 - Eutric Leptosol (Loamic, Ochric, Yermic)/ NEOSSOLO LITOLICO Eutréfico tipico
A 0-20 2.67 1.11 0.584 0.124 0.042 0.082
Highlands in plateau
54 - Xanthic Acrisol (Clayic, Hyperdystric, Ochric, Raptic)/ ARGISSOLO AMARELO Distroéfico tipico
A 0-10 2.67 1.54 0.42 0.129 0.030 0.099
2Ab 10-50 2.74 1.71 0.38 0.117 0.032 0.085
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2Bt 50-120 2.78 1.74 0.37 0.124 0.045
S6 - Hypereutric Arenosol (Ochric)/ NEOSSOLO QUARTZARENICO Ortico 1éptico
Ai 0-3 2.74 1.33 0.51 0.075 0.029
AC 13-28 2.7 1.35 0.5 0.080 0.022
S10 - Geric Plinthosol (Clayic, Eutric, Ochric, Raptic)/ PLINTOSSOLO HAPLICO Eutréfico petroplintico
Av 0-3 2.56 0.92 0.64 0.259 0.136
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The diagnostic horizons of Luvisol and Planosol show angular blocky and prismatic structures forming an
enaulic c/f related distribution pattern with coarse grains and planar voids (Table 6). Fine to very coarse sand
blocky angular grains compose the coarse fraction. Fine fraction coats coarse grains. The surface horizon of
Arenosol, Leptosols and Regosols shows apedal material forming a chitonic or porphyric c/f related distribution
pattern with coarse grains and vugh voids. Smooth fine to very coarse sand blocky angular grains compose the
coarse fraction. The diagnostic horizons of Plinthosol and Acrisol show subangular blocky structure forming an
enaulic ¢/f related distribution pattern with coarse grains, channels, and complex packing voids. Smooth silt to
coarse sand blocky rounded grains composes the coarse fraction. The fine fraction is opaque and composes peds
(Figure 2).

The variation coefficient of aggregate content retained between the 2.00- and 0.25-mm sieves is greater than
20% in all horizons (Table 7). The aggregate content generally has a positive asymmetry, indicating retention of
peds retained in the wider sieves. The water stable aggregates content (WSA) varied between 3 and 60%, regardless
of the equivalent diameter of the aggregates (Table 7). The lowest levels of WSA were recorded by Arenosol and
A and E horizons of Solonetz. The highest levels were recorded by Plinthosol, argic horizon from Solonetz and
Luvisol. The WSA has a significant correlation with clay content, CEC, Al%*, H+Al, Prem, SAV], and altitude (Figure
3).
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Table 6. Micromorphological properties of the groundmass of the studied horizons.

C/F ratio and
related
distribution

Horizon Depth Microstructure Void (limit 2 pum) Coarse fraction Fine fraction

Lowlands in pediment plain
S1 — Eutric Leptosol (Loamic, Humic, Yermic, Raptic)/ NEOSSOLO LITOLICO Eutréfico fragmentario

smooth fine to very coarse sand blocky and tabular )
speckled clay-size

A 0-7 Apedal Vugh orphyric angular quartz and feldspar grains randoml
p g porphy g q par g y 7.5YR 5/6

distributed and poorly sorted.
52 —Leptic Abruptic Luvisol (Clayic, Cutanic, Differentic, Hypereutric, Ochric, Raptic)/ LUVISSOLO CROMICO Ortico tipico

smooth fine to very coarse sand blocky and tabular )
speckled clay-size

Bt 30-47 Angular blocky Planar porphyric angular quartz and feldspar grains randomly 2 5YR5/6

distributed and poorly sorted.
S3 - Hypereutric Regosol (Loamic, Ochric, Yermic, Raptic)/ NEOSSOLO REGOLITICO Eutréfico tipico

smooth fine to very coarse sand blocky and tabular )
speckled clay-size

A 0-65 Apedal Vugh orphyric angular quartz and feldspar grains randoml
p g porphy g q par g y 7.5YR 5/6

distributed and poorly sorted.
S5 - Stagnic Abruptic Solonetz (Clayic, Columnic, Cutanic, Differentic, Ochric, Magnesic, Hypernatric, Raptic)/ PLANOSSOLO NATRICO Ortico dtrico

smooth fine to very coarse sand blocky and tabular )
speckled clay-size

Btn: 12-48 Angular blocky Planar enaulic angular quartz and feldspar grains randomly 10YR 5/4

distributed and poorly sorted.
S7 - Hypereutric Regosol (Loamic, Ochric, Yermic)/ NEOSSOLO LITOLICO Eutréfico tipico

smooth fine to very coarse sand blocky and tabular
speckled clay-size

A 0-19 Apedal Vugh orphyric angular quartz and feldspar grains randoml
p g porphy g q par g y 7.5YR 5/6

distributed and poorly sorted.
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S8 - Stagnic Solonetz (Albic, Loamic, Ochric, Magnesic, Hypernatric, Raptic)/ PLANOSSOLO NATRICO Ortico tipico
smooth fine to very coarse sand blocky and tabular )
) ) ) ) speckled clay-size
Btn 95-125+ Prismatic Planar enaulic angular quartz and feldspar grains randomly 10YR 5/4
distributed and poorly sorted.
S9 - Eutric Leptosol (Loamic, Ochric, Yermic)/ NEOSSOLO LITOLICO Eutréfico tipico
smooth fine to very coarse sand blocky and tabular )
) ) speckled clay-size
A 0-20 Apedal Vugh porphyric angular quartz and feldspar grains randomly 25YR 5/6
distributed and poorly sorted. '
Highlands in plateau
54 - Xanthic Acrisol (Clayic, Hyperdystric, Ochric, Raptic)/ ARGISSOLO AMARELO Distroéfico tipico
Channel, 1/1 single- undifferentiated
Subangular ) smooth silt to coarse sand blocky subangular quartz )
Bt 50-120+ complex spaced fine ) o clay-size 7.5YR
blocky ) ) grains randomly distributed and poorly sorted.
packing enaulic 5/6
S6 - Hypereutric Arenosol (Ochric)/ NEOSSOLO QUARTZARENICO Ortico 1éptico
smooth fine to very coarse sand blocky and tabular undifferentiated
Al 0-3 Apedal Vugh chitonic

angular quartz and feldspar grains randomly

clay-size 7.5YR
distributed and poorly sorted.
510 - Geric Plinthosol (Clayic, Eutric, Ochric, Raptic)/ PLINTOSSOLO HAPLICO Eutréfico petroplintico

5/6
Channel, 1/1 single- undifferentiated
Subangular ) smooth silt to coarse sand blocky subangular quartz )
Bv2 30-50 complex spaced fine ) o clay-size 2.5YR
blocky grains randomly distributed and poorly sorted.
packing enaulic 5/6
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Figure 2. Microphotographies of diagnostic horizons of studied soils: (i) S1 - Eutric Leptosol (Loamic, Humic, Yermic); (ii) S2 - Leptic Abruptic Luvisol (Clayic, Cutanic,
Differentic, Hypereutric, Ochric); (iii) S3 - Hypereutric Regosol (Loamic, Ochric, Yermic); (iv) S4 - Xanthic Acrisol (Clayic, Hyperdystric, Ochric, Raptic); (v) S5 —Stagnic
Abruptic Solonetz (Clayic, Columnic, Cutanic, Differentic, Ochric, Magnesic, Hypernatric);(vi) S6 - Hypereutric Arenosol (Ochric); (vii) S7 - Hypereutric Regosol (Loamic,
Ochric, Yermic); (viii) S8 - Stagnic Solonetz (Albic, Loamic, Ochric, Magnesic, Hypernatric); (ix) S9 - Eutric Leptosol (Loamic, Ochric, Yermic); (x) S10 - Geric Plinthosol (Clayic,
Eutric, Ochric).
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Table 7. Water stable aggregates according to size and soil horizon.

WSA (%)
Horizon 2a4 la2 05al 0.25a 0.5

MWD

mm
Lowlands in pediment plain
S1 — Eutric Leptosol (Loamic, Humic, Yermic, Raptic)/ NEOSSOLO LITOLICO Eutréfico fragmentario
A 12.42 16.820 15.52 10.02 1.38
S2 —Leptic Abruptic Luvisol (Clayic, Cutanic, Differentic, Hypereutric, Ochric, Raptic)/ LUVISSOLO
CROMICO Ortico tipico

A 20.4b 23.8b 18.3%0 14.3> 1.46
Bt 16.6 54.6¢ 49.2¢ 53.5¢ 1.01
S3 - Hypereutric Regosol (Loamic, Ochric, Yermic, Raptic)/ NEOSSOLO REGOLITICO Eutréfico tipico
A 30.7¢ 51.7¢ 42.34 36.94 1.27

S5 - Stagnic Abruptic Solonetz (Clayic, Columnic, Cutanic, Differentic, Ochric, Magnesic, Hypernatric, Raptic)/
PLANOSSOLO NATRICO Ortico drico

An 5.44 11.64 14.8%0 10.92 1.08

Anz 4.14d 8.6de 10.0e 9.82 1.04

Btn: 7.24 5.9¢ 3.38 3.0 1.72

S7 - Hypereutric Regosol (Loamic, Ochric, Yermic)/ NEOSSOLO LITOLICO Eutréfico tipico
A 10.42 7.5¢ 8.1e 10.12 1.38
AC 22.3b 20.4° 16.5% 32.3d 1.24
S8 - Stagnic Solonetz (Albic, Loamic, Ochric, Magnesic, Hypernatric, Raptic)/ PLANOSSOLO NATRICO Ortico
tipico

A 31.8¢ 30.0¢ 29.58 21.5¢ 1.47

AEn 30.4¢ 26.4° 23.1f 17.3b 1.55

En 46.1¢ 18.3v 17.5% 10.12 1.96

Env 29.5¢ 15.02 14.920 6.18 1.87

EB 8.84 20.5> 12.3¢ 8.3 1.35

Btn 13.52 24.4° 17.9%0 6.98 1.46

S9 - Eutric Leptosol (Loamic, Ochric, Yermic)/ NEOSSOLO LITOLICO Eutréfico tipico
A 14.92 15.32 11.4¢ 6.28 1.61
Highlands in plateau

54 - Xanthic Acrisol (Clayic, Hyperdystric, Ochric, Raptic)/ ARGISSOLO AMARELO Distroéfico tipico
A 16.2a0 11.34 12.8¢ 15.5b 1.38

2Ab 19.30 15.72 19.70 22.2e 1.28

2Bt 16.220 15.22 22.6f 27.74 1.12

S6 - Hypereutric Arenosol (Ochric)/ NEOSSOLO QUARTZARENICO Ortico 1éptico

A1 6.64 14.02 19.3b 5.9 1.22

As 2.54 3.4e 3.38 3.9f 1.19
510 - Geric Plinthosol (Clayic, Eutric, Ochric, Raptic)/ PLINTOSSOLO HAPLICO Eutréfico petroplintico
Av 62.7¢ 64.0¢ 38.64 53.4¢ 1.46
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Bwvi 28.25 47 .98 51.3h 62.0n 1.07
Bv2 45.0¢ 46.4s 50.3" 62.5h 1.22

Previous studies
0-10 cm layer« 0.99
10-20 cm layer« 0.81
20-30 cm layer« 1.07
0-10 cm layer® 2.09
10-20 cm layerf 1.73
20-30 cm layer? 1.99
Shrub/0-5 cm layery 1.13
Shrub/5-20 cm layery 1.54
Shrub/20-40 cm layerv 0.82
Shrub/40-60 cm layerv 0.35
Shrub/60-100 cm layerv 0.27
Grassland/0-10 cm layer? 1.75
Grassland/0-10 cm layer® 2.13
Grassland/0-10 cm layer® 1.42
Grassland/0-10 cm layer? 1.60

* Different lowercase letters indicate significant differences among the study sites for the same aggregate size using Tukey's
HSD test (p < 0.05). =Silva et al., 2021. =Medeiros et al., 2023. ¥=Liu et al., 2014. %= Liu et al., 2021.
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Alt Slope SAVI

Pearson correlation index
-1 0 il

Figure 3. Correlation matrix between WSA and soil properties according to aggregate diameter. CS= coarse sand, FS= fine sand, Pv=Mehlich-1 extractable PECEC=effective
cationic exchange capacity, CEC=cationic exchange capacity, SOC=soil organic matter, Prev= P adsorption capacity, Alt=altitude. * = significant correlation at p<0.05 according
to t test.
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5. Discussion

Pedogenesis acts differently in ped formation and stabilization of aggregates (Table 7). The low variation of
mean weighed diameter (MWD) of wet stable aggregates among soil profiles in this study suggests that differences
of soil formation processes are not crucial to define ped size. On the other hand, differences between water stable
aggregates (WSA) indicates that physical and chemical processes are relevant to ped stability. The high ped
stability in Luvisol and Solonetz is attributed to ped formation in these soils. Shrinking-swelling of high-activity
clays orient and compress clay, creating aggregated and voids (DIEL et al., 2019; WOLKA et al., 2021). The water
infiltration in the wet season favors adhesion among clay particles. The loss of water in the dry season induces
flocculation of these particles. The high specific surface of these clays guarantees a strong grade structure. On the
other hand, aggregation in soils with low-activity clays evolves biological activity and weathering residues (YIN
et al,, 2016; TOTSCHE et al., 2018b). Iron and aluminum oxides expose positive charges on surface due to their
high PCZ. The positive charges are neutralized by organic matter and kaolinite. Organisms such as termites and
worms ingest flocculated particles, which are partially digested. After they have been defecated, these particles are
cemented by hyphae and dehydration. In both ped formation ways, the clay content is a crucial parameter.

The WSA of equivalent diameter between 2 and 4 mm varied between 2.5 and 62.7%. The lowest values were
recorded by Arenosol and Solonetz surface horizons. The highest values were recorded by the Plinthosol and argic
horizon of Solonetz. Correlation analysis suggests different mechanisms responsible for stabilizing aggregates of
different sizes. SAVI, clay, and sand contents are important for aggregates larger than 1 mm. The CEC, Prem, Al*
and altitude are important for aggregates smaller than 1 mm. Texture influences the shape, stability, and resilience
of soil aggregates and the response of this structure to climatic and biological factors (WEI et al., 2016; SHI et al.,
2017). Clay covers sand grains and fills the interstices of these larger grains, increasing the cohesion between
particles and, consequently, the stability of the aggregates (DIECKOW et al., 2009; STOOPS and SCHAEFER, 2010).
Similar results were observed in soil in the Brazilian Savanna. The increase of clay content increased aggregate
stability due to stronger affinity between clay minerals, Fe-oxides and organic particles (SALTON et al., 2008).

The generalized difference of WSA of equivalent diameter below 2 mm between horizons in the same profile
could be attributed to lithic discontinuity and pedogenesis. Differences of parent material, expressed by texture,
induces variation of aggregate stability. Weathering of felsic rocks or sedimentary rocks in semiarid regions
produces sandy or loamy horizons, while weathering of mafic or metamorphic produces clayey horizons
(ARAUJO FILHO et al., 2023). Besides, differences of parent material also can be extended to mineralogy, although
this study did not present XRD data. Texture and mineralogy are directly related to specific surface of particles,
CEC and water retention capacity of soil. All these variables will influence pedalization (KAISER and
GUGGENBERGER, 2003; GUGGENBERGER and KAISER, 2003; SOLLINS et al., 2009) by bioturbation,
microorganisms’ activity and flocculation of particles. Termites ingest and partially digest clay minerals because
of the high pH in their intestine (SOUZA et al., 2020). The excreta is rich in organic matter, low crystalline minerals
and water (FREITAS et al.,, 2021; SARCINELLI et al., 2009). Polysaccharide (SIX et al., 2004), proteinaceous
(KLEBER et al., 2007) and lipid (JANDL et al., 2004; LIU et al., 2013) create organo-metallic complexes crucial to
flocculation of particles and ped formation. The encrustation of Al- and Fe-oxides, and clay minerals around
organic matter create very stable clay-organic matter microaggregates (SIX and JASTROW, 2002). Living
microorganisms also induce microaggregation by adhering to clay particles by direct electrostatic bonds (HUANG
et al., 2005). Stability of these peds is kept once even after death, the bacterium cell wall persists (AMELUNG et al.,
2008). Absence of correlation between WSA and organic carbon could be attributed to low input of organic residues
in semiarid regions (SOUZA et al., 2022).

On the other hand, processes as elutriation and lessivage also contribute to differences of aggregate stability
between horizons due to texture variation (BISSONAIS, 1996). Elutriation is a process of texture differentiation
between horizons due to erosion of clay in the surface horizon. The low vegetation cover and torrential rains
promotes destruction of aggregates by collision between rain drop and soil (splash effect) and microsealing of soil
surface (CAMARA et al., 2021). These effects reduce water infiltration and induce preferential erosion of fine
particles, decreasing the content of clay in the surface horizon. Lessivage is a process of clay translocation from
topsoil to subsurface horizons. Clay migrates through voids by gravity effect and water percolation (QUENARD
et al., 2011). Previous studies indicated that synergy between anthropic disturbances and torrential precipitation
induces runoff and disaggregation of peds (PINHEIRO JUNIOR et al., 2022). Consequently, microaggregates are
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dominant. On the other hand, pristine sites present higher soil organic matter content and aggregate stability of
peds larger than 2 mm (MARCOLAN & ANGHINONTI, 2006; LIMA et al., 2008; SILVA,2021).

Higher SAVI values indicate a higher density of vegetation cover. Roots exude organic compounds that
contribute to aggregate formation. These substances (polysaccharides, alcohols, tannins, etc.) are excreted at the
root-soil interface and cement the mineral particles (ZHENG et al., 2016, ERKTAN et al., 2017). Roots are also
responsible for material compression during the growth and formation of channels and aggregates (STOLT and
LINDBO, 2010). In addition, the rhizosphere hosts a microbial community that excretes extracellular
polysaccharides that adhere to soil mineral particles and aid in forming aggregates (BERTIN et al., 2003). Soil
organic matter is a key factor to aggregate stability in the Brazilian semiarid soils (MAIA et al.,2006, MEDEIROS et
al., 2023).

Physicochemical mechanisms are more relevant in the stability of smaller aggregates. The role of Al* as
flocculating agent is well known due to the compression of the diffuse double layer (TOTSCHE et al., 2018).
However, due to low leaching and incipient weathering, the soils in Brazilian semiarid commonly are virtually
free of Al’*, except for Acrisols, Plinthosol and Arenosols developed from sandstones (ARAU]O et al., 2017). So,
Al plays a limited role in aggregate stability in semiarid soils. On the other hand, the Brazilian semiarid soils have
high CEC and high activity clays. These particles are negatively charged and present a high affinity to each other
once soils are sticky. The expansion and retraction of soil mass during wetting-drying cycles induce the formation
of strong-grade peds (DENEF and SIX, 2005; DIEL et al., 2019; PEREIRA et al., 2021).

The inverse correlation between Prem and aggregate stability indicates the role of positive particles, such as
goethite and hematite, in aggregation. Unlike most silicates, iron oxides have a high affinity for P and generate
positive charges due to their high point of zero charge (MADRID and ARAMBARRI, 1985). The higher positive
charges amount favors charge neutralization and aggregate stability compared to soils with high Prem (WEI et al.,
2016). The significant correlation between altitude and aggregate stability could be related to the topographic
distribution of soils. Acrisols, which present high aggregate stability, cover the highlands, while Planosols and
Regosols in the lowlands present low aggregate stability.

Different MWD values can be attributed to land use (Table 7). Ped destruction by overgrazing is well known
(MEDEIROS et al., 2023). Changes in vegetation cover, organic residues input and root depth impact rhizosphere,
microbiota composition and decomposition of organic matter (LIU et al., 2014, 2021). Eventual changes in soil
chemistry by addition of fertilizer and/or limestone affect positive /negative clay charge balance (CASTRO FILHO
et al., 2002).

5.1 Soil fragility and desertification in Brazilian semiarid

Despite its economic and social restructuring, the marks of previous economic cycles were fixed in the form
of serious socio-environmental problems in the studied area. The suppression of vegetation for livestock, cotton
farming, mining and recent ceramic activities have induced desertification (SANTANA, 2007, CUNHA et al., 2010;
IPCC, 2019). This condition can reduce soil capacity to support life, which can lead to rapid fragmentation of native
vegetation and reduced water production (ALBALADE]O et al., 1998). Conservation practices that favor coverage
and maintenance of soil moisture should be induced by the government and applied by small rural producers to
minimize human effects on the environment.

The Brazilian semiarid region is the most populated dry region on the planet and has been experiencing, in
recent years, a series of extreme weather events due to climate change. The IPCC report (2019) indicates that
approximately 94% of the semiarid region is subject to desertification and that in some regions there is no longer
soil biological activity. Future scenarios suggest that the synergy between climate change and anthropization
should extend and intensify desertification in the Brazilian semiarid region, reducing biodiversity and food
production and inducing rural exodus to large urban centers (IPCC, 2019). In addition, the study points out that
the regions with the highest rate of deforestation have been suffering from high temperatures, causing the loss of
vegetation and soil biological activity. The report also indicates that these areas until then have had a relatively
regulated rainfall regime, which shows that despite the rainfall not having undergone major changes, the loss of
soil quality aggravates and causes serious problems. Another aggravating factor is that without vegetation, the soil
is more conducive to the action of erosion processes, reducing the chances of recovering the quality of this soil.
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6. Conclusions

The soil fragility is fundamental for understanding the erosion processes in the Brazilian semiarid region.
Large and fine aggregates presented different stability mechanisms. SAVI, clay, and sand contents are important
for aggregates larger than 1 mm. The CEC, Prem, AI** and altitude are important for aggregates smaller than 1 mm.
Due to lower clay and SOC content, Arenosols and Leptosols are more sensitive to soil loss than Luvisols, Planosols
and Plinthosols. The aggregate stability of is also attributed as a response to morphogenesis-pedogenesis dynamic.
Low activity clays associated to voids formed by bioturbation induces higher water percolation and leaching in
Acrisols. Consequently, the runoff and soil loss are lower than soils as Luvisols and Planosols which present abrupt
textural change and voids formed by cracks. The data provided by the research are essential for advancing hydro-
erosive studies in a semiarid environment, as they can also support the elaboration of public policies aimed at the
planning and management of rural spaces.
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