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Abstract: Quartzipsamments are environmentally fragile soils, being highly susceptible to water and
wind erosion. Despite this, it seems that political and economic issues favor the advancement of agri-
culture in these soils. Therefore, studies are necessary for a better understanding of these soils and to
minimize the impacts of land use. This work aims to characterize the morphological, physical-hydric,
and chemical properties of Quartzipsamments under sandyzation in southwest Rio Grande do Sul
State, Brazil. Soil morphology was evaluated in six profiles in areas under native field with the
presence of gullies, and soil samples with preserved and non-preserved structures were collected to
evaluate the physical-hydric and chemical properties. We verified that these soils have high macro-
porosity (0.253 to 0.373 m® m~3) and saturated hydraulic conductivity (127.85 to 672.26 mm h~1),
and predominantly low organic matter (0.05 to 2.36%) and clay (23.03 to 126.29 g kg_l) content, but
correlation analysis showed that increasing pH and organic matter can improve the fertility of these
soils. Quartzipsamments have a low volume of available water to plants (0.006 to 0.038 m3 m~3)
and have a potential risk of leaching and aquifer contamination. The use of these soils demands the
adoption of conservation practices.

Keywords: soil erosion; soil conservation; physical-hydric properties; soil morphology; soil fertility;
Quartzipsamments; sandyzation

1. Introduction

The southwestern region of Rio Grande do Sul State, Southern Brazil, is part of the
Pampa Biome, a natural ecosystem rich in biological and pedological diversity with envi-
ronmental, economic, and socio-cultural importance for Brazil, Uruguay, and Argentina [1],
but the fragility of the soil, flora, and fauna makes the Pampa Biome vulnerable to agri-
culture conversion and degradation [2]. In this region, there are extensive areas in the
process of sandyzation [3]. According to Bellanca and Suertegaray [4], such conditions have
been interpreted in various ways, from natural origin and resulting from water processes
acting on the lithology and specific soils, to anthropic causes associated with overgrazing
and land use without conservation practices. In addition to these, Caneppele [5] also
refers to the introduction of wheat and soybean crops and eucalyptus monocultures in
the region as conditioning factors of erosion processes in these areas, as well as the use
of heavy machinery and non-conservationist soil practices since 1970, causing soil com-
paction, the creation of preferential paths for drainage, and soil exposure through plowing
or suppression of vegetation.

Quartzipsamments are predominantly in areas of the sandyzation process, and they
have a sandy texture and a fragile structure, and are not very resistant to wind and water
erosion [2], besides having low water availability, low natural fertility, and low cation
exchange capacity [1,6,7].
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Agricultural expansion in Quartzipsamments has been taking place [5], and few
studies have been carried out on this soil and its use and management. In this sense, a
better understanding of these environments is necessary so that the impacts of land use
are minimized, since the intensive non-sustainable use of the land has taken negative
consequences in this biome [2], at levels that are difficult to control.

In Brazil, Quartzipsamments together with other sandy and sandy loam soils represent
8% of the territory [8]. The authors state that in the past, these soils were of little agricultural
relevance due to their limitations, even in areas favorable to mechanization, but currently,
agriculture is establishing itself in these areas due to advances in production systems and
agricultural practices. FAO [9] considers these soils as part of the group of Arenosols, cov-
ering about 900 million hectares or 7% of the earth’s surface. In this sense, the study and
understanding of the behavior and processes involved in sandy soils become relevant, either
for its representative area in terms of Brazil and the world, or the advance of agricultural
exploitation of these soils of low agricultural land suitability and high environmental fragility.

The fragility of the sandy areas, due to the morphogenetic soil characteristics where
the ravine and gully processes are present, conditions a high risk of landscape degradation
through the occupation of the soil by crops and forestation [10,11]. In a review of recent studies
of sandy soils (considered by the authors those with sand > 50% and clay < 20%), Huang
and Hartemink [12] consider these soils as more sensitive to climate change and anthropic
activities when compared to others, and due to population growth and urbanization, they
have been widely used in the supply of food and other products and services for society.

Although Quartzipsamments are environmentally fragile, they have been widely used
for agricultural purposes. Despite their low agricultural land suitability, it seems that politi-
cal and economic issues favor the advance of the agricultural use of Quartzipsamments in
southern Brazil, but little information is available about these soils, especially their mor-
phology, fertility, and physical-hydric properties, as well as practices for better agricultural
use. Thus, this work aims to characterize the morphological, chemical, and physical-hydric
properties of Quartzipsamments; point out some difficulties and challenges in the use and
management of these soils; and propose strategies for better soil use. Our hypothesis is that
Quartzipsamments are soils of low suitability for agricultural use due to their low fertility
and available water to plants, besides being unstructured due to the low content of organic
matter and clay, demanding conservation practices to improve their properties.

2. Materials and Methods
2.1. Sampling Sites

The study was conducted in areas under sandyzation in southwest Rio Grande do Sul
State, southern Brazil, specifically in the cities of Quarai, Manoel Viana, and Sao Francisco
de Assis (Figure 1).

The annual average temperature and precipitation in the region are, respectively,
around 17.8 °C and 1388 mm; torrential rains larger than 160 mm may occur in 24 h and
frosts from April to November [13], and the mean monthly rainfall and temperature to the
period 1981-2010 are presented in Figure 2.
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Figure 1. Map without scale from South America (a) Brazil and Rio Grande do Sul State highlighted
(yellow) (b) and the cities of Quarai (latitude 30°23'17” S; longitude 56°29'56” W; 112 m mean altitude;
area = 3238 km?), Manoel Viana (latitude 29°35'07” S; longitude 55°29'13" W; 113 m mean altitude;
area = 1391 km?), and Sao Francisco de Assis (latitude 29°33'01” S; longitude 55°07'52" W; 125 m
mean altitude; area = 2507 km?), Rio Grande do Sul State (c).
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Figure 2. Mean monthly rainfall and temperature for the period 1981-2010. Climatological mean

based on 30 years of data (1981-2010), using official INMET stations, and later interpolating for
locations that do not have a meteorological data measurement station. Source: [14].
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Six sites with Neossolos Quartzarénicos (NQ) (Brazilian Soil Classification System [15]),
or Quartzipsamments, for “US Soil Taxonomy” [16], were chosen.

The sampling sites occur in undulating to slightly undulating relief, and the soils
were sampled in areas under native field with the presence of gullies. Quartzipsamments
NQ1 (Datum: UTM—WGS-84, Zone 21], longitude 571,558 m E; latitude 6,629,425 m S;
146 m altitude) and NQ2 were sampled in Quarai city, NQ3 (Datum: UTM—WGS-84,
Zone 21], longitude 657,414 m E; latitude 6,725,226 m S; 117 m altitude) and NQ4 (Datum:
UTM—WGS-84, Zone 21], longitude 655,845 m E; latitude 6,717,142 m S; 114 m altitude) in
Manoel Viana city, and NQ5 (Datum: UTM—WGS-84, Zone 21], longitude 678,086 m E; lat-
itude 6,725,002 m S; 140 m altitude) and NQ6 (Datum: UTM—WGS-84, Zone 21], longitude
682,571 m E; latitude 6,724,585 m S; 109 m altitude) in Sao Francisco de Assis city (Figure 3).

(b)

(d)

Figure 3. Cont.
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Figure 3. Quartzipsamments profiles NQ1 and NQ2 from Quarai city (respectively, (a,c)), NQ3 and

NQ4 from Manoel Viana city (respectively, (e,g)), NQ5 and NQ6 from Sao Francisco de Assis city
(respectively, (i,k)), Rio Grande do Sul State, and their respective landscape (respectively, (b,d,f,h,j,1)).
Each color on the measuring tape represents 10 cm in the profile pictures. Source: pictures taken by
F.d.A. Pedron and L.E.A.S. Suzuki.

2.2. Morphological Analysis

The six soil profiles were described in the field according to Santos et al. [17] and
Schoeneberger et al. [18], considering morphological procedures such as horizon sequence
and depth, its boundary, texture, structure, consistency, and soil Munsell color.

2.3. Physical-Hydric Analysis

In each sampling site, the horizons of the profile were separated, and in the mid-
dle of the horizon, three samples with preserved structure by horizon were collected in
cylinders with 0.047 m diameter and 0.030 m height, and one sample by horizon with a
non-preserved structure.

The samples with a preserved structure were saturated for capillarity under 48 h. The
saturated hydraulic conductivity of soil was determined after saturation in the laboratory
using a permeameter of constant load [19].

Next, the samples were submitted and equilibrated in the tensions of 1 kPa and 6 kPa
in the tension table and in the tensions of 10, 100, 500, and 1500 kPa in the Richards’ pressure
chamber [20]. Finally, the samples were oven-dried at a temperature of 105 °C. Using this
information, the macroporosity (pores of diameter larger than 50 um) to the tension of
6 kPa, the microporosity (pores of diameter smaller than 50 um), the total porosity, the bulk
density [21], and the volume of available water using the volumetric moisture between
the field capacity (tension = 10 kPa) and the permanent wilt point (tension = 1500 kPa)
were calculated.

The volumetric moisture was obtained by the ratio between the water retained in a
determined tension and the volume of the cylinder used for sampling.

In the laboratory, the soil samples with a non-preserved structure were air-dried,
broken individually and manually, and passed through a sieve of 2 mm mesh, the soil
that passed through the sieve being used to determine the particle density by the volu-
metric balloon method [22], and the particle size distribution analysis using the pipette
method [23]. The soil particles were separated in the fraction sand (2-0.053 mm) by sieving,
silt (0.053-0.002 mm) by calculus between the difference of the sum of sand, and clay
(<0.002 mm), which was determined by a pipette. The sand was sieved in very coarse sand
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(2-1 mm), coarse sand (1-0.5 mm), medium sand (0.5-0.25 mm), fine sand (0.25-0.125 mm),
and very fine sand (0.125-0.053 mm).

The results of the particle size distribution analysis were used to determine textural
classification, using the soil texture triangle available from the USDA-NRCS [24] and
according to Santos et al. [15].

Dispersible clay in water was quantified following the same procedure used for total
clay evaluation but without using the chemical dispersant.

The degree of flocculation (DF, %) was calculated using the following equation:

DF = [(total clay — clay disperse in water)/total clay] x 100 1

2.4. Chemical Analysis

The soil samples with a non-preserved structure were also used for chemical char-
acterization using the analytical procedures presented in Tedesco et al. [25] to determine:
pH in water 1:1 (soil/water) (pH water) and KCI (pH KCl), calcium (Ca), magnesium
(Mg), sodium (Na), potassium (K), aluminum (Al), potential acidity (cations H + Al),
and organic carbon. Through these determinations were calculated the effective cation
exchange capacity at pH 7.0 (respectively, CECeffective and CECpH?Z.0), base saturation,
and aluminum saturation.

H + Al was determined for SMP index, while Ca, Mg, and Al were extracted with KCl
1 mol L~! and measured with an atomic absorption spectrophotometer, and the extractant
Mehlich I solution (0.05 mol L~ HC1 + 0.0125 mol L~! H,SO,) was used for K and Na and
measured by flame photometry.

Soil organic carbon was analyzed by the wet combustion method [25], and then soil
organic matter was calculated according to Tedesco et al. [26]:

Soil organic matter = 1.724 X soil organic carbon )

2.5. Data Analysis

The statistical analysis was realized by Pearson’s correlation considering 10% signifi-
cance, and coefficient of variation and mean values were determined using the statistical
program SAS [27].

3. Results

The morphological data (Table 1) show that all Quartzipsamments profiles have a
weak structure in subangular blocks that break down into single grains. They are very
deep soils (>100 cm), with colors ranging from reddish (2.5 YR) to yellowish (10 YR),
always with high values and chromas (>4). The color indicates the good drainage of the
analyzed profiles. The consistency verified was loose and non-plastic and non-sticky for
virtually all profiles. The horizon boundary distinctness varied predominantly between
clear and gradual.

Table 1. Morphological data of the Quartzipsamments profiles of the Southwest of Rio Grande do
Sul State, southern Brazil.

Horizon Depth (cm)  Moist Color ! Moist Consistency Wet Consistency Horizon Boundary Structure
NQ1
Ap 0-20 10YR 6/4 L NP/NS I-C SB-SG
A 20-65 10YR 4/4 VF NP/NS S-G SB-SG
C1 65-94 10YR5/6 L-VF NP/NS S-G SB-SG
C2 94-150 10YR 6/6 L-VF NP/NS S-G SB-SG
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Table 1. Cont.

Horizon Depth (cm)  Moist Color ! Moist Consistency Wet Consistency Horizon Boundary Structure
NQ2
A 0-12 10YR4.5/5 L NP/NS I-A SB-SG
C1 1242 10YR 4/5 L NP/NS S-C SB-SG
C2 42-85 10YR 4/5 L NP/NS S-G SB-SG
C3 85-145 10YR5/8 L NP/NS S-G SB-5G
NQ3
A 0-22 75YR5/7 L NP/NS S-C SB-SG
C1 22-53 75YR5/6 L NP/NS S-C SB-5G
C2 53-93 75YR4.5/6 L NP/NS S-G SB-SG
C3 93-150 75YR7/4 L NP/NS S-G SB-SG
NQ4
A 0-15 2.5YR3.5/4 L NP/NS S-C SB-SG
C1 1540 2.5YR4/4 L NP/NS S-C SB-SG
C2 40-72 2.5YR4/6 L NP/NS S-C SB-5G
C3 72-140 25YR4/7 L NP/NS S-C SB-SG
NQ5
A 0-20 5YR5/8 L NP/NS S-C SB-5G
C1 20-66 5YR5/8 L NP/NS S-G SB-SG
C2 66-100 5YR5/8 L NP/NS S-C SB-SG
C3 100-170 5YR5/8 L NP/NS S-C SB-5G
NQ6
Al 0-18 5YR5/4 L NP/NS S-C SB-SG
A2 18-43 5YR5/6 L NP/NS S-G SB-5G
C1 43-60 5YR5/8 L NP/NS S-G SB-SG
C2 60-93 5YR4/8 L NP/NS S-A SB-SG
C3 93-125 5YR4.5/8 L NP/NS S-C SB-5G
C4 125-170 5YR 4/8 L NP/NS S-C SB-SG
! Consistency: L—Loose, VF—Very Friable, NP—Non-plastic, NS—Non-sticky; Horizon boundary: A—Abrupt,
C—Clear. G—Gradual, D—Diffuse, S—Smooth, I—Irregular; Structure: SB—Subangular Blocky, SG—Single
Grain. NQ1 and NQ2: Quartzipsamments from Quarai city; NQ3 and NQ4: Quartzipsamments from Manoel
Viana city; NQ5 and NQ6: Quartzipsamments from Sao Francisco de Assis city.

The particle size distribution is shown in Tables 2 and 3. There is a predominance of
medium and fine sand fractions, with mean values in the horizons ranging from, respec-
tively, 218.13 to 756.38 g kg ! and 178.66 to 577.04 g kg~ !. In the sand fraction, quartz
mineralogical composition predominates. The silt and clay contents were extremely low,
the mean values in the horizons ranging from, respectively, 4.53 to 57.35 g kg ! and 23.03
to126.29 g kgfl. The textural class of horizons, according to Santos et al. [15], is sandy, and
according to the USDA-NRCS [24], it is sand and loamy sand only for horizons with more
than 100 g kg ™! of clay, such as C1 of NQ1 and NQ6, and C3 of NQ2.

Table 2. Sand size distribution of the Quartzipsamments profiles of the Southwest of Rio Grande do
Sul State, southern Brazil.
Sand
Horizon Depth Total Very Coarse Coarse Medium Fine Very Fine
(cm) gkg1)
NQ1
Ap 0-20 954.94 1.54 12.94 633.33 287.51 19.62
A 20-65 947.57 0.33 12.42 477.15 393.57 64.10
C1 65-94 843.69 242 16.78 498.24 297.21 29.04
C2 94-150 904.97 3.26 16.65 414.45 422.12 48.49
Mean 912.79 1.89 14.70 505.79 350.10 40.31
CV, % 5.19 7091 21.83 17.36 19.54 46.80
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Table 2. Cont.

Sand
Horizon Depth Total Very Coarse Coarse Medium Fine Very Fine
(cm) gkg™1)
NQ2
A 0-12 941.92 0.00 27.75 420.95 243.49 249.73
C1 12-42 947.26 0.00 30.51 431.11 419.48 66.16
C2 42-85 923.14 0.00 21.91 261.84 538.37 101.02
C3 85-145 846.04 4.77 27.41 543.40 248.72 21.74
Mean 914.59 1.19 26.90 414.33 362.52 109.66
CV, % 4.76 188.22 16.38 26.14 44.87 115.91
NQ3
A 0-22 948.51 0.00 29.29 402.02 445.93 71.27
C1 22-53 912.02 3.06 25.55 480.54 364.94 37.93
C2 53-93 897.23 2.72 11.71 348.15 458.68 75.97
C3 93-150 916.99 1.38 10.97 466.44 362.87 75.33
Mean 918.69 1.79 19.38 424.29 408.11 65.13
CV, % 2.18 76.36 45.81 13.38 12.14 26.52
NQ4
A 0-15 925.40 1.00 15.54 508.97 337.40 62.49
C1 15-40 874.73 1.76 14.72 473.65 349.89 34.71
C2 40-72 970.86 1.41 7.14 542.24 389.55 30.52
C3 72-140 957.40 2.04 16.06 577.46 333.79 28.05
Mean 932.10 1.55 13.37 525.58 352.66 38.94
CV, % 4.25 26.70 34.77 8.20 7.84 39.06
NQ5
A 0-20 949.14 3.48 29.33 615.37 278.91 22.05
C1 20-66 930.60 0.00 29.84 302.17 515.25 83.34
C2 66-100 914.61 0.07 33.18 350.22 484.30 46.84
C3 100-170 947.89 0.00 38.13 389.14 448.74 71.88
Mean 935.56 0.89 32.62 414.23 431.80 56.03
CV, % 1.62 185.16 15.40 31.03 22.59 45.43
NQ6
Al 0-18 914.35 2.73 18.22 443.06 406.10 44.24
A2 18-43 929.86 0.05 15.96 218.13 577.04 118.68
C1 43-60 834.04 4.54 22.59 541.46 243.44 22.01
C2 60-93 967.48 1.93 23.08 756.38 178.66 7.43
C3 93-125 955.04 3.31 14.53 505.03 393.05 39.12
C4 125-170 923.81 1.20 15.36 531.54 311.22 64.49
Mean 920.76 2.29 18.29 499.27 351.59 49.33
CV, % 4.86 69.79 23.87 33.73 38.84 76.22

Very coarse sand: 2-1 mm; Coarse sand: 1-0.5 mm; Medium sand: 0.5-0.25 mm; Fine sand: 0.5-0.25 mm; Very
fine sand: 0.25-0.05 mm. CV: coefficient of variation. NQ1 and NQ 2: Quartzipsamments from Quarai city; NQ3
and NQ4: Quartzipsamments from Manoel Viana city; NQ5 and NQ6: Quartzipsamments from Sao Francisco de
Assis city.
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Table 3. Silt and clay content, degree of flocculation (DF), and textural class [24] of the Quartzipsam-
ments profiles of the Southwest of Rio Grande do Sul State, southern Brazil.

Horizon Depth Silt Clay DF Textural
(cm) (gkg™1 (%) Class
NQI1
Ap 0-20 18.32 26.73 73.49 Sand
A 20-65 14.93 37.50 78.70 Sand
C1 65-94 34.43 121.87 31.47 Loamy sand
Cc2 94-150 28.93 66.10 56.08 Sand
Mean 24.15 63.05 59.94
CV, % 36.65 62.54 33.16
NQ2
A 0-12 28.05 30.03 38.46 Sand
C1 1242 29.71 23.03 8.78 Sand
C2 42-85 31.29 45.57 28.59 Sand
C3 85-145 42.10 111.85 46.85 Loamy sand
Mean 32.79 52.62 30.67
CV, % 21.53 71.43 49.66
NQ3
A 0-22 20.48 31.01 30.53 Sand
C1 22-53 35.26 52.72 32.44 Sand
C2 53-93 57.35 45.42 36.21 Sand
C3 93-150 28.42 54.59 47.74 Sand
Mean 35.38 45.94 36.73
CV, % 41.89 21.63 22.34
NQ4
A 0-15 20.64 53.97 30.33 Sand
C1 15-40 31.86 93.42 54.18 Sand
C2 40-72 4.53 24.62 59.00 Sand
C3 72-140 9.44 33.17 72.69 Sand
Mean 16.62 51.30 54.05
CV, % 68.84 55.36 31.71
NQ5
A 0-20 13.83 37.03 71.61 Sand
C1 20-66 38.79 30.62 39.46 Sand
C2 66-100 37.42 47.96 25.82 Sand
C3 100-170 21.60 30.50 77.03 Sand
Mean 27.91 36.53 53.48
CV, % 40.78 20.88 43.27
NQ6
Al 0-18 37.55 48.10 45.88 Sand
A2 18-43 36.57 33.57 43.35 Sand
C1 43-60 39.66 126.29 56.84 Loamy sand
C2 60-93 7.51 25.01 53.99 Sand
C3 93-125 13.90 31.06 49.94 Sand
C4 125-170 16.27 59.92 80.79 Sand
Mean 25.24 53.99 55.13
CV, % 53.90 66.45 8.24

Silt: 0.05-0.002 mm; Clay: <0.002 mm. CV: coefficient of variation. NQ1 and NQ2: Quartzipsamments from
Quarai city; NQ3 and NQ4: Quartzipsamments from Manoel Viana city; NQ5 and NQ6: Quartzipsamments from
Sao Francisco de Assis city.

The flocculation degree, which represents the resistance of the soil structure to disinte-
gration, presented a wide range of values (8.78 to 80.79%) (Table 3).
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The Quartzipsamments profiles showed high values of macroporosity and saturated
hydraulic conductivity and low values of microporosity and available water (Table 4). These
results are consistent with the characteristics of these sandy soils. The high conductivity
was associated with macropores, the main responsible for the flow of air and water, and
the low availability of water due to lower microporosity, pores responsible for retention
and availability of water.

Table 4. Mean values of physical-hydric properties of Quartzipsamments profiles of the Southwest
of Rio Grande do Sul State, southern Brazil.

Horizon Depth (cm)

TP (m® m—3) Macro (m® m—3) Micro (m3® m—3) BDMgm—3) PDMgm=3) KS(mmh-1) AW (m?m-3)

NQ1
Ap 0-20 0.522 0.373 0.150 1.32 2.63 22351 0.013
A 20-65 0.443 0.282 0.161 148 2.67 170.37 0.028
C1 65-94 0.429 0.272 0.157 148 2.63 244.22 0.021
C2 94-150 0.432 0.279 0.153 147 2.67 293.76 0.027
Mean 0.457 0.302 0.155 144 2.65 233.83 0.022
v, % 2.18 3.26 417 2.80 0.00 13.19 35.03
NQ2
A 0-12 0.458 0.323 0.135 144 2.70 398.19 0.015
C1 12-42 0.398 0.275 0.124 142 2.67 447.97 0.022
C2 42-85 0.385 0.253 0.132 141 2.70 430.58 0.019
C3 85-145 0.380 0.254 0.127 145 2.70 346.73 0.025
Mean 0.407 0.278 0.130 143 2.69 407.57 0.020
v, % 493 7.50 6.80 470 0.00 8.88 32.81
NQ3
A 0-22 0.466 0.348 0.118 1.33 2.70 478.13 0.014
C1 22-53 0.419 0.300 0.120 143 2.67 367.27 0.021
C2 53-93 0.411 0.284 0.127 146 2.74 339.20 0.029
C3 93-150 0.401 0.260 0.141 146 2.70 342.98 0.022
Mean 0.424 0.300 0.127 142 2.70 377.15 0.022
Vv, % 434 6.32 4.80 3.10 0.00 15.30 33.09
NQ4
A 0-15 0.480 0.308 0.171 143 2.67 220.83 0.023
C1 15-40 0.446 0.263 0.182 1.49 2.70 127.85 0.034
C2 40-72 0.449 0.294 0.155 142 2.70 262.80 0.032
C3 72-140 0.453 0.305 0.147 143 2.74 414.66 0.038
Mean 0.457 0.293 0.164 144 2.70 268.23 0.032
v, % 4.99 7.99 4.49 3.60 0.00 19.71 40.12
NQ5
A 0-20 0.484 0.346 0.138 1.39 2.70 313.93 0.017
C1 20-66 0.452 0.316 0.136 1.39 2.74 347.01 0.027
C2 66-100 0.438 0.310 0.128 1.38 2.74 475.60 0.019
C3 100-170 0.436 0.313 0.123 147 2.74 458.28 0.022
Mean 0.452 0.322 0.131 141 2.73 399.49 0.021
Vv, % 2.68 4.28 3.22 2.10 0.00 12.93 30.77
NQ6
Al 0-18 0.491 0.382 0.109 1.36 2.74 672.26 0.018
A2 18-43 0.464 0.359 0.105 1.39 2.70 671.87 0.022
C1 43-60 0.442 0.351 0.091 151 2.70 473,61 0.006
C2 60-93 0.409 0.295 0.114 142 2.70 402.51 0.017
C3 93-125 0.419 0.312 0.107 147 2.78 237.20 0.007
C4 125-170 0.461 0.378 0.083 1.64 2.74 645.44 0.007
Mean 0.448 0.346 0.102 147 2.73 513.80 0.013
vV, % 433 591 10.87 496 0.00 14.07 64.04

TP: total porosity; Macro: macroporosity; Micro: microporosity; BD: bulk density; PD: particle density; KS:
saturated hydraulic conductivity; AW: available water (water volume between 10 kPa and 1500 kPa-tension). CV:
coefficient of variation. NQ1 and NQ 2: Quartzipsamments from Quarai city; NQ3 and NQ4: Quartzipsamments
from Manoel Viana city; NQ5 and NQ6: Quartzipsamments from Sao Francisco de Assis city.

In general, the surface horizon showed higher total porosity and macroporosity
(Table 4). Generally, the bulk density was higher with increasing depth.

The evaluated Quartzipsamments are acidic and, in general, with low fertility, with
predominantly low Ca and Mg contents and very low K [28] (Table 5). The cation exchange
capacity at pH 7.0 and the organic matter are predominantly low [28] (Table 6), reflecting
a high risk of leaching and impact on the environment due to smaller adsorption sites
and high hydraulic conductivity (Table 4) and, in terms of agricultural use, requiring an
application in installments of fertilizers. These results corroborate the single-grain soil
structure (Tables 1 and 4), since electrical charges and organic matter contribute to soil
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aggregation. The chemical results are consistent with the low clay content of these soils

(Table 3) because, in this particle size, soil reactivity occurs [29].

Table 5. Mean values of chemical parameters and interpretation * of Quartzipsamments profiles of
the Southwest of Rio Grande do Sul State, southern Brazil.

Horizon Depth (cm) pH Water pH KCl Ca Mg Na K
cmol kg1
NQ1
Ap 0-20 5.1 4.7 4.5 (High) 0.99 Medium) 0.27 0.44 (Very low)
A 20-65 5.3 4.8 3.75 Medium) ) 73 (Medium) 0.27 0.26 (Very low)
C1 65-94 5.4 49 4.00 Medium) () g5 (Medium) 0.27 0.20 (Very low)
2 94-150 5.4 49 4.4 (High) 0.94 Medium) 0.40 0.20 (Very low)
Mean 5.3 4.8 4.19 (High) 0.87 (Medium) 0.30 0.28 (Very low)
CV, % 1.82 1.65 12.92 16.23 39.42 40.39
NQ2
A 0-12 5.4 4.9 297 (Medium) 0.54 (Medium) 0.48 0.52 (Very low)
C1 12-42 5.4 49 0.84 (Low) 0.14 (Low) 0.35 0.29 (Very low)
C2 42-85 5.3 47 0.29 (Low) 0.08 (Low) 0.30 0.20 (Very low)
C3 85-145 5.3 4.8 1.36 (Low) 0.21 (Low) 0.27 0.17 (Very low)
Mean 5.4 4.8 1.37 (Low) 0.24 (Low) 0.35 0.30 (Very low)
CV, % 2.11 2.55 83.37 53.65 30.31 50.86
NQ3
A 0-22 5.0 45 216 (Medium) 0.35 (Low) 0.22 0.38 (Very low)
C1 22-53 5.1 45 0.90 (Low) 0.15 (Low) 0.14 0.13 (Very low)
C2 53-93 52 4.7 0.85 (Low) 0.11 Low) 0.05 0.05 (Very low)
C3 93-150 52 4.7 0.13 (Low) 0.06 (Low) 0.11 0.04 (Very low)
Mean 5.1 4.6 1.01 (tow) 0.17 (Low) 0.13 0.15 (Very low)
CV, % 3.17 5.60 79.58 38.44 65.45 101.51
NQ4
A 0-15 5.3 4.8 10.16 High) 3.71 (High) 0.19 0.32 (Very low)
C1 15-40 54 48 7.75 (High) 2.11 (High 0.29 0.23 (Very low)
C2 40-72 5.2 4.8 3.08 Medium) () 55 (Medium) 0.15 0.14 (Very low)
C3 72-140 5.2 4.7 1.78 (Low) 0.28 (Low) 0.16 0.13 (Very low)
Mean 53 48 5.69 (High) 1.66 High) 0.20 0.21 (Very low)
CV, % 0.87 0.67 64.41 82.58 31.41 40.48
NQ5
A 0-20 4.8 4.1 0.05 (Low) 0.05 (Low) 0.32 0.13 (Very low)
C1 20-66 5.0 4.3 0.31 (Low) 0.08 (Low) 0.22 0.08 (Very low)
C2 66-100 5.3 4.8 0.03 (Low) 0.03 (Low) 0.16 0.03 (Very low)
C3 100-170 5.2 4.8 1.05 (Low) 0.12 (Low) 0.18 0.05 (Very low)
Mean 5.1 45 0.36 (Low) 0.07 (Low) 0.22 0.07 (Very low)
CV, % 0.89 1.61 124.67 21.85 38.87 57.46
NQ6
Al 0-18 5.1 45 1.49 (Low) 0.23 (Low) 0.10 0.19 (Very low)
A2 18-43 5.0 45 0.04 (Low) 0.05 (Low) 0.35 0.11 (Very low)
C1 43-60 5.1 4.7 0.35 (Low) 0.08 (Low) 0.25 0.08 (Very low)
C2 60-93 5.1 45 0.05 (Low) 0.04 (Low) 0.08 0.07 (Very low)
C3 93-125 458 42 0.49 (Low) 0.07 (Low) 0.15 0.04 (Very low)
C4 125-170 49 4.2 0.81 (Low) 0.13 (Low) 0.40 0.07 (Very low)
Mean 5.0 4.4 0.54 (Low) 0.10 (Low) 0.22 0.09 (Very low)
CV, % 4.96 5.78 99.36 27.89 63.36 51.40

pH water: pH determined in water 1:1 (soil:water); pH KCI: pH determined in KCl; Ca: calcium; Mg: magnesium;
Na: sodium; K: potassium; CV: coefficient of variation. * Interpretation: in parentheses is the interpretation
of levels according to the “Manual de adubacao e de calagem para os Estados do Rio Grande do Sul e Santa
Catarina/Manual of fertilization and liming to the Rio Grande do Sul and Santa Catarina States” [28], while some
chemical parameters do not have available the interpretation in the handbook. NQ1 and NQ 2: Quartzipsamments
from Quarai city; NQ3 and NQ4: Quartzipsamments from Manoel Viana city; NQ5 and NQ6: Quartzipsamments
from Sao Francisco de Assis city.
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Table 6. Mean values of chemical parameters and interpretation * of Quartzipsamments profiles of
the Southwest of Rio Grande do Sul State, Brazil.

CEC Saturation
Horizon Depth A3+ H + Al Effective pH7.0 Bases Al OM
(cm) (cmol. kg—1) (%)
NQ1
Ap 0-20 0.29 13 6.6 7.50Low) 83.3 4.36 1.58 (Low)
A 20-65 0.29 1.1 5.3 6.1(Low) 82.7 5.40 0.51 (Low)
C1 65-94 0.17 15 5.5 6.7(Low) 78.4 3.15 1.14 (Low)
C2 94-150 0.23 1.1 6.2 7 o(Low) 85.0 3.70 0.40 (Low)
Mean 0.25 1.3 5.9 6.8(Low) 82.4 415 0.91 (Low)
CV, % 35.56 17.63 14.14 12.50 3.83 33.03
NQ2
A 0-12 0.23 1.9 47 6.4(Low) 70.7 483 2.02 (Low)
C1 1242 0.52 2.3 2.1 3.9(Low) 415 24.17 2.18 (Low)
c2 42-85 0.40 21 1.3 2 g(Low) 29.3 31.87 0.77 (Low)
Cc3 85-145 0.40 1.7 24 3.7(Low) 54.8 16.60 0.42 (Low)
Mean 0.39 2.0 2.6 4.2(Low) 49.1 19.37 1.35 (Low)
CV, % 29.67 14.70 52.71 33.78 30.48 53.73
NQ3
Low 3.37
A 0-22 0.17 1.9 33 5.0(Low) 62.5 5.23 (Mediam)
C1 22-53 0.40 1.9 1.7 3.0(Low) 413 23.37 1.16 (Low)
c2 53-93 0.52 23 1.6 3.3(Low) 31.8 32.73 1.07 (Low)
C3 93-150 0.52 25 0.9 2.8(Low) 12.2 59.98 0.32 (Low)
Mean 0.40 22 1.9 3.6(Low) 37.0 30.33 1.48 (Low)
CV, % 40.79 14.35 48.56 24.72 46.70 65.81
NQ4
High 4.38
A 0-15 0.23 25 14.6 16.9 (High) 85.3 1.57 (Medium)
c1 15-40 0.57 33 10.9 Mg 75.9 5.23 Mo
C2 40-72 0.69 35 4.6 7 4 (Low) 52.8 14.92 1.93 (Low)
Cc3 72-140 0.75 3.1 3.1 5.4 (Low) 43.1 24.08 1.32 (Low)
Mean 0.56 3.1 8.3 Mot 643 11.45 Mt
CV, % 39.54 14.03 59.76 45.20 27.56 82.95
NQ5
A 0-20 0.52 2.7 1.1 3.2 (Low) 17.2 48.05 1.56 (kow)
C1 20-66 0.57 25 1.3 3.2 (Low) 21.8 45.36 1.33 (Low)
c2 66-100 0.40 2.7 0.6 2.9 (Low) 8.3 62.20 0.84 (Low)
Cc3 100-170 0.40 23 1.8 3.7 (Low) 38.0 22.32 0.46 (Low)
Mean 0.47 26 1.2 3.3 (Low) 21.3 44.48 1.05 (Low)
CV, % 26.19 8.37 35.15 10.06 43.42 31.00
NQ6
Al 0-18 0.52 33 25 5.3 (Low) 37.8 2048 MoRam)
A2 18-43 0.52 33 1.1 3.9 (Low) 14.4 48.08 2.36 (Low)
C1 43-60 0.40 3.1 1.2 3.9 (Low) 19.6 34.67 0.91 (Low)
c2 60-93 0.34 23 0.6 2.5 (Low) 9.4 59.25 0.53 (Low)
Cc3 93-125 0.17 15 0.9 2 2 (Low) 34.0 18.58 0.43 (Low)
C4 125-170 0.23 1.3 1.6 2.7 (Low) 53.1 13.89 0.05 (Low)
Mean 0.36 25 1.3 3.4 (Low) 28.1 32.49 1.31 (Low)
CV, % 43.47 37.32 47.05 32.47 49.79 52.99

AP*: aluminum; H + Al: potential acidity; CEC effective: effective cation exchange capacity; CECpH7.0: cation
exchange capacity at pH 7.0; OM: organic matter; CV: coefficient of variation. * Interpretation: in parentheses is
the interpretation of levels according to the “Manual de adubagao e de calagem para os Estados do Rio Grande do
Sul e Santa Catarina/Manual of fertilization and liming to the Rio Grande do Sul and Santa Catarina States” [28],
while some chemical parameters do not have available the interpretation in the handbook. NQ1I and NQ 2:
Quartzipsamments from Quarai city; NQ3 and NQ4: Quartzipsamments from Manoel Viana city; NQ5 and NQé:
Quartzipsamments from Sao Francisco de Assis city.
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According to Pearson’s correlation analysis, the increment in macroporosity increases
the total porosity (r = 0.80) and decreases the microporosity (r = —0.50), with a consequent
increase in the saturated hydraulic conductivity (r = 0.45) and a decrease in available water
(r = —0.41) (Table 7). The increase in bulk density decreases its total porosity (r = —0.19),
although with no effect on macroporosity and microporosity, which suggests that there
is a decrease in the size of the macropore with increasing bulk density, but no increase in
microporosity. Because the vertical flow of water in the soil occurs mainly in macropores,
while the water available to plants is in the micropores, increasing microporosity decreases
hydraulic conductivity (r = —0.75) and increases available water (r = 0.47). Particle density
showed an inversely proportional relationship with microporosity (r = —0.45) and a positive
relationship with hydraulic conductivity (r = 0.40); that is, with an increase in particle
density, there is a decrease in microporosity and an increase in hydraulic conductivity.

Table 7. Pearson’s correlation between the soil physical-hydric properties of Quartzipsamments of
the Southwest of Rio Grande do Sul State, southern Brazil.

TP Macro Micro BD PD KS
Macro 0.80 **
Micro ns —0.50 **
BD —0.19 *** ns ns
PD ns ns —0.45 ** ns
KS ns 0.45 ** —0.75 ** ns 0.40 **
AW ns —0.41 ** 0.47 ** ns ns ns

TP: total porosity; Macro: macroporosity; Micro: microporosity; BD: bulk density; PD: particle density; KS:
saturated hydraulic conductivity; AW: available water (water volume between 10 kPa and 1500 kPa-tension). ns:
not significant; ** p < 0.01; *** p < 0.10.

Soil bulk density showed a positive and significant correlation with clay (r = 0.45)
(Table 8), indicating that clay, even in small proportion in these soils, can occupy the
spaces between larger particles (silt and sand), decreasing the size of the macropore, with a
consequent decrease in total porosity and an increase in bulk density, but with no influence
on microporosity, as seen in Table 7. At 10% probability, the degree of flocculation was
positively correlated with total porosity (r = 0.30) and bulk density (r = 0.33).

Table 8. Pearson’s correlation between the soil physical-hydric properties and the particle size and degree
of flocculation of Quartzipsamments of the Southwest of Rio Grande do Sul State, southern Brazil.

Sand
Very C . . . .
Coarse oarse Medium Fine Very Fine Silt Clay DF
TP ns ns ns ns ns ns ns 0.30 ***
Macro ns ns ns ns ns ns ns ns
Micro ns ns ns ns ns ns ns ns
BD ns ns ns ns ns ns 0.45* 0.33 ***
PD ns ns ns ns ns ns ns ns
KS ns ns ns ns ns ns ns ns
AW ns ns ns ns ns ns ns ns

TP: total porosity; Macro: macroporosity; Micro: microporosity; BD: bulk density; PD: particle density; KS:
saturated hydraulic conductivity; AW: available water (water volume between 10 kPa and 1500 kPa-tension); DF:
degree of flocculation. ns: not significant; * p < 0.05; *** p < 0.10.

Increasing pH water and pH KCl, there is an increase in the availability of Ca (r = 047 and 0.44,
respectively), Mg (r = 0.38 and 0.35), and K (r = 0.37 and 0.37), and an increase in CECeffective
(r=046 and 0.43), CECpH7.0 (r = 044 and 0.42), and base saturation (r = 0.45 and 043) and a
decrease in Al saturation for pH KCL (r = —0.34) (Table 9). Increasing organic matter, there is an
increase in CECeffective (r = 0.57) and CECpH7.0 (r = 0.66), with a consequent increase in the
availability of Ca, Mg, and K and base saturation, and a decrease in Al saturation, evidencing the



Soil Syst. 2023, 7,

,9

15 of 24

effect of organic matter in the chemical improvement of these soils where the clay content is low,
and the adjustment of pH improves soil fertility.

Table 9. Pearson’s correlation between the soil chemical variables of Quartzipsamments of the
Southwest of Rio Grande do Sul State, southern Brazil.

Wil pHKC Ca Mg Na K ar+ H+aAl o CEC - CECpH70 Basesat  Alsat.
pHKCI 0.94*
Ca 0.47 * 0.44 *
Mg 0.38 *** 0.35 *** 0.96 **
Na ns ns ns ns
K 0.37 *** 0.37 *** 0.56 ** 0.45* 0.50 **
AP* ns ns ns ns ns —0.35 ***
H+ Al ns ns ns ns ns ns 0.77 **
CECeffective ~ 0.46* 0.43* 0.99 ** 0.97 ** ns 0.56 ** ns ns
CECpH7.0 044 % 0.42* 0.97 ** 0.97 ** ns 0.51 ** ns ns 0.98 **
Base sat. 0.45 * 0.44 * 0.82 ** 0.67 ** —0.37* 0.70 ** 0.44 * —0.48* 0.79 ** 0.70 **
Al sat. ns —0.34**  —070*  —0.55*  —037**  —0.65* = 043* 0.42* —0.67*  —059*  —094*
OM ns ns 0.54 ** 0.58 ** ns 0.53 ** ns 0.45* 0.57 ** 0.66 ** ns ns
pH water: pH determined in water 1:1 (soil:water); pH KCI: pH determined in KCl; Ca: calcium; Mg: magnesium;
Na: sodium; K: potassium. AR*: aluminum; H+Al potential acidity; CECeffective: effective cation exchange
capacity; CECpH?7.0: cation exchange capacity at pH 7.0; Base sat.: base saturation; Al sat.: aluminum saturation;
OM: organic matter. ns: not significant; ** p < 0.01; * p < 0.05; *** p < 0.10.

The Na (¥ = 0.47) and K (r = 0.42) showed a positive and significant correlation with
very fine sand, while Ca had a negative correlation with coarse sand, as well as CECeffective
and CECpH?7.0 (Table 10). The increase in pH water decreases the degree of flocculation of
the soil (r = —0.34).

Table 10. Pearson’s correlation between the soil chemical variables and the particle size and degree
of flocculation of Quartzipsamments of the Southwest of Rio Grande do Sul State, southern Brazil.
Sand
Very Coarse Coarse Medium Fine Very Fine Silt Clay DF
pH water ns ns ns ns ns ns ns —0.34 ***
pH KC1 ns ns ns ns ns ns ns ns
Ca ns —0.36 *** ns ns ns ns ns ns
Mg ns ns ns ns ns ns ns ns
Na ns ns ns ns 047 * ns ns ns
K ns ns ns ns 0.42* ns ns ns
AL+ ns ns ns ns ns ns ns ns
H + A%+ ns ns ns ns ns ns ns ns
CECeffective ns —0.35 *** ns ns ns ns ns ns
CECpH7.0 ns —0.33 *** ns ns ns ns ns ns
Base sat. ns ns ns ns ns ns ns ns
Al sat. ns ns ns ns ns ns ns ns
OM ns ns ns ns ns ns ns —0.36 ***

pH water: pH determined in water 1:1 (soil:water); pH KCI: pH determined in KCl; Ca: calcium; Mg: magnesium;
Na: sodium; K: potassium; AP*: aluminum; H + Al: potential acidity; CECeffective: effective cation exchange
capacity; CECpH7.0: cation exchange capacity at pH 7.0; Base sat.: base saturation; Al sat.: aluminum saturation;
OM: organic matter; DF: degree of flocculation. ns: not significant; * p < 0.05; *** p < 0.10.

Increasing organic matter, there is an increase in total porosity (r = 0.53) and a decrease
in bulk density (r = —0.47) (Table 11). The effect of some chemical variables on soil physics
may be associated with electrical charges and aggregate formation. In these soils, the
increase in microporosity has a positive effect on increasing the availability of Ca (r = 0.74),
Mg (r = 0.67), K (r = 0.38), and on CECeffective (v = 0.74), CECpH7.0 (v = 0.72) and base
saturation (r = 0.58), and decreasing Al saturation (r = —0.37).
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Table 11. Pearson’s correlation between the soil chemical and physical-hydric properties of Quartzip-
samments of the Southwest of Rio Grande do Sul State, southern Brazil.

TP Macro Micro BD PD KS AW
pH water —0.33 *** 0.64 ** 0.58 ** ns —0.45* ns 0.50 **
pH KC1 ns —0.53 ** 0.51 ** ns —0.47* ns 0.44*
Ca 0.36 *** ns 0.74 ** ns —047* —0.58 ** ns
Mg 0.33 *** ns 0.67 ** ns —0.40* —0.51** ns
Na ns ns ns ns —0.33 *** ns ns
K 0.39 * ns 0.38 *** —0.34 *** —0.57* ns ns
AR ns ns ns ns ns ns 0.62 **
H+ AR+ ns ns ns ns ns ns ns
CECeffective 0.37 *** ns 0.74 ** ns —0.47* —0.56 ** ns
CECpHY7.0 0.40* ns 0.72 ** ns —041* —0.49* 0.35 ***
Base sat. ns ns 0.58 ** ns —0.54 ** —0.50 ** ns
Al sat. ns ns —0.37 *** ns 0.37 *** 0.36 *** ns
OM 0.53 ** ns ns —047* ns ns ns

pH water: pH determined in water 1:1 (soil:water); pH KCI: pH determined in KCl; Ca: calcium; Mg: magnesium;
Na: sodium; K: potassium. Al**: aluminum; H+Al: potential acidity; CECeffective: effective cation exchange
capacity; CECpH7.0: cation exchange capacity at pH 7.0; Base sat.: base saturation; Al sat.: aluminum saturation;
OM: organic matter; TP: total porosity; Macro: macroporosity; Micro: microporosity; BD: bulk density; PD:
particle density; KS: saturated hydraulic conductivity; AW: available water (water volume between 10 kPa and
1500 kPa-tension). ns: not significant; ** p < 0.01; * p < 0.05; *** p < 0.10.

4. Discussion

The low clay contents in these soils are highlighted because practically all the reactivity
of the soil, such as the cation exchange capacity, is available in this particle size [29]. The
availability of nutrients to the soil in the medium and long term from weathering is not
significant due to the predominantly quartz mineralogical composition. The flocculation
degree resulted in a wide range of values (8.78 to 80.79%), and this soil property is especially
important in terms of soil water erosion resistance because it represents the resistance of
the soil structure to disintegration.

Although the bulk density values showed a wide range of variation (1.32 to 1.64 Mg m~3),
the mean value of the profiles did not show significant variation (1.41 to 1.47 Mg m~2) (Table 4).
According to FAO [9], Arenosols have high bulk density values, ranging from 1.5 to 1.7 Mg m 3,
and considering the quartz density of around 2.65 Mg m ™3, the total porosity is around 0.36 to
0.46 m® m~3. Although the total porosity was obtained directly by weighing, the values (0.380
to 0.522 m® m~?) are close to those indicated by FAO [9].

The range of macroporosity and microporosity values found are, respectively, 0.253 to
0.373 m> m~3 and 0.083 to 0.182 m® m 3. Working with different uses of Quartzipsamment
in Rio Grande do Sul State, Reichert et al. [30] found microporosity values similar to this
study (0.073 to 0.169 m® m~3) but higher to macroporosity (0.398 to 0.570 m3 m~3). The
values found in the present study and by the aforementioned authors are completely
opposite to what is usually found for clayey soils. For example, in comparative terms,
Suzuki et al. [31], studying different land use and management systems, verified for an
Oxisol (clay between 640 and 664 g kg~!) macroporosity and microporosity values of,
respectively, 0.219 to 0.017 m® m~2 and 0.476 to 0.354 m® m 3, and total porosity of 0.573
to 0.460 m® m~3, which refers to a lower agricultural and environmental suitability of
Quartzipsamments when compared to other soils. Variations in bulk density according to
its clay content are well documented [32-35]. The higher total porosity and macroporosity
verified in most of the profiles in the superficial horizon can be associated with the action
of the few roots in this superficial soil layer, while the greater values of bulk density with
an increase in the depth can probably be related to the smaller action of roots and by the
weight of the upper soil layers causing pressure on the subsurface layers.

The saturated hydraulic conductivity is extremely high in the Quartzipsamments
evaluated, ranging from 127.85 to 672.26 mm h~1, associated with the large volume of
macropores (water-flow pores), as also observed by Reichert et al. [30]. According to
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Mesquita and Moraes [36], the flow of water in saturated soil occurs preferentially in macro-
pores (pores with diameter >50 um). FAO [9] points out Arenosols as water-permeable
soils, with the saturated hydraulic conductivity varying between 300 and 30,000 cm day !
(125 and 12,500 mm h~!), and depending on the particle size distribution and the organic
matter content, the available water capacity can be less than 3 to 4% or greater than 15
to 17%. FAO [9] also mentions that because most pores are relatively large, much of the
retained water is drained at a tension of only 100 kPa.

Suertegaray [7] even mentions that the water dynamics in Quartzipsamments from
Southwest of Rio Grande do Sul State, with regard to erosion, are associated with concen-
trated superficial processes, which originate furrows, ravines, and gullies. According to the
author, laminar flow is not characteristic of these areas due to the high infiltration capacity
of these soils.

A fact that draws attention is the low coefficient of variation of the saturated hydraulic
conductivity (8.88 to 19.71%) (Table 4). Generally, this property presents great spatial vari-
ability, generating a high coefficient of variation and requiring a greater number of samples
to reduce this variability [36]. Coefficient of variation values can be greater than 200% for
hydraulic conductivity [37]. According to the same authors, this variability is associated
with types and land use, position in the landscape, depth, instruments and measurement
methods, and experimental errors. The lower variability in Quartzipsamments allows
the minimum number of soil samples in spatial variability studies. The low coefficient of
variation of the saturated hydraulic conductivity in our study may be associated with the
single-grain structure and high sand content in the soil profiles.

The volume of available water is extremely low (0.006 to 0.038 m®> m~3) (Table 4),
associated with the sandy texture and low volume of micropores (pores responsible for
water retention and availability). Reichert et al. [38] found for soils from Rio Grande do
Sul State that field capacity and permanent wilting point increased in a similar proportion
with increasing clay content of the soils. The authors also verified an average volume of
available water to plants of 0.089 m3 m~3 for sandy soils and 0.124 m® m~ for very clayey
soils, reaching 0.191 m3 m—3 for silty clay soils.

Compaction, so harmful in soils with higher clay content, can increase microporosity
in sandy soils and the volume of available water to plants. However, studies are needed to
indicate the appropriate level of compaction to improve water retention and availability
for plants without preventing their root growth by increasing soil bulk density.

Working with four profiles of sandy soils from the Brazilian semiarid region, San-
tos et al. [39] recommend lower irrigation rates and more frequent application, due to the
lower water-holding capacity of these soils and greater risk of nutrient leaching.

In sandy soil (89% sand), the incorporation of clay together with organic matter
increased aggregate stability, total soil porosity, and available water content and decreased
soil bulk density. Moreover, increasing plant height and number of shoots of physic nut
(Jatropha curcas L.) were observed [40]. While the biochar added to sandy soil (93.2% sand)
increased water-holding capacity, decreased drainage, and increased available water for
crop use [41].

The high acidity and low fertility of these soils require an adjustment of pH and
mineral reserve, which would demand high costs with fertilizer. Due to high sand and
low clay contents, these soils require split fertilization to reduce leaching rates and increase
the efficiency of nutrient uptake by plants. According to the “Manual de adubacao e de
calagem para os Estados do Rio Grande do Sul e Santa Catarina/Manual of fertilization
and liming to the Rio Grande do Sul and Santa Catarina States” [28], for these sandy soils
(<20% clay) or with CEC < 7.5 cmolc dm~3, it is recommended to avoid total corrective
fertilization of K or P due to the possibility of leaching these nutrients or salinity problems,
as well as the splitting of nitrogen fertilization.

Due to the smaller adsorption sites (low cation exchange capacity at pH 7.0 and or-
ganic matter) and the high hydraulic conductivity, there is a high risk of leaching and
environmental damage, requiring an installment of fertilizer application in the agricultural
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use of these soils. In order to improve the chemical efficiency of these soils, it is recom-
mended to increase their levels of organic matter, something that should occur gradually,
with consequent improvement of the physical structure and biological activity of these
soils. Meanwhile, due to the low levels of clay and organic matter, these soils need, at each
crop, to be corrected through high doses of limestone and fertilizers, which can become
financially unfeasible in the short and medium term.

Considering the very low K contents, for its total correction, the amount of 120 kg of
K,O per hectare is recommended [28]. To correct the pH, raising it to a value of 6.0, the
equation indicated by the SBCS-NRS/CQFS [28] was used:

NC= —0.516 + 0.8050M + 2.435A1 3)

where NC is the limestone requirement in t ha~! (with relative power of total
neutralization—PRNT 100%), OM is the organic matter content (in %), and Al is the
exchangeable aluminum content of the soil (in cmol. dm™3).

From the calculations, considering the variation in Al and organic matter contents
in the topsoil horizon, the limestone requirement ranged from 1.46 to 3.63 Mg ha1. This
calculus of KO fertilizer and limestone reflects the high costs for fertility adjustment.

As reported by Donagemma et al. [8], a common practice adopted by technicians and
farmers in sandy soils is the application of limestone doses above 6 Mg ha~!, and may even
exceed 10 Mg ha~! because, according to farmers, when applying the dose of 2 Mg ha~!,
as recommended in corrective and fertilizer handbooks, crop yield will be very low. The
authors explain this due to the low reactivity of limestone in these soils, associated with the
low aluminum content and low buffering power of the soil, and possible losses of cations
in depth, by leaching.

Hartemink and Huting [42], Bezabih et al. [43], Reichert et al. [30], and Olorun-
femi et al. [44] also found in sandy soil a correlation between organic matter and CEC,
and Bezabih et al. [43] also observed a correlation between pH and CEC, and porosity
and bulk density with organic carbon and CEC. The results of Olorunfemi et al. [44]
agree with the observations of this study on the negative correlation between base and
aluminum saturation.

According to Reichert et al. [30], for most sandy soils, a large part of the CEC comes
from organic matter. From the collection of published data from tropical sandy soils in
western and eastern Africa, Blanchart et al. [45] showed that organic matter is the main
determinant of soil fertility, nutrient storage, aggregate stability, and microbiological and
enzymatic activities. According to the authors, although cultural practices or land use have
a lower impact on the increase of organic matter when compared to clayey soils, this is the
way to increase them and improve soil biofunction, which determines the agronomic and
environmental potential of the sandy soils.

Reichert et al. [30] verified changes in the physical properties of a Quartzipsamment
related to organic carbon, which lead to a resistance of this soil to degradation. According
to the authors, the accumulation of organic matter in sandy soils is more important than in
clayey soils due to their fragility and difficulty in increasing their organic matter content.
In sandy soils, the soil aggregation is mainly controlled by carbon dynamics [46], and
our study corroborates considering the low organic matter content and the single-grain
soil structure.

The increase in organic matter can lead to a decrease in the use of mineral fertilizers [28]
and, as a consequence, less leaching and risks of contamination of water resources (surface
due to erosion and subsurface due to leaching). In addition, its sandy texture requires split
fertilization to decrease nutrient leaching and increase plant uptake [28].

Alternatives are being studied to improve soil structure and fertility of sandy soils.
For example, the use of clay and natural polymers increased the CEC and the number of
available cations, and decreased the leached cations of coastal sandy soil (98% sand) [47].
While long-term application of organic amendments improved physical (bulk density
was decreased, available water-holding capacity was increased), biological (enhanced
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the overall soil microbial activity, such as species number and diversity, especially of the
desirable groups such as heterotrophic aerobes, actinomycetes, and pseudomonads), and
chemical properties (increasing soil organic matter, carbon, pH, Mehlich 1-extractable P, K,
Ca, Mg, Mn, Cu, Fe, and Zn concentrations, CEC) of a sandy soil [48].

The application of sewage sludge in sandy soil (87.69% sand) increased the organic
matter content of soil; improved the infiltration rate, decreasing the water erosion under
simulated high-intensity rainfall; decreased bulk density and increased the tendential
air permeability of soil; and the soil compaction level was reduced in the first year after
compost re-treatment. However, all the beneficial effects of sewage sludge last only for two
years [49]. While the use of liming and catch crops alone did not influence cereal yield and
straw and plant height, in the fourth year of study, all yield trait components significantly
increased with the use of farmyard manure, liming, and catch crops together in a Podzol
sandy soil (62.9% sand) [50].

It is known that current production techniques and technologies have evolved and
improved and are accessible; however, it is worth highlighting the high cost of agricultural
production of these soils, requiring a careful analysis in terms of production costs and sales
value of the products.

Table 12 presents the difficulties and challenges specific to or associated with Quartzipsamments.

Table 12. Difficulties and challenges associated with the Quartzipsamments of the Southwest of Rio
Grande do Sul State, southern Brazil.

Difficulties

—  Sandy texture;

—  Low water-holding capacity;

—  Low volume of available water;
— Low aggregation;

— Low content of organic matter;

—  Low fertility;

—  High leaching;

—  High susceptibility to erosion;

— Little vegetation cover;

— Difficulty of plant species to develop;
—  Low agricultural land suitability;
—  Agricultural expansion;

—  High environmental fragility.

Challenges

—  Identify plant species adapted to this soil and that produce a large volume of biomass to
increase organic matter and physical structure of the soil;

—  Increase biological activity;

—  Due to agricultural expansion, identify the most appropriate uses and management for
this soil;

—  From the use of this soil, what level of compaction it can reach, and what level is harmful to
the development of plants;

—  The recommendation of fertilization (doses and splitting) that best suits this soil, considering
the risks of contamination of surface water by erosion and subsurface water by leaching;

—  Soil and water conservation techniques best suited for these soils;

— Quantity and frequency of irrigation;

—  For livestock use of these native pastures, what are the recommendations for better soil,
animal, and pasture management;

—  Monitor the soil (physical, chemical, and biological variables), erosion processes, surface and
subsurface water quality, and nutrient leaching and contaminant flow;

—  Evaluate the performance of growth and yield of crops managed in these soils;

—  Evaluate the economic viability of agricultural use of these soils.

Due to the sandy texture (Table 2) and low organic matter content of these soils
(Table 6), reflected in poorly structured soils (Tables 1 and 4), they are very susceptible to
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erosion and the sandyzation process, requiring complex and permanent techniques and
practices for the conservation of the soil, such as terracing and maintenance of permanent
vegetation cover on the soil surface. Associated with this, there is still little vegetation
cover, usually native pasture, although soybean cultivation is expanding in these soils and
the use of the land with agriculture and livestock without grazing control and no adoption
of conservation practices. Suertegaray et al. [10] highlight that the dynamics of land use,
without prior recognition of its agricultural land suitability, is capable of intensifying the
morphogenetic processes, weakening the landscape in a relatively shorter time than the
dynamics of nature itself. Therefore, sustainable land use in Biome Pampa is just possible if
the economical activities consider the soil suitability and the adaptations of its plant and
animal communities [2].

In this sense, studying a toposequence with three sandy soils (sand between 89 and
95% and clay between 9 and 3%), Thomaz and Fidalski [51] observed that the soil position
in the toposequence and the total sand content were the variables that best explained the
erodibility interrill, in an experiment under simulated rainfall, and emphasized the need
for differentiated management systems along the toposequence.

Furthermore, the low volume of available water (Table 4), considering these soils
of low agricultural land suitability, and the high hydraulic conductivity and low water-
holding capacity (Table 4), associated with the minimum contents of clay, silt (Table 3), and
organic matter (Table 6), characterize these soils as very fragile environmentally [2], and
should be used very carefully, especially due to the risks of leaching; transport of metals,
pesticides, and other agrochemicals; and contamination of surface and subsurface water
resources, besides the high susceptibility to erosion and sandyzation.

Suertegaray [7] reported that, due to the fragility of the soils where the sands occur,
they are highly susceptible to erosion when their agricultural management occurs through
heavy machinery, which forms rills that can evolve into the formation of ravines and gullies.
According to the author, intensive pastoral activity, with animal overcrowding is indicated
as a cause of erosion, linked to the formation of rills by the trampling of cattle through trails.

Figure 4 shows water and wind erosion and the extensive areas of bare and exposed

Quartzipsamments to sandyzation.
sandyzation I

sandyzation

Figure 4. Pictures showing the native field. Soil exposing the sandyzation and erosion in the
Quartzipsamments of the Southwest of Rio Grande do Sul State, southern Brazil. Source: pictures
taken by L.E.A.S. Suzuki.

The use of cover plants is efficient in reducing the transport of sand by the wind in these
soils, being an effective alternative to contain the expansion of the sandyzation process [52].

In recent years, the return of soybean cultivation in Quartzipsamments has been
observed; however, for their agricultural use, planning is essential to improve the structure
of these soil, with the use of cover plants with a significant contribution of biomass to
increase organic matter, soil physical structuring, and increase biological activity, and
the use of soil and water conservation techniques. Moreover, cover crops can reduce
evapotranspiration, a factor that can be limiting in these soils with low water-holding
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capacity. For example, Eltz and Rovedder [53] observed temperatures above 40 °C at 3 cm
depth in exposed soil in a sandyzation area, but when this area was replanted with cover
crops, the soil temperature was reduced by around 18.6%.

Among alternatives for cover crops, Rovedder [54] cites Lupinus albescens (lupine) as
a potential specie for the recovery of sandy soils, while Reichert et al. (2016) found that
eucalyptus was more efficient in increasing soil organic carbon after conversion from native
field to conventional planting, eucalyptus and unvegetated area.

Silva [55] cites the dwarf butia tree (Butia lalemanti), a common palm in the sandy top
relief and deep soil, mainly in the cities of Sao Francisco de Assis and Manoel Viana, as a
contributor to the minimization of laminar erosion caused by floods, besides being a specie
adapted to water stress.

Gass et al. [56] cite that the advance of monocrops on the sands of Rio Grande do Sul
State have occurred without the knowledge of the potential use of native plant species
endemic to the region, most of which are unknown in their food, medicinal, ornamental,
aromatic properties, condiments, and for use in projects for the recovery of degraded areas.

From our study, we verify the low agricultural suitability and the high environmental
fragility of Quartzipsamments in Rio Grande do Sul State. The agricultural use of these
soils will be intensified, especially due to political and economic issues; therefore, studies
are needed to guide farmers, extensionists, and stakeholders on the best way to use and
manage them. Any incentive to use these sandy soils and the availability of technologies
(e.g., irrigation, fertilizers, and machinery, among others) requires technical monitoring,
specific recommendations for these soils, and monitoring of the soil and the environment.
Specific recommendations include lower irrigation rates and more frequent application,
due to the lower water-holding capacity of these soils and greater risk of nutrient leaching;
split fertilization to reduce leaching and increase the efficiency of nutrient uptake by
plants; include plant species adapted to this soil and climatic conditions in a rotation crop
system, to produce enough volume of biomass to increase organic matter content, with
consequent improvement of the soil physical structure and biological activity; maintenance
of permanent vegetation cover on the soil surface to reduce water evaporation and erosion;
and use of techniques and practices for soil and water conservation, such as terracing and
keyline arrangement.

5. Conclusions

Quartzipsamments are soils with high macroporosity and saturated hydraulic conduc-
tivity, and these soils play an important role in aquifer recharge. On the other hand, their
low content of clay and organic matter hinders the soil’s physical structuring and biological
activity, making these soils susceptible to water and wind erosion and the sandyzation
process, besides a high possibility of leaching.

Their sandy texture, extremely low volume of available water to plants, low fertility,
and cation exchange capacity, besides wind erosion, hinder the development of vegeta-
tion in these soils and, given these characteristics, make these soils of low suitability for
agricultural use and with a high risk of leaching and aquifer contamination. However, we
verified that the increase in pH and organic matter can improve the fertility of these soils
(especially Ca, Mg, K, cation exchange activity), and for organic matter, an improvement in
the physical structure of the soil (increase in total porosity and decrease in bulk density)
can occur also.

Some difficulties and challenges in the use and management of Quartzipsamments
were pointed out in our study, and specific recommendations for better use and manage-
ment of these soils were indicated.
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