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Abstract: Changes in land use can cause degradation of soil physical quality with negative effects on
the environment and agricultural production. The effects of different land uses on soil physical-hydric
attributes were studied in the Renato River and Caiabi River watersheds in the southern Brazilian
Amazon. Three conditions of land use were evaluated: native forest, crops, and pasture in the
headwater, middle, and mouth of each watershed. Particle size, particle density, bulk density, total
porosity, macroporosity, microporosity, water contents at field capacity and permanent wilting point,
and available water capacity in soil were evaluated in three soil layers down to 0.4 m. Data collected
were subjected to the Kruskal–Wallis nonparametric test and Pearson’s correlations. Multivariate
analyses were also performed using the principal component method. In the Renato watershed, in
comparison with native forest, conventional management of pasture and crops caused soil physical
degradation, increasing soil density in the surface layer and reducing macroporosity and total porosity.
In the Caiabi watershed, converting native forest areas into pasture and crops altered water quality,
influencing the water dynamics in the soil, by reducing soil water conductivity. Soil attributes varied
by watershed, with texture variations between the headwater and mouth, indicating that changes
in soil properties result from both management and the granulometric composition of the soil in
different regions of the same watershed. Adoption of crop and pasture conservation practices can
improve soil physical attributes in regions bordering agricultural areas in the southern Amazon.

Keywords: Cerrado–Amazon transition; principal component analysis; soil management; soil
physical properties; soil water conductivity; Teles Pires River

1. Introduction

The Cerrado-Amazonian ecotone occupies 4.85% of Brazil. This ecotone and the
Midwest region of Brazil are among Brazil’s major grain-, fiber-, and beef-producing
regions [1]. Here, the conversion of native vegetation into pastures and agricultural areas
has been intense in recent decades [2]. Changes in land use and the intensification of
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agricultural activity can impair natural resources such as soil, water, and biodiversity
and are associated with deforestation and the seasonal scarcity of water resources in the
Amazon region [3]. Removal of native vegetation can cause high rates of carbon dioxide
emissions, loss of biodiversity, erosion, and interruption of hydrological cycles [4–6].

In addition to environmental impacts, significant changes in land use/land cover,
resulting from the conversion of native vegetation to pasture and agricultural areas, can
cause negative impacts on the physical attributes of the soil itself [7,8]. Areas of poorly man-
aged pastures and intensively managed conventional agricultural plantings of monoculture
annual crops such as soybean, maize, and cotton may result in compaction and erosion,
which can cause soil degradation [9–11]. To overcome negative impacts on soil and water
resources, it is essential to know the physical-hydric properties of the soil to enable efficient
decision-making and agricultural management [12]. In addition to environmental analyses,
it is important to consider these soil properties and their possible variations on larger
spatial scales, such as in river basins. These areas are sensitive to land use changes and
may respond differently to soil and water losses depending on longer time scales and the
drainage area [13]. According to Ou et al. [14], understanding variations in soil properties
between land uses will help clarify the impacts of human activities on soil quality and
health, soil and water conservation, ecological degradation, and environmental restoration,
especially in watersheds.

Recent studies have shown that, in general, soil physical and chemical properties are
highly affected by changes in land use/land cover (LULC) in watersheds [15–19]. These
changes, in turn, play a fundamental role in soil development due to their influence on
nutrient cycling, hydrological processes, and soil erosion. Changes in LULC can also
influence the ability of the soil to support plants and other organisms as well as the
productivity of natural ecosystems or managed agricultural systems [6,15,20].

Therefore, monitoring soil, water, and biodiversity losses in watersheds is essential.
Initially, it is necessary to characterize the physical-hydric attributes of the soil, as these
are responsible for short-term changes that can compromise the quality of the ecosys-
tem [21]. This allows for a better understanding of the existing relationships in the soil–
plant–atmosphere system and to assess soil variability and quality, aeration, hydraulic
conductivity, water redistribution, storage capacity, water availability for plants, and root
growth [22]. Among the various physical-hydric attributes that can be considered indica-
tors of soil physical quality, due to the simplicity of field sampling and laboratory analyses,
we have focused on soil density, particle density, porosity, saturation hydraulic conductivity,
and water capacity of available soil water [23–25].

There is a need for such measurements in agricultural frontiers such as the state of Mato
Grosso, Brazil. Here, the Cerrado and the Amazon biomes are considered global hotspots
where grain and beef production have increased through the expansion of agriculture
and livestock farming [26,27]. There is a great need for physical diagnoses of soils under
different agricultural uses compared to areas of native vegetation (e.g., forests, savannah).

The Renato and Caiabi Rivers are both tributaries of the Teles Pires River in the
Southern Amazon region of Brazil. Given the importance of characterizing soil physical
attributes to help in better water and soil management and conservation, our goal was
to verify if there are variations in soil physical-hydric attributes in two watersheds with
different land uses in the Cerrado-Amazonian ecotone region. The specific objectives of
this study were to (1) evaluate the effect of land use on soil physical-hydric attributes in
different regions of the Renato River and Caiabi River watersheds and to (2) identify the
possible relationships between the soil physical-hydric attributes of these soils.

2. Materials and Methods
2.1. Study Areas

This study was conducted in the Renato River and Caiabi River watersheds, located in
the Amazon biome and the Cerrado–Amazon transition area, respectively. Both watersheds
are located in the Middle-North region of Mato Grosso state in the southern Amazon
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(Figure 1). These two watersheds have significant regional importance. They are located
upstream and downstream of the first regional hydroelectric plant on the Teles Pires River
near the city of Sinop, with a flood area of 342 km2. Predominant vegetation and human
development differ in these two areas. The Caiabi River watershed area predominantly has
monoculture annual crops (soybean–maize succession), while the Renato River watershed
has more pastures and native forests. According to Köppen’s classification, the climate
of the region is Aw (tropical climate with dry winter), with two well-defined seasons:
dry (between May and September) and rainy (October to April), with an average annual
temperature of 25.6 ◦C and annual rainfall of 1934 mm [28].
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Figure 1. Location map of the Renato River and Caiabi River watersheds, in the Cerrado–Amazon
transition zone, Mato Grosso state, Brazil. Evaluated land uses include crops, pasture, and native for-
est. The drainage network used was the Brazilian Institute of Geography and Statistics, scale 1:250,000
(available at: https://www.ibge.gov.br/geociencias/downloads-geociencias.html) (accessed on
1 September 2023). The river basins were delimited using the digital elevation model with data from
the Shuttle Radar Topography Mission of the Project Brasil em Relevo of Embrapa.

The Renato River watershed is located between the municipalities of Itaúba and
Cláudia, Mato Grosso state, Brazil, between latitudes 11◦40′37.60′ ′ and 10◦55′17.84′ ′ S and
longitudes 54◦57′2.24′′ and 55◦18′25.06” W, with minimum and maximum altitudes of
273 meters (m) and 524 m, respectively (Figure 1). The Renato River watershed has an area
of 1336.8 km2, an axial length of 65.9 km (km), and a drainage network of 553.5 km. This

https://www.ibge.gov.br/geociencias/downloads-geociencias.html
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watershed is located in the Middle region of the Teles Pires River basin in the Amazon
biome. The Caiabi River basin is located between the municipalities of Vera and Sinop, in
Mato Grosso state, Brazil, between latitudes 12◦27′0.18′′ and 12◦04′44.10′ ′ S and longitudes
55◦16′1.46′′ and 55◦31′14.40′′ W, with altitude ranging from 208 to 417 m. The Caiabi River
is a Teles Pires River tributary located in a transition area between the Cerrado savannah
and the Amazon Forest (Figure 1). The Caiabi River basin has a drainage area of 489.3 km2,
with an axial length of 38.9 km and a drainage network of 155.9 km.

Considering dominant hydro-morphological conditions and relief, the two hydro-
graphic basins were divided into three regions (Figure 2). For the Renato River watershed,
the regions are defined as the Headwater, Middle, and Mouth, making up 16.49%, 38.60%,
and 44.91% of the area of the watershed at 220.47, 516.01, and 600.28 km2, respectively. In
the Caiabi River watershed, these same three regions are 150.9, 196.56, and 141.85 km2 or
30.84%, 40.17%, and 28.99% of the watershed area, respectively.
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Figure 2. Land use and occupation of the Renato River and Caiabi River watersheds of the Teles
Pires River in 2020 [21]. Evaluated land uses were (A) crops (e.g., soybeans), (B) native forest, and
(C) pasture. Data source: Land uses of MapBiomas [29].

Field collections in native, tropical forests were carried out in preserved areas of
natural vegetation adjacent to crops and pasture, depending on the access routes used
(Figure 2). Crop areas were a successive cultivation of soybean and maize from fall 2019
to spring 2020, while permanent pasture areas consisted of Brachiaria brizantha (Palisade
signal grass) for cattle grazing. In the two watersheds, soil samples were collected in areas
with at least five years of the same land use and in different regions of the watersheds.

The Renato River watershed is occupied predominantly by areas of native forest
(69.51%), followed by pasture (15.94%) and crops (13.41%). About 65% of the area of the
Caiabi River watershed is crops and pastures, with the rest occupied by forests and urban
areas. Soil collections were performed under land use conditions that best represented the
forms of land use in both watersheds (Table 1).
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Table 1. Land occupation classification in the Renato River and Caiabi River watersheds, located in
the Cerrado–Amazon transition zone, Mato Grosso state, Brazil, in 2020.

Class
Renato Caiabi

Area (km2) Area Percentage Area (km2) Area Percentage

Water 2.80 0.21 1.36 0.28
Native Forest 934.41 69.91 151.62 30.98
Pasture 213.10 15.94 30.63 6.26
Crop 179.22 13.41 289.88 59.24
Urban area 7.03 0.53 15.82 3.23

Total 1336.56 100.00 489.31 100.00
Source: Land uses based on MapBiomas [21].

According to the Brazilian Soil Classification System [30,31], the Renato River water-
shed has most soils classified as Latossolo Vermelho distrófico (LVd) [Oxisol] and Latossolo
Vermelho Amarelo distrófico (LVAd). Some regions in the headwater and the mouth of
the Renato River basin have flat to strongly undulating relief (0% to 29% slope). The pre-
dominant soil in the Caiabi River watershed is also Latossolo Vermelho-Amarelo distrófico
(LVAd), with mainly flat to wavy relief (0% to 15% slope). According to USDA-NRCS
(2014) [32], this soil is classified as a Typic Hapludox.

2.2. Soil Sampling and Laboratory Analysis

Soil samples were collected between November 2019 and May 2020, with sampling
points distributed in the three regions of each watershed (Figure 2) at depths of 0 to 0.1 m,
0.1 to 0.2 m, and 0.2 to 0.4 m. The collections were carried out in areas occupied by native
forests, pastures and crops in both watersheds. Due to the large number of samples, the
collections occurred with different crops. In the Caiabi River watershed, the collections
occurred with the soybean crop between the stages of vegetative development V4 to V8
(0.35 to 0.50 m height). In the Renato River watershed, the crop areas were maize in the
vegetative phase (between 8 and 10 leaves) and height varying from 0.60 to 1.0 m. In the
Renato River area, samples were collected at 27 points, with 9 points for each watershed
region and 3 points for each land use class (in each basin region). In the Caiabi River
watershed, samples were collected at 18 points, with 6 points for each watershed region
and 2 points per land use class in each region.

To determine the soil bulk density and soil porosity, undisturbed soil samples were
collected in the center of the soil layers, in volumetric rings of approximate diameter and
height of 0.05× 0.05 m, equivalent to around 0.0000982 cubic meters (m3). To determine the
hydraulic conductivity of the saturated soil (Ksat), the undisturbed samples were collected
in volumetric rings with approximate dimensions of 0.07 × 0.07 m (diameter and height)
equivalent to around 0.000269 m3. Regardless of the size of the sampling ring, each ring
was identified and its dimensions were obtained with a digital caliper with a resolution of
0.001, to obtain its specific volume. Deformed and homogeneous soil samples weighing
around 3.0 kg were collected to determine other physical-hydric attributes.

In both watersheds, all replicated soil samples were collected in trenches spaced a
maximum of 30 m apart. Each replicate had five samples. The Renato River had 3 watershed
regions, 3 soil depths, 3 land use classes, and 3 replications (5 samples each) = 405 samples
(135 samples per watershed region; 45 samples per land use class and watershed region).
For the Caiabi River, sampling was different due to the logistics and unavailability of access
in some areas. Here, there were 3 watershed regions, 3 soil depths, 3 land use classes, and
2 replications (5 samples each) = 270 samples (90 samples per watershed region; 30 samples
per land use class and watershed region). Samples were collected using each ring size
mentioned above. As for the deformed samples (homogenized soil), the following were
collected: (i) for the Renato River: 27 points × 3 depths × 3 repetitions = 243 samples and
(ii) for the Caiabi River: 27 points × 3 depths × 2 repetitions = 162 samples.



Soil Syst. 2023, 7, 103 6 of 27

The analyses of the physical attributes of soil samples followed the methodology de-
scribed by Embrapa [33]. The undisturbed samples were saturated for 24 h and placed on a
tension table set at −0.01 MPa until water was drained from the macropores. Microporosity
was measured as volumetric moisture at field capacity. Total porosity was determined using
the indirect method, relating bulk and particle densities. Macroporosity was measured as the
difference between total porosity and microporosity. Bulk density was measured as the ratio
between the soil mass dried at 105 ◦C and the volume sampled with the volumetric ring [33].

Disturbed soil samples were air dried and passed through a 2 mm mesh sieve to
determine particle size and water content at the permanent wilting point. Particle size was
obtained via the pipette method, with 1 mol liter−1 sodium hydroxide (NaOH) solution
used as the dispersing agent and shaken for 16 h at 50 rpm. Particle size was obtained
with the volumetric flask method [33]. At the same time, the permanent wilting point was
measured using samples of air-dried fine earth placed in PVC cylinders, saturated with
water, and put into Richards’ pressure chamber with a tension of −1.5 MPa. Available
water capacity in the soil (AWC), defined as the soil water content at field capacity (FC) and
the soil water content at the permanent wilting point (PWP), both measured in m3 m−3,
was calculated using

AWC =
n

∑
i=i

(FC i − PWPi)× Bd× zi (1)

where FC and PWP are field capacity and permanent wilting point (m3 m−3), Bd is bulk
density (kg m−3), z is the soil depth (mm), and n is the number of soil layers.

The undisturbed soil samples were collected in the 0.07 × 0.07 m volumetric rings
and were saturated for 24 h. The saturated hydraulic conductivity (Ksat) measured in
millimeters per hour was determined in the laboratory, based on Darcy’s Law, in a constant
load permeameter [26], with values calculated using

Ksat = (V × L)/(A × H × t) (2)

where V is percolate volume (cm3), which is the value of the last reading when there is no
variation between the previous values, or the average of the two readings when there is
some variation. Here, L is the height of the block from the ground (cm), H is the height
of the soil block and water column (cm), A is the area of the cylinder (cm2), and t is the
percolation time (h). The collections of the volume of water percolated in the sample were
obtained across time intervals of 10 min, during a period of 1 h.

The pipette method was used for soil texture analysis with 1 mol L−1 sodium hydrox-
ide solution (NaOH) used as a dispersing agent during slow agitation (50 rpm) for 16 h.
The particle density was calculated using the volumetric flask method. The soil density
was measured using the volumetric ring method, which estimates this as the ratio of the
soil mass dried in an oven at 105 ◦C over the volume of the cylinder [33].

2.3. Statistical Analysis

The data were subjected to the Kruskal–Wallis nonparametric test at a 5% probability
level, using Statistica software version 6.0 [34]. The variables studied were also subjected to
Pearson’s correlation analysis and multivariate principal component analysis (PCA). The
multivariate PCA of soil physical attributes was performed after standardizing the original
values with mean equal to 0 and variance equal to 1 [35]. The number of components was
selected based on eigenvalues above one and an accumulated variance above 70% [36].
Thus, using PCA, it was possible to verify the relationships between soil attributes and
which attributes were more influential in contributing to the variability of the results from
this study.

Principal component analysis is a multivariate technique for modeling the covariance
structure, which linearly transforms a set of original variables, initially correlated with
each other, into a substantially smaller set of uncorrelated variables that contain most of
the information in the original set. This technique is associated with reducing the mass
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of data, generating a set of variables of the same dimension called principal components.
The principal components have important properties. Each principal component is a linear
combination of all the original variables. They are independent of each other and estimated
to retain, in order of estimation, the maximum amount of information in terms of the total
variation contained in the data [36].

3. Results
3.1. Renato River Watershed

The three regions of the Renato River watershed have distinct particle sizes (Table 2)
due to the different textures along the basin, where sandy clay loam soils are found in the
headwater region, loamy sand is found in the middle region, and sandy loam is found at
the river’s mouth. Smaller particle sizes were observed in the soil surface layer (0 to 0.1 m)
(Table 3), which contains higher organic matter content and lower mineral fractions [37].
The Renato River basin region also had lower values for soil particle size in the headwater
region (2.47 to 2.62 metric tons or Mg m−3), regardless of land use. During sampling,
higher root contents and dark color were observed in the soils in the headwater region,
even in soils already converted to crops and pasture. On the other hand, in the middle and
mouth of the river basin, there may have been greater deposition of heavy minerals such as
quartz as both colluvium and alluvium [37], leading to higher particle densities (2.67 to
2.77 Mg m−3). Soils with higher clay content tend to retain more carbon due to forming
more stable aggregates [38].

Table 2. Particle size distribution and textural soil classification at different depths and regions in the
Renato River watershed, Mato Grosso state, Brazil, 2020.

Use
Headwater Middle Mouth

Clay Silt Sand Clay Silt Sand Clay Silt Sand

g kg−1

0 m to 0.1 m

Crops 222 ABa 137 Aa 641 ABb 61 Ab 61 Ab 878 Aa 95 Ab 85 Ab 820 Aa
Pasture 288 Aa 117 Aa 595 Bb 37 Ab 41 Ab 922 Aa 98 Ab 102 Aa 800 Ab

Native forest 163 Ba 118 Aa 719 Ab 63 Ab 81 Aa 856 Aa 148 Aa 82 Aa 770 Aab

0.1 to 0.2 m

Crops 220 ABa 126 Aa 654 Ab 63 Ab 87 Aa 850 Aa 104 Bb 89 Aa 807 Aa
Pasture 239 Aa 120 Aa 641 Ac 58 Ab 47 Ab 895 Aa 124 ABb 90 Aab 786 Ab

Native forest 162 Bab 124 Aa 714 Ab 90 Ab 79 Aab 831 Aa 183 Aa 70 Ab 747 Aab

0.2 to 0.4 m

Crops 223 Aa 137 Aa 640 Ab 97 Ab 90 Aa 813 Aa 100 Bb 105 Aa 795 Aa
Pasture 294 Aa 144 Aa 562 Ab 94 Ac 78 Ab 828 Aa 171 ABb 69 Ab 760 ABb

Native forest 250 Aa 135 Aa 615 Ab 79 Ab 112 Aa 809 Aa 221 Aa 115 Aa 664 Ba

Texture Sandy clay loam Loamy sand Sandy loam

Land use classes for crops, pasture, and native forest. Equal uppercase letters in a column (for the same region
and depth) do not differ significantly from each other in the Kruskal–Wallis nonparametric test (p < 0.05). Equal
lowercase letters in a row (for the same fraction, land use, and depth) do not differ significantly from each other in
the Kruskal–Wallis nonparametric test (p < 0.05).

Soil bulk density did not differ significantly by land use in the headwater region.
However, for the surface and intermediate layers (0 to 0.1 m and 0.1 to 0.2 m) in the middle
and mouth regions of the Renato River for both pasture and crops, there was an increase in
bulk density compared to native forest (Table 3). Soil bulk density (BD) values ranged from
1.05 Mg m−3 at the headwater to 1.62 Mg m−3 at the mouth. BD values were similar to those
observed by Lange et al. (2019) [39] at 1.2 to 1.6 Mg m−3, who evaluated soil cultivated
with pasture for 10 and 20 years without corrections and forest areas in the Amazon region.
These researchers found an increase in BD in the surface layer during the conversion of
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native forest to pasture. The lowest BD values were observed in the headwater region,
which has higher clay content compared to the middle and mouth regions, which have
sandy soils.

Table 3. Particle density and bulk density (Mg m−3) for soils at different depths, land uses, and
regions in the Renato River watershed, Mato Grosso state, Brazil, 2020.

Attribute Depth (m) Use
Region

Headwater Middle Mouth

Pa
rt

ic
le

D
en

si
ty

(M
g

m
−

3 )

0 to 0.1 m
Crops 2.49 ABb 2.70 Aa 2.75 Aa

Pasture 2.59 Ab 2.67 Aab 2.69 Aa
Native forest 2.47 Bb 2.70 Aa 2.69 Aa

0.1 to 0.2 m
Crops 2.62 Ab 2.74 Aa 2.73 Aa

Pasture 2.62 Ab 2.76 Aa 2.71 Aab
Native forest 2.62 Aa 2.64 Ba 2.68 Aa

0.2 to 0.4 m
Crops 2.61 Ab 2.77 Aa 2.76 Aa

Pasture 2.66 Aa 2.69 Aa 2.76 Aa
Native forest 2.60 Ab 2.71 Aa 2.77 Aa

Bu
lk

D
en

si
ty

(M
g

m
−

3 )

0 to 0.1 m
Crops 1.10 Ab 1.53 Aa 1.62 Aa

Pasture 1.17 Ab 1.39 ABab 1.50 Aa
Native forest 1.05 Aa 1.26 Ba 1.18 Ba

0.1 to 0.2 m
Crops 1.07 Ab 1.58 Aa 1.55 Aa

Pasture 1.24 Ab 1.47 ABab 1.54 Aa
Native forest 1.17 Aa 1.32 Ba 1.39 Ba

0.20 to 0.40 m
Crops 1.07 Ab 1.51 Aa 1.52 Aa

Pasture 1.17 Ab 1.47 Aa 1.49 Aa
Native forest 1.19 Aa 1.32 Aa 1.39 Aa

Equal uppercase letters in a column (for the same region and depth) do not differ significantly from each other
in the Kruskal–Wallis nonparametric test (p < 0.05). Equal lowercase letters in a row (for the same land use and
depth) do not differ significantly from each other in the Kruskal–Wallis nonparametric test (p < 0.05).

Macroporosity varied between 0.09 and 0.28 m3 m−3 and, in general, the highest
volumes of macropores were found in areas of native forest, differing significantly from
crops and pasture in the headwater, and in the surface layer of the middle and mouth
regions (Table 4). Considering plant development has been associated with a minimum
microporosity of 0.1 m3 m−3 [40], the soils of the river basin have good aeration conditions,
except for the surface layer of the pasture at the mouth of the Renato River. Under con-
ditions below this limit of 0.1 m3 m−3, oxygen diffusion can be negatively impacted for
root development.

Microporosity occupies a high percentage of the porous space of soils (22% to 47%)
(Table 4). In the headwater region, higher microporosity was observed during the con-
version of native forest to crops at all depths and for pasture, in the deepest layer. At
the Renato River’s mouth, there was a higher volume of micropores in the surface layer,
corroborating the findings of Azevedo and Sverzuto (2007) [41]. When evaluating phys-
ical and chemical attributes of the soil in pasture in southwestern Mato Grosso state,
these researchers observed higher microporosity values in pasture areas compared with
native forests.

The results of the ANOVA using the non-parametric Kruskal–Wallis test comparing
means at 5% probability for saturated hydraulic conductivity (Ksat) showed significant
differences for values based on soil depth, land use, and for the Renato watershed region
(Table 5). The highest values were observed in native forest areas, regardless of soil depth.
This suggests that pasture and crops reduce water movement in the soil after conversion
from forests. For soil water property analyses, Freire et al. (2003) [42] classified Ksat
(cm hour−1) as very slow: <1.25; slow: 1.25–5; moderately slow: 5–20; moderate: 20–62.5;
moderately fast: 62.5–125; fast: 125–250; and very fast: >250. In this case, the Ksat values
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obtained in areas with native forest were classified as “moderate or moderately fast”,
whereas Ksat ranged from “moderate” to “slow” in areas occupied with crops and pasture.

Table 4. Macroporosity, microporosity, and total porosity (m3 m−3) for different depths, land uses,
and regions in the Renato River watershed, Mato Grosso state, Brazil, 2020.

Attribute Depth Use Region
Headwater Middle Mouth

M
ac

ro
po

ro
si

ty

0 to 0.10 m
Crops 0.11 Bb 0.21 Ba 0.15 Bb

Pasture 0.15 Ba 0.20 Ba 0.09 Cb
Native forest 0.22 Ab 0.28 Aa 0.24 Aab

0.1 to 0.2 m
Crops 0.12 Bb 0.20 Aa 0.20 Aa

Pasture 0.14 Bb 0.23 Aa 0.13 Bb
Native forest 0.20 Aab 0.25 Aa 0.15 ABb

0.2 to 0.4 m
Crops 0.14 Bb 0.21 Aa 0.21 Aa

Pasture 0.15 Bb 0.21 Aa 0.18 Aab
Native forest 0.21 Aa 0.24 Aa 0.19 Aa

M
ic

ro
po

ro
si

ty

0 to 0.1 m
Crops 0.45 Aa 0.22 Ab 0.26 Bb

Pasture 0.40 ABa 0.28 Ab 0.35 Aab
Native forest 0.35 Ba 0.25 Ab 0.32 ABab

0.1 to 0.2 m
Crops 0.47 Aa 0.22 Ab 0.23 Bb

Pasture 0.39 Ba 0.24 Ab 0.30 ABb
Native forest 0.35 Ba 0.25 Ab 0.33 Aa

0.2 to 0.4 m
Crops 0.45 Aa 0.24 Ab 0.24 Ab

Pasture 0.41 Aa 0.24 Ab 0.28 Ab
Native forest 0.33 Ba 0.27 Aa 0.31 Aa

To
ta

lP
or

os
it

y
(T

P) 0 to 0.1 m
Crops 0.56 Aa 0.43 Bb 0.41 Bb

Pasture 0.55 Aa 0.48 ABab 0.44 Bb
Native forest 0.57 Aa 0.53 Aa 0.56 Aa

0.1 to 0.2 m
Crops 0.59 Aa 0.42 Ab 0.43 Ab

Pasture 0.53 Aa 0.47 Aab 0.43 Ab
Native forest 0.55 Aa 0.50 Aa 0.48 Aa

0.2 to 0.4 m
Crops 0.59 Aa 0.45 Ab 0.45 Ab

Pasture 0.56 Aa 0.45 Ab 0.46 Ab
Native forest 0.54 Aa 0.51 Aa 0.50 Aa

Equal uppercase letters in a column (for the same region and depth) do not differ significantly from each other
in the Kruskal–Wallis nonparametric test (p < 0.05). Equal lowercase letters in a row (for the same land use and
depth) do not differ significantly from each other in the Kruskal–Wallis nonparametric test (p < 0.05).

Soils occupied with native forests have a higher incidence of macropores on the
surface, as well as the presence of large and thin roots. This condition indicates Ksat
because it presents great variability in Amazonian soils. However, collecting samples in
large cylinders or direct field determination minimizes the negative influences that small
samples exert in determining this parameter. In this work, we found Ksat ranging from
19.84 to 75.12 cm h−1, which is consistent with higher values in the surface layers of soils
in native forests. Other researchers also found high Ksat values in Amazonian soils with
native vegetation (forests) at different levels of anthropization [43–45], thus corroborating
the results obtained in the present study. In addition, the results from areas with crops and
pastures, for the types of soils in these two watersheds, were also corroborated by results
from Gupta et al. (2021) [46] and Ferreira et al. (2022) [47].
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Table 5. Saturated hydraulic conductivity (Ksat cm hour−1) for different depths, land uses, and
regions in the Renato River watershed, Mato Grosso state, Brazil, 2020.

Depth Use
Region

Headwater Middle Mouth

0.0 to 0.10 m
Crops 2.72 Ba 4.81 Ba 7.03 Ba

Pasture 3.24 Ba 6.12 Ba 6.16 Ba
Native forest 50.69 Ab 57.03 Ab 75.12 Aa

0.10 to 0.20 m
Crops 6.60 Ba 5.89 Ba 9.06 Ba

Pasture 8.50 Ba 8.15 Ba 3.27 Ba
Native forest 50.68 Aa 49.10 Aa 42.30 Aa

0.20 to 0.40 m
Crops 2.43 Bb 11.38 Ba 13.57 Ba

Pasture 2.96 Bb 13.81 Ba 11.55 Ba
Native forest 19.84 Ab 71.48 Aa 63.26 Aa

Equal uppercase letters in a column (for the same region and depth) do not differ significantly from each other
in the Kruskal–Wallis nonparametric test (p < 0.05). Equal lowercase letters in a row (for the same land use and
depth) do not differ significantly from each other in the Kruskal–Wallis nonparametric test (p < 0.05).

The volumetric moisture contents at the permanent wilting point (PWP) and field
capacity (FC) were also related to clay and sand contents along the Renato River basin
(Table 6). Regardless of the tension, the highest levels of volumetric moisture were obtained
in the headwater region, due to higher clay and microporosity contents. The available
water capacity in the soil in the 0 to 0.4 m profile ranged from 58.81 to 109.33 mm (Figure 3).
The soil’s physical-hydric behavior depends on its structure and a better pore diameter
distribution [48]. The decreased available water content is related to reduced FC and
increased PWP [49]. In studies with clay soil textures, Rosa et al. (2020) [50] and Souza et al.
(2020) [51] observed higher values of FC and PWP, ranging from 0.20 to 0.36 m3 m−3 and
from 0.35 to 0.50 m3 m−3, respectively.

Table 6. Volumetric moisture at the permanent wilting point and field capacity (m3 m−3) for different
depths, land uses, and regions in the Renato River watershed, Mato Grosso state, Brazil, 2020.

Attribute Depth Use
Region

Headwater Middle Mouth

Vo
lu

m
et

ri
c

M
oi

st
ur

e
at

Pe
rm

an
en

tW
ilt

in
g

Po
in

t
(m

3
m
−

3 )

0 to 0.1 m
Crops 0.20 Aa 0.07 Ab 0.10 Ab

Pasture 0.17 ABa 0.09 Ab 0.12 Ab
Native forest 0.14 Ba 0.08 Ab 0.10 Ab

0.1 to 0.2 m
Crops 0.18 Aa 0.07 Ab 0.10 Ab

Pasture 0.17 Aa 0.07 Ab 0.08 Ab
Native forest 0.15 Aa 0.08 Ab 0.11 Aab

0.2 to 0.4 m
Crops 0.17 Aa 0.09 Ab 0.09 Ab

Pasture 0.17 Aa 0.08 Ab 0.08 Ab
Native forest 0.17 Aa 0.09 Ab 0.11 Ab

Vo
lu

m
et

ri
c

M
oi

st
ur

e
at

Fi
el

d
C

ap
ac

it
y

(m
3

m
−

3 )

0 to 0.1 m
Crops 0.45 Aa 0.22 Ab 0.26 Bb

Pasture 0.40 ABa 0.28 Ab 0.35 Aab
Native forest 0.35 Ba 0.25 Ab 0.32 ABab

0.1 to 0.2 m
Crops 0.47 Aa 0.22 Ab 0.23 Bb

Pasture 0.39 Ba 0.24 Ab 0.30 ABb
Native forest 0.35 Ba 0.25 Ab 0.33 Aa

0.2 to 0.4 m
Crops 0.45 Aa 0.24 Ab 0.24 Ab

Pasture 0.41 Aa 0.24 Ab 0.28 Ab
Native forest 0.33 Ba 0.27 Aa 0.31 Aa

Equal uppercase letters in a column (for the same region and depth) do not differ significantly from each other
in the Kruskal–Wallis nonparametric test (p < 0.05). Equal lowercase letters in a row (for the same land use and
depth) do not differ significantly from each other in the Kruskal–Wallis nonparametric test (p < 0.05).
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Figure 3. Available water capacity of the soil (0 to 0.4 m depth) for different land uses (CR: crop;
NF: native forest; PA: pasture) for regions in the Renato River watershed, Mato Grosso state, Brazil,
2020. Equal uppercase letters for the same region do not differ significantly from each other in the
Kruskal–Wallis nonparametric test (p < 0.05). Equal lowercase letters for the same land use do not
differ significantly from each other in the Kruskal–Wallis nonparametric test (p < 0.05).

3.2. Caiabi River Watershed

Using granulometry and the Embrapa simplified method [33], the soils in the three
regions and at the three evaluated depths were classified as clayey loam texture soils for
the headwater and middle regions, and loam textured soils at the Caiabi River’s mouth
with higher sand content (Table 7). The lowest soil particle density averages were observed
in the spring region and the surface layers of the soil (Table 8). There was a significant
increase in soil density in areas with crops and pasture. In the surface soil layer for crops,
soil density increased by 15% to 33% compared to native forest (Table 3). This was also
observed in the same soil layer for pasture, where soil density was 18% to 31% higher
compared to native forest. Higher soil density values were observed in the region at the
mouth of the watershed.

The highest soil macroporosity was observed in native forests for all watershed depths
and regions (Table 9). Soil microporosity ranged from 0.30 to 0.49 m3 m−3 in the headwater
region, from 0.28 to 0.44 m3 m−3 in the middle region, and from 0.20 to 0.34 m3 m−3 at
the mouth of the Caiabi River. The highest microporosity values were observed in pasture
and crops, which also coincided with the lowest macroporosity. Soils in the native forest
showed higher total porosity, differing significantly from crops and pasture, except for
the 0.2 to 0.4 m soil layer in the headwater and mouth regions, where native forest did
not differ significantly from pasture. The lowest total porosity values in the pasture were
observed at the watershed’s mouth.

Soil saturated hydraulic conductivity (Ksat) was significantly higher for native forests
when compared to other land uses (Table 10). The basin regions only differ significantly for
soils in native forests. In the central region of the watershed, higher values of hydraulic con-
ductivity were observed for native forests (98.71 cm h−1). Using the classification proposed
by Freire et al. (2003) [42], Ksat values for native forests are between moderate and fast,
while in areas occupied with crops and pasture, Ksat ranges from slow to moderately slow.
These Ksat values represent the most critical areas for agricultural management of crops
and are associated with soil compaction. The basin area is characterized predominantly
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by low hydraulic conductivity, with few dispersed samples with high values. Soil textural
class and agricultural cultivation can also contribute to high soil heterogeneity [50,51].

Table 7. Particle size distribution and textural soil classification at different depths and in different
regions in the Caiabi River watershed, Mato Grosso state, Brazil, 2020.

Use
Headwater Middle Mouth

Clay Silt Sand Clay Silt Sand Clay Silt Sand

g kg−1

0 to 0.1 m

Crops 36 Aa 15 Ba 49 Ab 30 Aa 22 Aa 48 Ab 16 Ab 6 Ab 78 Aa
Pasture 36 Aa 12 Ba 52 Ab 38 Aa 12 Ba 50 Ab 15 Ab 5 Aa 80 Aa

Native forest 23 Bb 32 Aa 45 Ab 40 Aa 18 ABb 42 Ab 11 Ac 5 Ac 84 Aa

0.1 to 0.2 m

Crops 49 Aa 6 Bab 45 Ab 44 Aa 12 Aa 44 Ab 18 Ab 5 Ab 77 Aa
Pasture 45 ABa 10 Bab 45 Ab 39 Aa 13 Aa 48 Ab 15 Ab 6 Ab 79 Aa

Native forest 34 Bb 19 Aa 47 Ab 50 Aa 11 Ab 39 Ab 12 Ac 5 Ab 83 Aa

0.2 to 0.4 m

Crops 52 Aa 6 Aa 42 Ab 53 ABa 8 Aa 39 Ab 20 Ab 6 Aa 74 Aa
Pasture 52 Aa 7 Aa 41 Ab 42 Ba 11 Aa 47 Ab 18 Ab 6 Aa 76 Aa

Native forest 49 Aa 10 Aa 41 Ab 55 Aa 8 Ab 37 Ab 13 Ab 5 Aa 82 Aa

Texture Clay loam Clay loam Clay loam

Equal uppercase letters in a column (for the same region and depth) do not differ significantly from each other in
the Kruskal–Wallis nonparametric test (p < 0.05). Equal lowercase letters in a row (for the same fraction, land use,
and depth) do not differ significantly from each other in the Kruskal–Wallis nonparametric test (p < 0.05).

Table 8. Particle density and bulk density (Mg m−3) for different depths, land uses, and regions in
the Caiabi River watershed, Mato Grosso state, Brazil, 2020.

Attribute Depth Use
Region

Headwater Middle Mouth

Pa
rt

ic
le

D
en

si
ty

(M
g

m
−

3 )

0 to 0.1 m
Crops 2.56 Aa 2.60 Aa 2.62 Aa

Pasture 2.53 Ab 2.59 Aab 2.62 Aa
Native forest 2.46 Bb 2.60 Aa 2.64 Aa

0.1 to 0.2 m
Crops 2.58 Ab 2.66 Aa 2.65 Aa

Pasture 2.58 Aa 2.64 Aa 2.61 Aa
Native forest 2.60 Ab 2.66 Aa 2.66 Aa

0.2 to 0.4 m
Crops 2.57 Ab 2.66 ABa 2.68 Aa

Pasture 2.58 Ab 2.62 Bab 2.67 Aa
Native forest 2.61 Ab 2.69 Aa 2.67 Aab

Bu
lk

D
en

si
ty

(M
g

m
−

3 )

0 to 0.1 m
Crops 1.10 Ab 1.12 Bb 1.58 Aa

Pasture 0.87 Bb 0.97 Cb 1.19 Ba
Native forest 1.03 Ac 1.27 Ab 1.55 Aa

0.1 to 0.2 m
Crops 1.40 Ab 1.36 Ab 1.60 Aa

Pasture 1.00 Cb 1.06 Bb 1.21 Ba
Native forest 1.14 Bc 1.32 Ab 1.50 Aa

0.2 to 0.4 m
Crops 1.36 Ab 1.28 Ab 1.55 Aa

Pasture 1.04 Bb 1.10 Bb 1.26 Ba
Native forest 1.13 Bb 1.25 Ab 1.54 Aa

Equal uppercase letters in a column (for the same region and depth) do not differ significantly from each other
in the Kruskal–Wallis nonparametric test (p < 0.05). Equal lowercase letters in a row (for the same land use and
depth) do not differ significantly from each other in the Kruskal–Wallis nonparametric test (p < 0.05).
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Table 9. Macroporosity, microporosity, and total porosity (m3 m−3) for different depths, land uses,
and regions in the Caiabi River watershed, Mato Grosso state, Brazil, 2020.

Attribute Depth Use
Region

Headwater Middle Mouth

M
ac

ro
po

ro
si

ty
(M

a) 0 to 0.1 m
Crops 0.22 Ba 0.13 Bb 0.12 Bb

Pasture 0.36 Aa 0.35 Aa 0.35 Aa
Native forest 0.10 Ca 0.10 Ba 0.07 Ba

0.1 to 0.2 m
Crops 0.11 Ba 0.11 Ba 0.14 Ba

Pasture 0.24 Ab 0.27 Aab 0.34 Aa
Native forest 0.07 Bb 0.14 Bab 0.17 Ba

0.2 to 0.4 m
Crops 0.11 Ba 0.13 Ba 0.17 Ba

Pasture 0.21 Ab 0.24 Aab 0.31 Aa
Native forest 0.09 Bb 0.19 ABa 0.17 Ba

M
ic

ro
po

ro
si

ty
(M

i) 0 to 0.1 m
Crops 0.35 Bb 0.44 Aa 0.28 ABb

Pasture 0.30 Ba 0.28 Bab 0.20 Bb
Native forest 0.48 Aa 0.41 Aab 0.34 Ab

0.1 to 0.2 m
Crops 0.35 Ba 0.38 Aa 0.26 Ab

Pasture 0.37 Ba 0.33 Aa 0.20 Ab
Native forest 0.49 Aa 0.36 Ab 0.27 Ac

0.2 to 0.4 m
Crops 0.36 Ba 0.39 Aa 0.25 Ab

Pasture 0.39 Ba 0.34 Aa 0.22 Ab
Native forest 0.48 Aa 0.35 Ab 0.25 Ac

To
ta

lP
or

os
it

y
(T

P) 0 to 0.1 m
Crops 0.57 Ba 0.57 Ba 0.40 Bb

Pasture 0.66 Aa 0.63 Aa 0.55 Ab
Native forest 0.58 Ba 0.51 Cb 0.41 Bc

0.1 to 0.2 m
Crops 0.46 Ba 0.49 Ba 0.40 Bb

Pasture 0.61 Aa 0.60 Aa 0.54 Ab
Native forest 0.56 Ba 0.50 Bb 0.44 Bc

0.2 to 0.4 m
Crops 0.47 Bab 0.52 Ba 0.42 Bb

Pasture 0.60 Aa 0.58 Aab 0.53 Ab
Native forest 0.57 Aa 0.54 ABa 0.42 Bb

Equal uppercase letters in a column (for the same region and depth) do not differ significantly from each other
in the Kruskal–Wallis nonparametric test (p < 0.05). Equal lowercase letters in a row (for the same land use and
depth) do not differ significantly from each other in the Kruskal–Wallis nonparametric test (p < 0.05).

Table 10. Soil saturated hydraulic conductivity (Ksat cm h−1) for different depths, land uses, and
regions in the Caiabi River watershed, Mato Grosso state, Brazil, 2020.

Depth Use
Region

Headwater Middle Mouth

0 to 0.10 m
Crops 5.44 Ba 4.76 Ba 4.83 Ba

Pasture 3.17 Bb 6.83 Bab 9.47 Ba
Native forest 67.56 Aa 98.71 Aa 73.61 Ab

0.10 to 0.20 m
Crops 4.92 Bb 8.37 Bab 9.64 Ba

Pasture 6.74 Ba 7.57 Ba 10.72 Ba
Native forest 52.29 Ab 96.58 Aa 79.34 Aa

0.20 to 0.40 m
Crops 5.98 Ba 9.61 Ba 10.91 Aa

Pasture 9.83 Bb 14.41 Bab 16.82 Ba
Native forest 54.09 Ab 85.53 Aa 92.88 Aa

Equal uppercase letters in a column (for the same region and depth) do not differ significantly from each other
in the Kruskal–Wallis nonparametric test (p < 0.05). Equal lowercase letters in a row (for the same land use and
depth) do not differ significantly from each other in the Kruskal–Wallis nonparametric test (p < 0.05).
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Furthermore, soil management also influences natural soil heterogeneity, promoting
variations in organic material accumulation, water movement, compaction, and water
erosion. The value of Ksat can vary according to the use of soil as follows: native forested
areas > no-tillage > conventional tillage [52]. However, there is a consensus that undisturbed
soil sampling over time also affects Ksat variability, which may explain differences in Ksat
compared to other research in soils with similar textures [45].

The lowest values for volumetric moisture at the permanent wilting point (θPMP) were
observed for native forests at all soil depths in the middle region and in the surface layer in
the headwater of the hydrographic basin. The lowest θPMP was observed at the mouth of
pasture and native forest for the two shallowest soil layers (Table 11). Higher volumetric
moisture levels at field capacity (θCC) were observed for pasture for all soil depths at the
source, and under crops and pasture in the surface layer at the Caiabi River watershed’s
middle and mouth. These differed significantly from native forests, except for the crops’
surface layer at the mouth, where native forest did not differ from pasture. Generally,
the lowest field capacities were observed at the mouth of the basin and for the soil under
the pasture. The three regions differed significantly for the intermediate and deepest soil
layers. The land uses of crops and native forests did not show significant differences in the
available soil water capacity (AWC). Still, AWC was significantly lower for pasture at the
headwater and mouth (Figure 4). In the middle region, there was no significant difference
between land uses.

Table 11. Volumetric moisture at the permanent wilting point and field capacity (m3 m−3) for different
depths, land uses, and regions in the Caiabi River watershed, Mato Grosso state, Brazil, 2020.

Attribute Depth Use
Region

Headwater Middle Mouth

Pe
rm

an
en

tW
ilt

in
g

Po
in

t
(m

3
m
−

3 )

0.0 to 0.10 m
Crops 0.19 Aa 0.20 Aa 0.12 Ab

Pasture 0.14 Ba 0.14 Ba 0.09 ABb
Native forest 0.20 Aa 0.22 Aa 0.08 Bb

0.10 to 0.20 m
Crops 0.22 Aa 0.23 Aa 0.11 Ab

Pasture 0.19 Aa 0.16 Ba 0.09 Ab
Native forest 0.19 Aa 0.22 Aa 0.07 Ab

0.20 to 0.40 m
Crops 0.24 Aa 0.22 Aa 0.13 Ab

Pasture 0.20 ABa 0.17 Ba 0.10 ABb
Native forest 0.18 Bb 0.23 Aa 0.08 Bc

Fi
el

d
C

ap
ac

it
y

(m
3

m
−

3 )

0.0 to 0.10 m
Crops 0.35 Bb 0.44 Aa 0.28 ABb

Pasture 0.30 Ba 0.28 Bab 0.20 Bb
Native forest 0.48 Aa 0.41 Aab 0.34 Ab

0.10 to 0.20 m
Crops 0.35 Ba 0.38 Aa 0.26 Ab

Pasture 0.37 Ba 0.33 Aa 0.20 Ab
Native forest 0.49 Aa 0.36 Ab 0.27 Ac

0.20 to 0.40 m
Crops 0.36 Ba 0.39 Aa 0.25 Ab

Pasture 0.39 Ba 0.34 Aa 0.22 Ab
Native forest 0.48 Aa 0.35 Ab 0.25 Ac

Equal uppercase letters in a column (for the same region and depth) do not differ significantly from each other
in the Kruskal–Wallis nonparametric test (p < 0.05). Equal lowercase letters in a row (for the same land use and
depth) do not differ significantly from each other in the Kruskal–Wallis nonparametric test (p < 0.05).
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Figure 4. Available water capacity of the soil (0 to 0.4 m depth) for different land uses and regions
in the Caiabi River watershed, Mato Grosso state, Brazil, 2020. Equal uppercase letters for the
same region do not differ significantly from each other in the Kruskal–Wallis nonparametric test
(p < 0.05). Equal lowercase letters for the same land use do not differ significantly from each other in
the Kruskal–Wallis nonparametric test (p < 0.05).

3.3. Pearson’s Correlations

Pearson’s correlation analysis between soil physical attributes for different depths
is presented in Table 12. The correlations between soil attributes occurred similarly for
all depths, except for the intermediate and deeper soil layers. In these deeper soil layers,
there were higher correlations for available water capacity for the Renato and Caiabi
River watersheds. Highlights can be considered the high correlations between the soil
structure fractions (sand, silt, and clay) and the attributes of field capacity, permanent
wilting point, and total porosity in the Renato River watershed, regardless of the evaluated
depth. Another important highlight is the absence or low significant correlations between
saturated hydraulic conductivity and the other physical-hydric attributes evaluated in the
soils, regardless of the hydrographic basin and the evaluated soil depth.
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Table 12. Pearson’s correlation analysis between soil attributes at depths of 0 to 0.1, 0.1 to 0.2, and 0.2
to 0.4 m in the Renato River and Caiabi River watersheds, Mato Grosso state, Brazil, 2020.

PD Micro Macro TP BD PWP FC Clay Silt Sand AWC Ksat
0.0 to 0.10 m

Particle Density 1.00 −0.59 0.20 −0.39 0.60 −0.63 −0.59 −0.58 −0.51 0.62 −0.27 −0.02
Microporosity 0.05 1.00 −0.38 0.62 −0.68 0.86 1.00 0.75 0.65 −0.80 0.73 −0.15
Macroporosity −0.46 −0.67 1.00 0.49 −0.38 −0.22 −0.38 −0.14 −0.01 0.10 −0.42 0.65
Total Porosity −0.43 0.60 0.19 1.00 −0.97 0.63 0.62 0.59 0.61 −0.67 0.33 0.37
Bulk Density 0.53 −0.56 −0.23 −0.99 1.00 −0.69 −0.68 −0.65 −0.64 0.73 −0.36 −0.34

Perm.Wilt.Point −0.46 −0.67 1.00 0.19 −0.23 1.00 0.86 0.82 0.80 −0.91 0.28 −0.15
Field Capacity −0.39 −0.38 0.75 0.31 −0.34 0.75 1.00 0.75 0.65 −0.80 0.73 −0.15

Clay −0.34 −0.55 0.72 0.05 −0.09 0.72 0.16 1.00 0.54 −0.94 0.31 0.01
Silt 0.01 0.67 −0.33 0.54 −0.51 −0.33 −0.20 −0.31 1.00 −0.79 0.15 −0.04

Sand −0.23 0.04 0.39 0.48 −0.48 0.39 0.73 −0.15 0.30 1.00 −0.29 0.02
Avail.Water Cap. −0.59 −0.29 0.80 0.48 −0.52 0.80 0.67 0.54 −0.15 0.25 1.00 −0.01
Sat.Hyd.Cnd.(Ksat) 0.32 0.32 0.33 0.32 0.31 0.32 0.32 −0.01 −0.03 0.15 −0.26 1.00

0.10 to 0.20 m

Particle Density 1.00 −0.57 0.10 −0.54 0.67 −0.65 −0.57 −0.65 −0.48 0.67 −0.34 −0.29
Microporosity 0.13 1.00 −0.42 0.80 −0.81 0.85 1.00 0.75 0.64 −0.80 0.88 −0.01
Macroporosity −0.26 −0.70 1.00 0.21 −0.17 −0.16 −0.42 −0.17 −0.01 0.13 −0.55 0.21
Total Porosity −0.18 0.37 0.40 1.00 −0.99 0.81 0.80 0.70 0.68 −0.77 0.59 0.14
Bulk Density 0.32 −0.34 −0.42 −0.99 1.00 −0.84 −0.81 −0.73 −0.68 0.80 −0.58 −0.20

Perm.Wilt.Point −0.26 −0.70 1.00 0.40 −0.42 1.00 0.85 0.86 0.75 −0.92 0.49 0.04
Field Capacity −0.17 −0.51 0.77 0.34 −0.36 0.77 1.00 0.75 0.64 −0.80 0.88 −0.01

Clay −0.26 −0.39 0.65 0.35 −0.37 0.65 0.08 1.00 0.54 −0.95 0.45 0.01
Silt −0.01 0.75 −0.37 0.48 −0.47 −0.37 −0.32 −0.17 1.00 −0.76 0.37 0.02

Sand −0.25 −0.39 0.71 0.41 −0.44 0.71 0.94 0.03 −0.18 1.00 −0.48 −0.01
Avail.Water Cap. −0.10 −0.28 0.74 0.61 −0.61 0.74 0.53 0.57 0.01 0.43 1.00 −0.03
Sat.Hyd.Cnd.(Ksat) 0.29 −0.01 0.21 0.14 −0.19 0.03 −0.01 0.01 0.01 −0.01 −0.26 1.00

0.20 to 0.40 m

Particle Density 1.00 −0.62 0.11 −0.57 0.68 −0.62 −0.62 −0.35 −0.52 0.49 −0.43 0.33
Microporosity 0.33 1.00 −0.35 0.83 −0.84 0.82 1.00 0.69 0.61 −0.79 0.86 −0.12
Macroporosity −0.44 −0.72 1.00 0.23 −0.19 −0.02 −0.35 −0.12 0.19 0.01 −0.53 0.25
Total Porosity −0.22 0.18 0.55 1.00 −0.99 0.83 0.83 0.65 0.74 −0.82 0.58 0.02
Bulk Density 0.38 −0.11 −0.60 −0.99 1.00 −0.85 −0.84 −0.65 −0.75 0.82 −0.58 0.03

Perm.Wilt.Point −0.44 −0.72 1.00 0.55 −0.60 1.00 0.82 0.76 0.71 −0.88 0.41 −0.21
Field Capacity −0.34 −0.48 0.67 0.38 −0.43 0.67 1.00 0.69 0.61 −0.79 0.86 −0.12

Clay −0.29 −0.56 0.76 0.41 −0.43 0.76 0.03 1.00 0.35 −0.91 0.43 −0.07
Silt 0.02 0.69 −0.37 0.30 −0.29 −0.37 −0.31 −0.23 1.00 −0.70 0.33 −0.04

Sand −0.42 −0.48 0.83 0.60 −0.64 0.83 0.93 0.30 −0.26 1.00 −0.47 0.06
Avail.Water Cap. −0.11 −0.05 0.54 0.72 −0.70 0.54 0.38 0.41 0.21 0.52 1.00 −0.01
Sat.Hyd.Cnd.(Ksat) −0.01 0.75 −0.34 0.42 −0.41 −0.34 0.32 −0.18 0.24 0.21 −0.20 1.00

Cells in blue and green colors correspond to the Renato and Caiabi watersheds, respectively. Numbers in red and
black indicate significance and absence of significance at a 5% probability level in the “t-test”, respectively.

3.4. Principal Components Analysis

The two-component analysis effectively represents the mean grouping of 12 soil
physical attributes with accumulated variance greater than 75%. This is regardless of the
hydrographic basin and the soil layer evaluated (Figure 5). Only the principal component
PC1 represents nine soil physical attributes in this case.
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Figure 5. Biplot representation of the PCA between the soil attributes in the Renato watershed, at
depths of (A) 0 m to 0.1 m, (B) 0.1 to 0.2 m, and (C) 0.2 to 0.4 m, where Ma: macroporosity, Mi:
microporosity, TP: total porosity, PD: particle density, BD: bulk density, PWP: soil water content at
permanent wilting point, FC: soil water content at field capacity, AWC: available water capacity.
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For the Renato River watershed, the PCA for the surface soil layer had three factors
extracted, explaining 87.43% of the total variability of the data (Table 13). In the 0.0 to
0.10 m depth, the first principal component, PC1, retained 58.73% of the explained variance.
It was positively correlated with microporosity, total porosity, permanent wilting point,
field capacity, and clay and silt contents, while being negatively correlated with particle
density, bulk density, and sand content.

Table 13. Summary of the principal components for soil physical attributes under different land uses
and occupations in the Renato River watershed, Mato Grosso state, Brazil, 2020.

Principal
Component

0.0 to 0.10 m 0.10 to 0.20 m 0.20 to 0.40 m

PC 1 PC 2 PC 3 PC 1 PC 2 PC 3 PC 1 PC2 PC 3

Eigenvalue 7.05 2.32 1.12 7.60 1.71 0.98 7.49 1.70 1.13
Variation % 58.73 19.30 9.41 63.37 14.23 8.17 62.42 14.19 9.44

Attribute Correlation 1

Particle Density −0.7227 * −0.0859 0.1354 −0.6891 * 0.2412 −0.3289 −0.7029 * −0.0797 0.4180
Microporosity 0.9441 * 0.2363 0.1983 0.9535 * 0.2432 0.0689 0.9554 * 0.2378 0.1311
Macroporosity −0.0442 −0.9640 * −0.0119 −0.2457 −0.8858 * −0.3122 −0.1207 −0.9523 * −0.1174
Total Porosity 0.7996 * −0.5292 0.1659 0.8839 * −0.3188 −0.1308 0.9211 * −0.3043 0.0681
Bulk Density −0.8665 * 0.4476 −0.1237 −0.9085 * 0.3363 0.0414 −0.9402 * 0.2638 0.0054

Perm.Wilt.Point 0.9269 * 0.1053 −0.2883 0.9397 * −0.0470 −0.1094 0.9170 * −0.0963 −0.1819
Field Capacity 0.9441 * 0.2363 0.1983 0.9535 * 0.2432 0.0689 0.9554 * 0.2378 0.1311

Clay 0.8569 * 0.0630 −0.1811 0.8547 * −0.0078 −0.0755 0.7759 * −0.0101 0.0739
Silt 0.8175 * −0.0560 −0.299 0.7584 * −0.1533 −0.2532 0.7825 * −0.3278 −0.1069

Sand −0.9359 * −0.0239 0.2470 −0.9244 * 0.0624 0.1502 −0.9069 * 0.1474 −0.0089
Avail.Water Cap. 0.4608 0.3061 0.8237 * 0.7714 * 0.4389 0.2055 0.7277 * 0.4629 0.3671

Sat.Hyd.Cnd.(Ksat) 0.0112 −0.8213 * 0.2089 0.0752 −0.5559 0.7744 * −0.1301 −0.4027 0.8491 *

1,* indicates a significant correlation in the principal component analysis.

The second principal component, PC2, retained 19.3% of the data variability and
was negatively correlated with microporosity and Ksat. This component represented the
attributes most susceptible to soil compaction processes in managed agricultural systems.
Regardless of the evaluated depth, PC4 accounted for up to 6.61% of the total variance, and
PC3 represented all 12 attributes.

Figure 5 represents the distribution of variables in the principal component analysis.
The arrangement of soil attributes was similar at all depths, with available water capacity
and microporosity being in opposite positions relative to microporosity, reinforcing the high
negative correlation between these factors. Macropores are responsible for soil aeration and
significantly affect water flow and solutes, while smaller pores encourage retention [53].
Thus, the storage and redistribution of water are associated with the porous space of the
soil and the size distribution of its pores, which, in turn, are directly influenced by soil
texture and structure [54].

Similarly, in the Caiabi River watershed for PCA, using only three components ac-
counts for more than 80% of the accumulated variance for the 12 evaluated soil attributes
(Table 14). This is also represented in the biplots in Figure 6. They show that for the
watershed and the twelve evaluated attributes, using two PCA factors reduces the dimen-
sionality of the original variables with a loss of explanation of less than 25%. In the top soil
layer, PC1 is positively correlated with the other eight soil attributes and PC2 is correlated
with attributes linked to soil texture. PC3 presents a significant, positive correlation for
Ksat in the superficial soil layers. Furthermore, in the layer 0.20 to 0.40 m, PD presents a
correlation of 0.8415 with PC4 (which has an Eigenvalue of 0.8873 and represents 7.3939%
of the attributes). Considering PC4 in this soil depth, it accumulates 95.61% of the total
variance of the evaluated attributes.
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Table 14. Summary of the principal components for soil physical attributes under different land uses
and occupations in the Caiabi River watershed, Mato Grosso state, Brazil, 2020.

Principal
Component

0.0 to 0.10 m 0.10 to 0.20 m 0.20 to 0.40 m

PC 1 PC 2 PC 3 PC 1 PC 2 PC 3 PC 1 PC2 PC 3

Eigenvalue 8.29 2.28 0.89 9.29 2.28 1.5 6.64 2.63 1.31
Variation % 69.13 18.98 7.42 69.14 18.98 12.50 55.36 21.95 10.9

Attribute Correlation 1

Particle Density 0.9944 * 0.0888 −0.0385 −0.6892 * 0.2397 −0.3186 −0.4998 −0.0622 −0.0326
Microporosity 0.9956 * 0.0761 −0.0388 0.9532 * 0.2446 0.0699 −0.5592 −0.7941 −0.1696
Macroporosity 0.9951 * 0.0817 −0.0345 −0.2442 −0.8892 * −0.2999 0.9586 * 0.1936 0.1871
Total Porosity 0.9956 * 0.0765 −0.0353 0.8840 * −0.3199 −0.1216 0.6985 * −0.6804 0.0635
Bulk Density 0.9931 * 0.0968 −0.0457 −0.9086 * 0.3369 0.0350 −0.7465 * 0.6369 −0.0605

Perm.Wilt.Point 0.9954 * 0.0769 −0.0385 0.9396 * −0.0489 −0.1116 0.9586 * 0.1936 0.1871
Field Capacity 0.9956 * 0.0761 −0.0388 0.9532 * 0.2446 0.0699 0.7778 * 0.1746 −0.5927

Clay 0.0348 −0.9141 * 0.0608 0.8543 * −0.0079 −0.0712 0.6131 0.1084 0.7776 *
Silt 0.0937 −0.8572 * −0.0204 0.7564 * −0.1576 −0.2629 0.9263 * 0.0449 −0.3576

Sand −0.5819 0.8091 * −0.0108 −0.9245 * 0.0643 0.1511 0.6571 * −0.4594 0.1047
Avail.Water Cap. 0.9465 * −0.0131 −0.0672 0.7698 * 0.4425 0.2091 −0.9428 * 0.0141 0.3203

Sat.Hyd.Cnd.(Ksat) 0.3489 0.073 0.9335 * 0.0716 −0.5403 0.7866 * −0.1963 −0.8949 * 0.0543

1,* indicates a significant correlation in the principal component analysis.
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at different depths. Abbreviations are Ma: macroporosity, Mi: microporosity, TP: total porosity, PD:
particle density, BD: bulk density, PWP: soil water content at permanent wilting point, FC: soil water
content at field capacity, AWC: available water capacity.

4. Discussion

Previous studies in both watersheds [11,23] generated a spatialized database of soil
attributes at different sampling points and with different objectives than the present study.
In general, the sand fraction increased from the headwater to the middle region, followed
by the mouth in both watersheds, with a consequent reduction in the clay fraction. The
highest concentrations of clay and silt were observed in the headwater region, in soil with
sandy clay loam texture. According to Rizzardi et al. (2014) [55], soil texture influences
soil physical-hydric behavior. Therefore, its evaluation is of great importance for using
and managing agricultural soils. Sandy soils have higher macroporosity and lower total
porosity, facilitating water movement. Meanwhile, clay soils have higher microporosity
and total porosity, allowing for better water retention in the soil [56].

Characterization of the particle size composition of soils in different regions of the
watersheds is still important, especially in biomes and transitions with high potential for
converting native forests to crops/pastures. In both watersheds’ middle and mouth regions,
soils are typically more fragile from an environmental point of view for agricultural use.
Therefore, it is necessary to use conservation practices [57].

In pasture areas at the mouth of the basin, animal trampling caused changes in soil
physical quality, with increased bulk density and consequent reduction in macroporosity.
This compromises water infiltration into the soil, which can favor surface runoff, change the
natural characteristics of soil drainage, and cause erosion [58,59]. When evaluating the soil
attributes of a Latossolo (Oxisol) under different uses in the Amazon rainforest, Valladares
et al. (2011) [60] observed that in pasture areas, animal trampling caused an increase in
bulk density and a reduction in macropore volume. Polanía-Hincapié et al. (2021) [61]
obtained similar results, with a decrease in macroporosity in pasture areas compared to the
native vegetation of the Bolivian Amazon. Therefore, reducing macroporosity can lead to
poor drainage, low root aeration, and soil degradation [62].

The macroporosity in the middle region of watersheds increased due to increased
sand content. In general, soils with higher sand content are more porous with greater
macroporosity when compared to soils with higher clay content. In both watersheds’
middle and mouth regions, microporosity values ranged from 0.20 to 0.32 m3 m−3, below
0.33 m3 m−3, which Lima et al. (2007) considered to be an ideal minimum value [63].
However, as the soils of the river basin regions have different textures (Tables 2 and 7),
being loamy sand and sandy loam for the middle and mouth regions, respectively, low
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microporosity values are explained by the high concentrations of sand. Microporosity is
highly influenced by texture since soils with higher clay contents favor greater microporos-
ity due to the micro aggregates of clay particles, while sandy soils, having larger particles,
show a porous space consisting of pores of larger diameters (macropores), and thus also
have lower total porosity [64].

The effect of land use on total porosity was observed only in the surface layer of the
middle and mouth regions of the Renato River, with higher values in the areas with native
forest than for either crops or pasture. The total porosity of 0.50 m3 m−3 is ideal for well-
structured soil with satisfactory physical conditions for plant development [63]. However,
lower values were observed for crops and pasture for the middle and mouth watershed regions.
Production systems associated with intense soil management reduce total porosity (TP)
compared to native vegetation areas [9]. Lower TP can reduce the capacity of soils to provide
ecosystem services, compromising water resources and limiting agricultural production [6].
On the other hand, the highest values of TP for crop and pasture areas were observed in
the headwater regions, which is consistent with the highest clay contents (Tables 2 and 7).
Soil TP is mainly related to soil structure and texture, and sandier soils tend to have higher
macroporosity, while clay soils tend to have higher microporosity and TP [65].

Reichert et al. (2003) [65] established critical limits for bulk density (BD) of 1.55 and
1.65 Mg m−3 for soils with medium texture (20% to 55% clay) and sandy texture (<20%
clay), respectively. Values higher than these can restrict root development. Although BD
did not show values above the critical limit, BD in the surface layer increased by up to 20%
in crop areas in the middle region and 27% and 37% for pasture and crops, respectively, in
the mouth region compared to native forests. This effect may be associated with reduced
macroporosity caused by animal grazing and intensive use of agricultural machinery, which
can cause compaction [66,67]. Poorly managed pasture and crop areas can induce soil
compaction and surface sealing (especially in clay soils), resulting in low water infiltra-
tion and increased surface runoff. Accelerated erosion can increase soil losses, organic
matter, and nutrients. This can also cause silting of river and stream beds, compromising
local biodiversity [61,67].

Although land use and occupation affect bulk density, this attribute is also related to
texture and organic matter content [68]. Soils under native vegetation, as they were not
subjected to machine traffic and animal trampling, generally had higher macroporosity
values and lower bulk density values [68]. The best soil physical conditions in native
forest areas are promoted by the increase in organic matter from the decomposition of
leaves, branches, and roots, which, in turn, causes a reduction in bulk density due to better
structuring of the soil and formation of biopores by edaphic macrofauna [69,70].

Permanent wiling point (PWP) values were homogeneous across land use, regardless
of watershed region, except for the surface layer of the headwater, where the PWP was
higher for crops. According to Jin et al. (2018) [71], the PWP is an important soil hydraulic
attribute for agricultural production and has been widely used in determining water
availability. However, the amount of water at the PWP is seldom influenced by management
and is fundamentally determined by clay content [72].

Field capacity values ranged from 0.22 to 0.47 m3 m−3, with lower values in both
watersheds’ middle and mouth regions. These were influenced by variations in sand
concentration. An inverse relationship was observed in the behavior of field capacity in
crops and pasture when compared with native forests in the headwater and mouth regions.
According to Reynolds et al. (2002) [72], the water content at field capacity is determined
by the complex relationship between clay, bulk density, and organic matter, attributes that
soil management alters.

There was a significant increase in available water capacity for crops (109.33 mm),
followed by pasture (91.86 mm), in the headwater region of the Renato River watershed.
These values may be related to the higher organic matter content under these land uses in
this region, being consistent with lower particle density, bulk density similar to that found
in native forest, and the occurrence of higher soil microporosity in this region, which may
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have contributed to improved water storage in the soil promoted by crops and pasture in
this region. Cruz et al. (2014) [73] observed that the conversion of native forests to fertilized
pastures led to an increase in soil organic matter, which favored better available water
capacity (AWC). When evaluating soil water retention in two types of Latossolo (Oxisol)
under different uses, Beutler et al. (2022) [74] observed that microporosity and greater
aggregation are the main factors that influence AWC because they allow greater infiltration
and retention of water in the soil.

In the Renato River watershed, in the top soil layer, AWC was positively correlated
with microporosity and negatively correlated with macroporosity. Andrade et al. (2020) [75]
observed a better correlation of microporosity with AWC. Thus, soils with a predominance
of micropores tend to store more water [76]. On the other hand, in the two deeper soil layers
between 0.1 and 0.4 m, in addition to the correlations observed in the surface layer, AWC
was also directly correlated with total porosity, PWP, and clay and inversely correlated with
bulk density (BD) and sand content. According to Costa et al. (2016) [77], water storage
in the soil is influenced by its texture, structure, pore distribution, and soil management.
Thus, inadequate management that increases BD from soil compaction causes porous space
to decrease, reducing the potential for water storage in the soil.

PWP was positively correlated with field capacity, microporosity, total porosity, clay,
and silt and negatively correlated with sand content and BD. The same correlations were
observed for field capacity (FC), negatively correlated with macroporosity and positively
correlated with AWC. Similar results were observed by Ghanbarian-Alavijeh and Millán
(2009) [78], who reported a positive correlation between clay and PWP. Andrade et al.
(2020) [75] observed a correlation between clay and BD in the variability of FC. Kirkham
(2014) [79] found that variations in water retention at FC and PWP are explained by soil
texture and compaction.

Higher values of BD influence the quantity and size of pores, given the very strong
negative correlation between microporosity and total porosity (TP). These correlations are
justifiable since TP is inversely related to BD, and soil compaction reduces pore volume
and increases BD [80]. In addition, BD was negatively correlated with clay and positively
correlated with sand content, thus justifying the highest values of BD in the middle and
mouth regions of watersheds, which had sandy texture (<20% clay). Similar results were
also observed by Tanveera et al. (2016) [81], who found that sand content was positively
correlated with BD, while clay content and TP were negatively correlated with BD.

Regarding soil texture, silt and clay contents are strongly associated with PWP. Anaba
et al. (2020) [76] observed that the relationship between the physical-hydric attributes
could explain this behavior since the finer fractions (silt and clay) of the soil have greater
participation in water retention at high potentials due to larger specific surfaces. Other soil
attributes, such as BD and particle density (PD), were also related to particle size fractions,
mainly associated with sand content. BD and PD are directly related to soil texture and
organic matter, which, in turn, depend on minerals related to the origin of the soil. In this
case, minerals such as quartz and feldspars in the sand are denser than clay minerals [82].
However, in addition to mineralogy, management influences BD, unlike PD.

Studies conducted by Rocha Junior et al. (2020) [83] corroborate the results obtained
in this study. When evaluating the physical and chemical attributes of a Latossolo Vermelho-
Amarelo (Oxisol) under different uses and landscapes, these researchers observed that
the conversion of forest to coffee cultivation and pasture areas reduced soil quality, de-
creasing the capacity of these areas to provide ecosystem services. In this context, better
soil physical conditions in areas of forest or native vegetation may be associated with
the absence of agricultural activities, such as tillage and exposure of the soil, which can
accelerate erosion [84].

In a common scientific sense, the distribution of soil attributes in different watershed
regions is influenced by several factors, such as climate, geomorphology, and vegetation
cover. Generally, the source region, usually located in mountainous or hilly areas (steep
terrain) that generate rapid water flows and sedimentation, is expected to be relatively
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weak, resulting in the predominance of sandy soils. The soil in the upstream region
can be rich in minerals such as quartz and feldspar, which are eroded and transported
downstream by long-term hydraulic action. In the intermediate regions of watersheds,
reliefs are normally gently undulating and the slower flow of water leads to sedimentation,
resulting in greater amounts of silt and clay in the soil. In turn, the river mouth regions
are found in plains or estuarine areas, with relatively flat terrain, and the slower flow
of water in this region increases sedimentation, leading to the prevalence of clayey soils.
The soil in the downstream area contains a higher concentration of clay particles due to
the slower flow of water, causing suspended particles to settle more easily. However,
we emphasize that in the two hydrographic basins studied, there is an inversion of this
common knowledge, with a predominance of more clayey and more sandy areas in the
regions of headwaters and the mouth, respectively. In this case, there is a mineralogical
dependence on the formation of regional soils [30], which, associated with low variations
in relief, indicate proportionality of water flows with the increase in drainage area, not
entailing significant differences between the concentrations of sediments in suspension
transported between source and mouth [85]. We also highlight that in the case of the Renato
River, the regions with higher altitudes (Figure 1) in the north of the watershed currently do
not contribute directly to the river since the Colider hydroelectric power plant (on the river
Teles Pires) has caused the region at the mouth of the Renato River to remain permanently
flooded since 2015.

The main causes of erosive processes are intrinsically related to changes in land use,
especially following the conversion of native forests to poorly managed pastures and
resulting from poorly conducted tillage of agricultural soils, which causes compaction and
hinders the natural dynamics of water in the soil, promoting surface runoff and increasing
soil susceptibility to erosion [86]. Therefore, evaluating the physical-hydric quality of
the soil is important to assess the potential of its use to ensure both food productivity
as well as the sustainability of agroecosystems. Physical-hydric surveys are necessary
to provide information on soil management, ensure decision-making for better use of
this resource [86,87], and maintain water quality and sustainability in river basins [88].
Changes in land use can alter ecosystem services provided by the soil. Land use change
should be carried out cautiously, respecting current legislation, especially in cases such
as that of the Renato River watershed, which still has areas mostly occupied by native
Amazonian forests.

This study contributes valuable information about the impact of changes in land
use on soil properties in the southern Amazon region. However, it is emphasized that
changes in soil properties depend on complex processes, which require a longer observation
period to capture broader trends and variations. In this context, recognizing the limitations
resulting from the short-term nature of the study, we emphasize that this study presents
a characterization of the physical and water properties in the same hydrological year,
aiming to minimize the effects of seasonal variations in temperature and precipitation.
Furthermore, we recommend the development of long-term investigations based on the
attributes that showed significant differences and that are considered more representative
of the effects of changes in land use (BD, TP, AWC, and Ksat), for evaluation of the influences
of seasonal variations on the physical-hydric behavior of soils in the region.

5. Conclusions

Physical attributes of the soil show spatial variability along the Renato River and
Caiabi River watersheds. These alterations result from the conversion of native forests to
pastures and crops. Areas occupied with native forests have better physical soil conditions.
Conventional crops and pastures promote an increase in bulk density and, consequently, a
reduction in macroporosity and total porosity in the downstream regions of watersheds.
Agricultural land use involving crops and pasture in areas with higher clay content in
river basins tends to increase the volume of micropores, resulting in increased available
water capacity of the soil. It is necessary to implement conservation systems of agricultural
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production that contribute to increased productivity of crops and pasture while also indi-
rectly improving soil physical attributes. This can reduce environmental impacts, especially
those related to soil, water, and biodiversity, in regions along agricultural frontiers in the
southern Amazon and around the world.
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