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HIGHLIGHTS:
Soil bulk density and total porosity showed spatial dependence up to 1,344 m and 560 m, respectively.
Native forest areas demonstrated 53% higher root volume compared to cultivated pastures.
Management systems and soil classes significantly influenced root distribution and soil organic carbon content.

ABSTRACT: Soil physical properties and their relations with root development have become essential for the adoption
of appropriate agricultural practices. Thus, soil physical attributes, root system, and soil organic carbon were evaluated
in a transect under different management and soil classes. Soil physical parameters (bulk density, porosity, particle size
distribution, penetration resistance), soil organic carbon, and root development (root volume, surface area, length, and
average diameter) were evaluated in an 11.2 km transect. The results indicated that the bulk density, soil macroporosity, and
total porosity showed a range of spatial dependence of 12 lag, 7 lag, and 5 lag, respectively, indicating that the sampling range
(560 m) was adequate. Moderate to strong negative correlations (—0.40 < r < —0.80) were observed between root parameters
and bulk density, penetration resistance, and sand. The correlations were positively and moderately correlated (0.21 < r
< 0.65) between total porosity, soil macroporosity, soil microporosity, organic carbon, silt, clay, and root parameters. In
conclusion, bulk density, penetration resistance, and sand showed greater sensitivity regarding root development than the
other physical parameters. The management systems and soil classes determine root distribution and the spatial dependence
of soil physical attributes.

Key words: geostatistical analysis, spatial dependence, watershed management, soil physical quality

RESUMO: As propriedades fisicas do solo e suas relagdes com o desenvolvimento radicular tornam-se essenciais para a
adogdo adequada de praticas agricolas. Assim, uma transegao sob diferentes manejos e classes de solo, atributos fisicos do solo,
sistema radicular e carbono orgénico do solo foram avaliados. A determinagido dos parametros fisicos do solo (densidade,
porosidade, distribui¢ao das particulas por tamanho, resisténcia a penetragdo), carbono organico do solo e desenvolvimento
radicular (volume da raiz, area superficial, comprimento e didmetro médio) foi realizada em uma transe¢io de 11,2 km.
Os resultados indicaram que a densidade, macro e microporosidade e porosidade total mostraram dependéncia espacial
de 12 lag, 7 lag e 5 lag, respectivamente, indicando que o intervalo de amostragem (560 m) foi adequado. Correlagoes
negativas moderadas a fortes (-0,40 < r < —0,80) foram observadas entre pardmetros radiculares com a densidade do solo,
aresisténcia a penetracéo e areia. Correlagdes positivas e moderadas (0,21 < r < 0,65) foram evidenciadas entre porosidade
total, macro e microporosidade, carbono organico, silte, argila com pardmetros radiculares. Conclui-se que densidade do
solo, resisténcia a penetragéo e areia apresentaram maior sensibilidade em relagao ao desenvolvimento radicular do que os
demais parametros fisicos. Os sistemas de manejo e classes de solo determinam a distribui¢io radicular e a dependéncia
espacial dos atributos fisicos de solos.

Palavras-chave: anilise geoestatistica, dependéncia espacial, gestdo de bacias hidrograficas, qualidade fisica do solo
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INTRODUCTION

Soil Physical Quality (SPQ) can be assessed by evaluating
key soil properties that maintain the structural quality of the
soil and increase agricultural productivity and sustainability
(Bacher et al., 2019; He et al., 2023; Satriani et al., 2024; Leal et
al., 2025). These properties are commonly measured through
soil structures (Reichert et al., 2020), using parameters such
as bulk density, macroporosity (Reis et al., 2019), particle size
distribution, soil organic carbon (Bacher et al., 2019), and
penetration resistance (Biinemann et al., 2018; Bacher et al.,
2019; Manea et al., 2022). Additionally, root system distribution
serves as an essential indicator of SPQ, as it is strongly
influenced by soil conditions (Ni & Su, 2024). Therefore, the
adoption of practices that improve root development depends
on land use and management systems (Carducci et al., 2014;
Ni & Su, 2024).

The study of roots is critical to understanding various
phenomena related to shoot growth and development, but it
requires a meticulous approach since evaluation methods are
laborious and the roots are affected by the physicochemical
variability of the soil (Vasconcelos et al., 2003). Geostatistical
tools provide valuable insights into the spatial variability of
soil parameters (Minai et al., 2021). Recent advancements
have expanded these models to incorporate root system
characteristics, enabling researchers to assess how roots
respond to transient changes induced by soil management
practices and their interaction with meteorological conditions
(Abramowitz et al., 2008; Ni & Su, 2024).

Considering the need for knowledge involving the
relationship between soil and roots, especially in watershed
areas, this study was conducted in the Micaela sub-watershed
(MsW), part of the Fragata Moreira watershed (FMW) in
Pelotas, Rio Grande do Sul, Brazil. This region holds significant
agricultural and hydrological importance, supporting rural
farmers who primarily practice conventional or minimum-
tillage methods. Implementing sustainable soil management
practices is critical to mitigating the adverse effects of improper
land use and enhancing crop productivity (Al-Shammary
et al., 2024). This research aimed to investigate the spatial

A. B.

relationships between soil physical properties and root system
development along an 11.2 km transect in the Micaela sub-
watershed, examining how different management systems and
soil classes influence root distribution patterns.

MATERIAL AND METHODS

The study was conducted in the Micaela sub-watershed
(MsW), located within the Fragata Moreira watershed, situated
in the rural area of Pelotas, Rio Grande do Sul, Brazil (31° 37
50.32” Sand 52° 31’ 28.15” W). The MsW has a drainage area of
37.32km? and an elevation range of 22 to 334 m a.s.l. (Figure 1).
Based on the Koppen classification, the predominant climate
is a humid subtropical climate (Cfa), with a mean annual
precipitation of 1,393.9 mm and a mean annual temperature
of 18.6 °C (Klumb, 2018).

The soils were mapped on a scale of 1:100.000 (Cunha et
al., 2006). The soil profiles were classified according to Soil
Survey Staff (2022) as Typic Albaqualf - Typic Hapludult
Association, Typic Hapludult - Typic Hapludalf Association,
and Lithic Udorthent - arenic Hapludult Association (Figure
1B). The classes in the Brazilian Soil Classification System are
respectively: Associations: “Planossolo Haplico eutréfico -
Argissolo Acinzentado eutréfico; Argissolo Vermelho Amarelo
distréfico - Argissolo Vermelho Amarelo eutréfico and
Neossolo Lit6lico distréfico - Argissolo Amarelo distréfico”
(Santos et al., 2025). Table 1 presents the soil classes, particle
size distribution, soil texture, and soil organic carbon (SOC).

The percentages for the soil management systems along the
FMW are: cultivated pasture (18%), cropland (15%), native
forest (42%), and native grassland (25%) (Figure 1). The main
land uses along the transect in the MsW consisted of cultivated
pastures (CP: 21%), cropland (CL: 16%), native forest (NF:
26%), and native grassland (NG: 37%) (Figure 1).

An 11.2 km spatial transect was established in the MsW.
The transect encompasses a range of soil classes and diverse
land uses (Figure 1). Along the transect, 101 sampling points
equidistant from each other were established (112 m). Disturbed
and undisturbed soil samples were taken from the 0.00-0.10 m
soil layer. Sampling was performed using volumetric rings (0.05

C.

Figure 1. Location of the Micaela sub-watershed inserted in the Fragata Moreira watershed, Pelotas, RS, Brazil. The figure
presented an 11.2 km spatial transect and 101 sampled points (A); soil mapping and management systems along the spatial
transect (81 sample points) (B); percentage for soil management systems along the watershed (C)
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Table 1. Soil classes, particle size distribution (sand, silt, and clay), texture, and soil organic carbon (SOC)
Sand

Soil classes

Typic Albaqualf - Typic Hapludult Association
Typic Hapludult - Typic Hapludalf Association
Lithic Udorthent - arenic Hapludult Association

617.25
629.78
614.61

Silt Clay S0C
kg) Texture (g kg)
227.84 154.91 sandy loam 21.38
215.16 155.06 sandy loam 19.58
216.68 168.71 sandy loam 24.88

m diameter and 0.05 m height). The undisturbed samples were
utilized to evaluate bulk density, total porosity, macroporosity,
microporosity, and penetration resistance. The undisturbed
samples were saturated through capillarity for 24 hours and
balanced at a matric potential of -6 kPa using a tension table.
The soil macroporosity, microporosity, and total porosity were
then determined in the laboratory. These same samples were
saturated through capillarity for 24 hours and balanced at a
matric potential of -10 kPa using pressure chambers in the
laboratory; penetration resistance (PR) was then evaluated. The
PR was measured at three points equidistant from the center
of the undisturbed sample, with a penetration rate of 10 mm
min (Bradford, 1980), using an electronic penetrometer MA
933 (Marconi Ltda).

After determining the PR, the samples were dried in an
oven at 105 °C for a minimum period of 24 hours to calculate
the bulk density (Bd) and gravimetric water content (Blake &
Hartge, 1986; Gardner, 1986). Disturbed samples were used to
measure soil particle size distribution (Gee & Bauder, 1986)
and total organic carbon (TOC) (Table 1). The TOC was
analyzed by the wet combustion method (Teixeira et al., 2017).

The root system in the soil surface layer (0.00-0.10 m)
was evaluated considering soil classes and land uses along the
transect (three soil classes x three land uses x two replicates).
The percentage destined for grazing animals is 58% (21%
cultivated pasture and 37% native grassland). The native forest
was chosen as a reference because it corresponds to 25% of
the total drea and presents a high abundance of root systems
of native species, higher soil organic matter content, and soil
total porosity and lower bulk density.

The root system was evaluated using adaptations and the
profile analysis technique, as described by Jorge & Silva (2010).
The method consisted of opening a trench of 0.50 x 0.30 m
along the transect. Previously selected points are subsequently
exposed to the existing roots by washing with water. A metal
grid (reticulated frame) (Figure 2) was positioned in the soil
profile, and images were captured with a digital camera to
represent the root distribution up to a depth of 0.10 m. The
images were partially processed, adjusted, and aligned using
Photoshop CS6 12.0.4 software.

For the analysis of the root parameters, the images inserted
in Photoshop CS6 12.0.4 were selected and evaluated using the
Safira software. The thresholding technique was used to process
the images and quantify the root volume (mm?), root surface
area (mm?), length (mm), and root mean diameter (mm).

Soil attributes were evaluated by analysis of classical
descriptive statistics and the Kolmogorov-Smirnov normality
test (KS) at a 5% significance level. The adherence of the data
series and normal distribution was evaluated. The attributes
presenting no normality were disregarded.

The autocorrelation function [r(j)] was calculated to verify
and quantify the spatial dependence of soil attributes along
the transect (Reichardt & Timm, 2020). The cross-correlation
function [rc(j)] was calculated between PR and all variables
for which [r(j)] revealed a spatial dependence structure. The
[rc(j)] was evaluated assuming PR as a predictor variable, since
this soil physical attribute is difficult to measure on a large
scale. Thus, it is necessary to explore its spatial relationships
with other soil attributes easily found in databases. Therefore,
it will allow for the generation of mathematical models for
estimating PR.

The values of [r(j)] and [rc(j)] can be affected by the path
chosen through the spatial transect; hence, the data sets
were organized from the west-north direction along an 11.2-
km spatial transect (from point 101 to the first point). The
confidence interval (CI) for the evaluation of the significance
level of the values [r(j)] and [rc(j)] was calculated in both
functions.

A two-factor factorial Anova was employed at the points
in the spatial transect to evaluated the effects of soil classes:
Typic Albaqualf - Typic Hapludult Association (Planossolo
Haplico eutréfico - Argissolo Acinzentado eutréfico); Typic
Hapludult - Typic Hapludalf Association (Argissolo Vermelho
Amarelo distroéfico - Argissolo Vermelho Amarelo eutréficos),
and Lithic Udorthent - arenic Hapludult Association (Neossolo
litolico distrdfico - Argissolo Amarelo distréfico), as well as
soil management (native grassland, cultivated pasture, and
native forest) on root variables. The analyzed factors were
soil classes and management systems. Each factor had three
levels and two replicates. The root volume, root surface area,

Figure 2. Metal grid (reticulated frame: 0.40 x 0.10 m) for sampling of the root system development in the soil profile (0.00-0.10

m) within the spatial transect of sub-watershed Micaela
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length, and root mean diameter were dependent variables.
The factors and interactions with significant effects were
compared using Tukey's test. Linear correlations between soil
physical parameters and root volume, root surface area, length,
and root mean diameter were evaluated using the Spearman
correlation test. The statistical analyses were performed using
the R software (R Core Team, 2021).

RESULTS AND D1SCUSSION

The descriptive statistics for soil parameters along the
transect in the MsW region are displayed in Table 2. The PR
exhibited significant variations across measurements, ranging
from 0.73 MPa (in native forest) to 3.93 MPa (in cultivated
pasture), with a general average of 1.99 MPa. The average bulk
density (BD) value was 1.40 Mg m™, ranging from 0.87 Mg
m~? (native forest) to 1.73 Mg m™ (cultivated pasture). The soil
macroporosity (Macro) and total porosity (TP) varied from
2.02t0 28.28% and 25.18 to 62.36%, with mean values of 11.53
and 43.31%, respectively. The soil organic carbon (SOC) varied
from 8.20 gkg! (cropland) to 33.5 gkg™! (native forest), with a
mean value of 20.03 gkg™ (Table 2). The observed patterns arise
from land use management systems interacting with natural
soil variability across the landscape, where root activity, organic

Rodrigo B. de Paiva et al.

matter dynamics, and compaction processes shape the spatial
distribution of soil properties, informing sustainable land use
planning in the region (Peixoto et al., 2019; Silva et al., 2021;
Zanchin et al., 2021a).

The results of the particle size distribution (sand, silt, and
clay) and soil organic matter (Table 2) are consistent with the
soil classes of this region (Table 1). In terms of the asymmetry,
only bulk density and sand content exhibited a negative
symmetry (Table 2), in which the average shifted to the right
side. This behavior occurs because most of the observed
points are concentrated on the right side of the probability
distribution of the results. The silt and clay content did not
present normality when using the Kolmogorov-Smirnov test
at a 5% significance level (Table 2). Therefore, these variables
were subjected to an autocorrelation test.

The function r(j) indicates spatial dependence between
adjacent observations of the variable along the transect.
Furthermore, in all cases, the soil variables presented
autocorrelation and spatial dependence, indicating an
adequate sampling scale. The BD, Macro, and TP (Figures
3B, C, and D) showed a range of spatial dependence of 12
lag (1,344 m), 7 lag (784 m), and 5 lag (560 m), respectively,
indicating that the sampling range utilized in this study (560
m) was adequate. The sampling scale adopted was smaller

Table 2. Descriptive statistics for the soil variablesalong the transect in the MsW, Southern RS, Brazil

Variables Mean Min. Max. S.D. CcVv Skew Kurt KS
PR (MPa) 1.99 0.73 3.93 0.59 29.43 0.46 3.67 0.66™
BD (Mg m*) 1.40 0.87 1.73 0.19 13.33 -0.62 2.99 0.30™
Macroporosity (m®*m-) 0.12 0.20 0.28 5.91 51.29 0.75 2.99 0.16™
TP (m3m’3) 0.43 0.25 0.62 7.06 16.30 0.34 3.21 0.71™
Sand (g kg™) 596.15 310.00 821.67 91.57 15.36 -0.92 414 0.20"
Silt (g kg) 222.91 131.14 42415 52.91 23.74 1.36 5.61 0.02
Clay (g kg™ 180.94 47.19 519.19 74.84 41.36 2.16 9.08 0.01
SOC (g kg") 20.03 8.20 33.50 5.11 25.53 0.27 3.11 0.63™

Min. - Minimum; Max. - Maximum; S.D. - Standard deviation; C.V. - Coefficients of variation (%); Skew. - Skewness; Kurt. - Kurtosis; KS - Kolmogorov-Smirnov test; **: p-value >
0.05.7PR - Penetration resistance; BD - Bulk density; TP - Total porosity; SOC - Soil organic carbon
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Figure 3. Autocorrelation functions of soil variables along the transect in the MsW, southern RS, Brazil. PR - Penetration
resistance (MPa); BD - Bulk density (mg m™); Macro - Soil macroporosity (m* m=); TP - Total porosity (m* m=); Sand (g kg™");

SOC - Soil organic carbon (g kg™)
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than the spatial dependence, ensuring that soil variations
were measured accurately. The autocorrelation of PR was
observed up to 4 lag (1 lag = 112 m) (Figure 3A), totaling
dependence of up to 448 m, considering values of r(j) higher
than the CI = 0.195 (dotted line). This indicates the definition
of the zone of influence of the variable in space, optimizing
the sampling, soil, and root characteristics indicated. The
observed variations can be explained by natural factors,
human activities, soil loss, and biological processes that
collectively generate soil spatial dependence (Zanchin et al.,
2021b; Laurenti et al., 2024).

The BD, Macro, TP, and SOC presented spatial correlation
with PR (Figures 4A, B, C, and E). The cross-correlogram
between PR and BD showed a spatial dependence between
them of 8 lag to the positive direction and 9 lag (Figure 4A).
The PR and macroporosity (Figure 4B) presented a negative
cross-correlation between them up to 4 lag (448 m) in both
directions. The PR and TP revealed negative cross-correlation,
with a 10 lag to the right direction (Figure 4C). For example,
[PR(xi), TP(xi+j)] were correlated in the right direction (j =
+10 lag), whereas the cross-correlation remained until 12 lag
(j = —12 lag) towards the lag delay (left direction). Regarding
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the negative and spatial cross-correlations of PR with SOC,
a higher spatial dependence was observed between the
variables up to a 3 lag (336 m) (Figure 4E).

Table 3 presents the analysis of the management system’s
influence on the root parameters evaluated along the transect.
The root volume (V) had a significant difference between
Typic Albaqualf - Typic Hapludult Association and Typic
Hapludult - Typic Hapludalf Association, in which the highest
root volume was indicated under the native forest. Regarding
interaction, only V and SA showed a significant difference in
the soil classes and management system (Table 4). The lowest
mean SA values were found in the Typic Albaqualf - Typic
Hapludult Association in cultivated pasture and in the Typic
Hapludult - Typic Hapludalf Association in cultivated and
native pasture.

Significant Spearman correlations were observed between
root parameters (V, SA, MD, and L) and soil structure (BD,
PR, and sand), with moderate to strong negative correlations
(—0.40 <r < -0.80) (Table 5). The TP, Macro, Micro, SOC, silt,
and clay were positively and moderately correlated (0.21 <r <
0.65) with root parameters. The root length was the attribute
most correlated with BD, TP, soil macroporosity, PR, and
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Figure 4. Cross-correlation functions of the penetration resistance (PR, MPa) with soil variables' along the transect in the

MsW, southern of RS, Brazil. BD - Bulk density (Mg m); Macro - Soil macroporosity (m?

Sand (g kg'); SOC - Soil organic carbon (g kg™)

m™); TP - Total porosity (m’ m=);

Table 3. Effect of soil management' on the root volume (V), root surface area (SA), root mean diameter (MD), and root length

(L) along the transect in the MsW, Southern of RS, Brazil

Typic Albaqualf - Typic Hapludult Association 973.35a 2802.44 1.06 965.9
Typic Hapludult - Typic Hapludalf Association 282.2b 1124.41 0.73 390.99
Lithic Udorthent - arenic Hapludult Association 569.49 ab 2406.82 0.73 880.53
* ns
CP 419.37 b 1603.94 0.55b 542.16
NG 506.03 ab 1729.21 0.82 ab 610.58
NF 899.64 a 3000.52 1.152a 1084.67
p <0.05 * ns * ns

!CP - Cultivated pasture; NG - Native grassland; NF - Native forest. Mean values with distinct letters between lines are significantly different (p < 0.05). Tukey test was employed to

compare the means; * - Significant difference; ns - Non-significant
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Table 4. Interaction of the soil classes and management system' on the root volume (V), root surface area (SA), root mean
diameter (MD), and root length (L) along the transect in the MsW, Southern of RS, Brazil

Soil classes

Typic Albaqualf - Typic Hapludult Association

Typic Hapludult - Typic Hapludalf Association

Lithic Udorthent - arenic Hapludult Association

] SA MD L
(mm?) (mm?) (mm)
cP 318.8b 1233.3b 0.6 479
NG 681.9b 1691.1a 1.1 4815
NF 19194 a 5482.9 a 15 1998.3
cpP 68.8b 331.7b 0.4 130.7
NG 320.2 b 1088.3 b 0.7 338.7
NF 457.7b 1953.2a 1.1 703.6
cpP 870.5b 3246.8 a 0.7 1077.9
NG 516.1b 2408.2 a 0.6 1011.6
NF 321.9b 1565.4 a 0.9 552.1
* ns

V - Root volume; AS - Root surface area; MD - Root mean diameter; L - Root length; CP - Cultivated pasture; NG - Native grassland; NF - Native forest; * - Significant difference;
ns - Non-significant difference. Mean values with distinct letters between lines are significantly different (p < 0.05). Tukey test was employed to compare the means.

Table 5. Correlation root volume (V), root surface area (SA), root mean diameter (MD), root length (L), and soil variables'

along the transect in the MsW, southern RS, Brazil

BD TP Macro Micro

v -0.502* 0.433* 0.367* 0.367*

SA -0.594* 0.467* 0.467* 0.250*
MD -0.301* 0.617* 0.383* 0.583*
L -0.695* 0.567* 0.583* 0.267*

PR S0C Sand Silt Clay
-0.683* 0.400* -0.617* 0.317* 0.333*
-0.717* 0.533* -0.400* 0.383* 0.133*
-0.633* 0.333* -0.550* 0.217* 0.417*
-0.800* 0.650* -0.433* 0.367* 0.167*

'BD - Bulk density (Mg m™); TP - Total porosity (m* m-); Macro - Soil macroporosity (m* m-*); Micro - Soil microporosity (m?* m?); PR - Penetration resistance (MPa); SOC - Soil

organic carbon (g kg"). * - Significant (p < 0.05)

SOC. The PR was the one that showed the best correlation
with root length. These results mechanically limit root
growth; however, SOC and macroporosity can compensate
for these limitations, improving conditions for root expansion
(Bengough et al., 2011). Penetration resistance can strongly
inhibit root development (-0.80) rather than soil porosity and
organic matter (0.65).

According to the classification of Wilding & Drees
(1983), PR, TP, sand, silt, and SOC exhibited moderate
variability (15% < CV < 35%), while macroporosity and clay
showed high variability (CV > 35%). The BD presented low
variability along the transect (CV < 15%) (Table 2). Timm
et al. (2006) characterized the spatial patterns of BD along a
spatial transect in an area under coffee cultivation subjected
to wetting/drying cycles. The authors concluded that BD
presented low CV values, ranging from 3.8 to 4.5% in some
cycles, indicating that the observations of this variable
showed higher spatial homogeneity and are dependent on soil
water content. The highest values of PR and BD were found
in the cultivated pasture, possibly due to trampling by grazing
animals (Table 2). These values can indicate soil compaction,
which limits the development of the root system; restrictive
values of PR > 2 MPa are detrimental to crop development
(Benevenute et al., 2020).

In contrast, the highest values of TP and Macro were found
in the native forest (Table 2). Areas under the native forest
are characterized by higher SOC, macro, and TP. An increase
in SOC provides a better soil structure, increasing porosity
and decreasing BD (Lopes et al., 2020), corroborating the
values obtained in the study. Areas under cropland presented
a lower SOC due to intensive soil preparation. Soil structure
disaggregation under intensive management also contributes
to higher organic matter oxidation and the release of carbon
dioxide into the atmosphere, intensifying the greenhouse
effect (Feng et al., 2020).

Rev. Bras. Eng. Agric. Ambiental, v.30, n.2, €295495, 2026.

The knowledge of the spatial distribution of PR (Figure 3)
may be helpful to identify soil compaction at the watershed
level, aiding in decision-making to increase agricultural
productivity. It can contribute to modeling other soil functions
within the ecosystem. Wang & Shao (2013) encountered
spatial auto-correlations of BD, TP, and macro up to 150 m.
Land use has a significant effect on the distribution and spatial
dependence of BD and TP on a watershed scale (Soares et al.,
2020). Centeno et al. (2020) also found spatial dependencies
for the parameters BD and Macro up to 2 lag (1 lag = 150 m)
along a spatial transect established in the watershed.

The cross-correlations between PR and Macro, and between
TP and SOC, exhibited an inverse spatial correlation with PR
along the transect (Figure 4). This result may be related to a
larger porous system and organic carbon content. This effect
contributes to a better physical structure, allowing a reduction
in PR. Studies have found a positive correlation between BD
and PR in agricultural systems (Reichert et al., 2020). The
attributes presenting a higher correlation with PR and spatial
dependence structure were BD, macro, TP, and SOC. These
variables have the most significant potential as covariates to
generate predictive models of PR on a watershed scale.

The Albaqualf provides the highest root development
of vegetation in the surface layer, mainly due to the higher
availability of water, organic matter, and high cation exchange
capacity. All the variables presented above help in good root
development. The higher root volume (V) and mean root
diameter (MD) in the native forest are explained by the
presence of larger shrub plants and greater vegetative diversity
in tropical climate forests (Table 3), which exhibit greater
biomass and root development (Hertel et al., 2009). Areas
under cultivated pasture present pressure caused by animal
trampling and tillage, which compromises root development.

The higher volume indicated a more expressive interaction
in an area under the native forest in the Typic Albaqualf - Typic
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Hapludult Association (Table 4). This soil use stimulates the
development and concentration of roots in its surface layers.
The native forest has a more aggressive root system, with higher
organic carbon content from 0.00 to 0.10 m (Gotardo et al,,
2020). The higher root abundance may be correlated with higher
organic matter concentrations, which are commonly found in
the surface layer. Root abundance may also be associated with
favorable physical conditions (Machado et al., 2018).

The lowest averages of root surface area were observed
under the cultivated pasture and native grassland in the Typic
Hapludult - Typic Hapludalf Association (Table 4), which is
mainly characterized by lower drainage. Panayiotopoulos et
al. (1994), Benevenute et al. (2020), and Kumi et al. (2023)
found negative correlations between BD, PR, and sand with
V, SA, MD, and L. The increase in BD and PR resulted in a
reduction of all parameters of root growth (-0.84 <r < -0.96),
including the number of roots, total and average root length,
root elongation rate, and both wet and dry root weight. In
general, soils with poor drainage and high compaction
severely impair root development (Bengough et al., 2011).

Table 5 shows a positive correlation between TP, Macro,
Micro, SOG, silt, clay, and root variables. An example of this
positive relationship was reported by Banks et al. (2020), who
found correlations between Macro and V (r = 0.86), indicating
an abundance of root parameters, adequate macroporosity,
and healthy root development in crops. This study highlights
the relationships between soil physical properties and root
dynamics, suggesting that future studies should focus on
predicting PR through soil attributes and include them in
biological variables of hydrological models to optimize soil
and water conservation in watersheds.

CONCLUSIONS

1. The management systems and soil classes influence
root distribution and the spatial dependence of soil physical
attributes. The bulk density, soil macroporosity, and total
porosity showed a range of spatial dependence of 12, 7, and 5
lag, respectively, indicating that the sampling range (560 m)
was adequate.

2. The management systems with reduced soil disturbance
(native forest) area showed the highest root volume, with
53% greater than cultivated pastures and 43.75% higher than
native pasture, mainly considering Typic Albaqualf - Typic
Hapludult association.

3. The moderate to strong negative correlations (-0.40
< r £ —0.80) were observed between root parameters with
bulk density, penetration resistance, and sand. Positive
and moderate correlations (0.21 < r < 0.65) were observed
between total porosity, soil macroporosity, soil microporosity,
and organic carbon, silt, and clay and root parameters. In
conclusion, bulk density, penetration resistance, and sand
showed greater sensitivity regarding root development than
the other physical parameters.
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