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Abstract: Enhancing integrated crop–livestock systems (ICLSs) to improve land-use efficiency is a
critical goal. Understanding the ICLS impacts on lowland soils is key to sustainable agricultural
practices. Our objective was to test whether adopting ICLSs in lowlands improves soil structure, pore
connectivity, and water and air permeability. This study was conducted in a long-term field trial,
consisting of the following production systems with flood-irrigation rice: rice–fallow–rice, under
conventional tillage and absence of grazing (RFR-ct); rice-grazed ryegrass–rice, under no-tillage
and grazing (RGrR-nt); rice-grazed ryegrass–soybean-grazed ryegrass–rice, under no-tillage and
grazing (RGrS/RGrR-nt); and a grazed pasture-consortium (winter) and succession field (summer),
with no-till rice every 4 years (P4R-nt). Core samples were collected after grazing (October 2018),
harvesting (March 2019), and grazing (October 2019). We analyzed soil air permeability, saturated
hydraulic conductivity, pore connectivity by computed tomography. Soil tillage in a semi-direct
system generated discontinuous porosity. Systems with intense trampling or less surface protection
are affected by shearing on topsoil, reducing pore continuity. ICLSs are mainly composed of ryegrass–
rice mitigated the harmful effects of trampling, and improved soil structure and functioning. Systems
without soil tillage exhibited higher pore connectivity and pores with vertical orientation. Finally,
soil tillage is not required to improve structural quality in ICLSs.

Keywords: soil structure; roots; grazing; tomography; pore continuity

1. Introduction

Integrated crop–livestock systems (ICLSs) increase production diversity and are key
to sustainable agricultural development [1,2]. The role of agriculture as a source of food
for populations around the world is indisputable. While meeting the growing demand
for food is crucial, cropping systems must operate efficiently to prevent the depletion of
natural resources [3].

Brazilian subtropic ICLSs are based on grain-crop cultivation in summer, such as
soybeans (Glycine max), corn (Zea mays), and rice (Oryza sativa), and pastures for animal
consumption in winter [4]. The introduction of winter pastures in lowland areas with hy-
dromorphic soils, which are predominantly used in rice monoculture in southern Brazil [5],
is a promising alternative in terms of land-use diversification and efficiency [6]. However,
the consequences of adopting this cropping system on soil structure in lowlands remain
largely unknown.

Soil serves as a key indicator of the overall quality of cropping system management.
Soil structure, encompassing aggregation and porosity, plays a pivotal role in governing the
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internal matrix dynamics. Soil structure influences critical aspects of plant development,
such as water supply and nutrients, and provides necessary physical conditions for root and
microorganism development [7,8]. Porous system functioning properties are dynamic and
management-sensitive; thus, they express soil heterogeneity and complexity in cropping
systems [9,10]. The soil’s saturated hydraulic conductivity and air permeability are a
function of structural quality, especially of the pore system, dependent on pore number,
connectivity, and tortuosity [11].

Lowland soils tend to hold water content above field capacity for long periods, which
hinders the movement of gasses within the soil [12]. High soil moisture hinders the
development of crops deprived of physiological mechanisms to compensate for oxygen
absence, unlike rice, which is adapted to these conditions [13]. Moreover, soil’s ability to
conduct water through soil pores, which enables rapid drainage after rains or floods, is a
major factor in reducing hydric stress due to excess water [14]. Therefore, the success of
a crop rotation system and the establishment of pastures in lowland soils depends on a
management system capable of constructing an interconnected and functional porosity.

Soil porous system dynamics can be evaluated by X-ray computed tomography (CT),
which enables the generation of parameters and three-dimensional images [11,15]. This
approach allows for establishing relationships between functionality properties and tomo-
graphic parameters, such as pore volume, shape, orientation and connectivity, and studying
the influence of different cropping systems on pore properties [16,17].

Management significantly changes the functionality of soil pores through soil in-
version during tillage [18] or compaction generated by agricultural machinery traffic or
trampling by farm animals [19,20]. Conversely, cropping systems focused on soil structure
conservation, cover crops use, and root development can create a favorable structural
environment and improve soil health [21–25].

The ICLS are clear examples of cropping systems that, if well managed, can improve
soil quality by promoting crop rotation and introducing pastures with intense root de-
velopment [26]. However, the effects of ICLS on soil pore quality and functioning in
lowland cropping systems under tropical conditions remain unclear. We hypothesized that
implementing ICLS in lowlands, on soil initially dedicated to rice cultivation, enhances
soil structure and pore functionality. The objective was to test whether adopting ICLS in
lowlands improves soil structure, pore connectivity, and water and air permeability.

2. Materials and Methods
2.1. Experimental Site

The study was conducted at the Corticeiras farm, a research station of integrated
crop–livestock systems in Cristal-RS, located in southern Brazil (30◦58′21.4 S, 51◦57′01.4 W,
28 m above sea level in altitude). The region has a humid subtropical climate (Cfa), with
average annual temperatures and rainfall of 18.3 ◦C and 1522 mm, respectively [27]. The
studied soil is a Gleyic Luvic Planosol [28] or Planossolo Háplico Eutrófico típico [29] on a
flat and gently undulating terrain with a maximum slope of 4%. This soil has 17% clay, 35%
silt and 48% sand (loam texture), and exhibits limited drainage capacity.

The experiment evaluated four different agricultural cropping systems and was im-
plemented in 2013 in a complete randomized block design with three repetitions. The
experimental plots, totaling 12, varied in size from 0.9 to 1.5 hectares. The studied cropping
systems were as follows:

1. RFR-ct: Rice–Fallow–Rice, with tillage composed of harrowing after harvesting, here
referred to as conventional tillage, without animal grazing, and the fallow period is
defined by the presence of spontaneous vegetation and rice crop residues.

2. RGrR-nt: Rice–Grazed ryegrass (Lolium multiflorum)–Rice, consisting of growing
no-till (nt) rice in summer, and ryegrass grazed in winter.

3. RGrS/RGrR-nt: Rice–Grazed ryegrass–Soybeans (Glycine max)–Grazed ryegrass–Rice,
where rice and soybeans are cultivated in summer, alternately rotated under no-till
(nt), and ryegrass grazed in winter.
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4. P4R-nt: Pasture during four seasons–Rice, where birdsfoot trefoil (Lotus corniculatus L.)
+ ryegrass + white clover (Trifolium repens) are cultivated in winter, and a succession
field composed of native pasture species naturally grows during summer. Grazing
occurs during winter and summer, and no-till (NT) irrigated rice is cultivated every
four years.

The experimental site has a history of rice cultivation with fallow periods that began
in 1960. In 2013, the area was prepared for the experimental implantation by tilling soil and
incorporating dolomitic lime (4.5 Mg ha−1) in the 0–20 cm layer. Since then, the cropping
systems have been carried out without soil tillage, except for RFR-ct. In these cropping
systems without soil tillage, only the restoration of the water contention structures (to allow
flooding within the cultivation areas) before rice growing was performed.

During the winter grazing season in RGrR-nt, RGrS/RGrR-nt, and P4R-nt, castrated
male steers weighing 200 kg were introduced once the grass had reached a height of 15 cm.
The continuous grazing method was used with varying stocking rates, with three animals
per plot, and regulatory animals were introduced to maintain the pasture height. The
pasture height was monitored every 15 days using a sward stick. Winter grazing lasted
approximately four months, from June–July to October–November, depending on the
cultivation sequence. For summer grazing in P4R-nt, castrated male steers aged 15 months
weighing 300 kg were introduced.

Every 4 years, a cycle ends in the crop rotation system in the experiment, i.e., at that
time irrigated rice is planned to be grown in all systems. Therefore, for this study, the
experiment was approaching the midpoint of 2nd cycle of the cropping systems (Table 1).
Annually, mineral fertilizers were applied to grain and pasture crops during the win-
ter/summer to provide the required N, P, and K contents. The amount of fertilizer was
determined based on soil analysis and technical recommendations for each crop. The
complete fertilization history, as well as the planting, harvesting and grazing times in each
cropping system, can be found in [30,31].

Table 1. The chronological sequence (2017–2020) of the studied integrated systems of agricultural
production, highlighting the seasons when the samplings were carried out.

Acronym
2017 2018 2019 2020

Winter Summer Winter Summer Winter Summer Winter Summer

RFR-ct fallow rice fallow rice fallow rice fallow rice
RGrR-nt ryegrass rice ryegrass rice ryegrass rice ryegrass rice

RGrS/RGrR-nt ryegrass soybeans ryegrass rice ryegrass soybeans ryegrass rice

P4R-nt

ryegrass +
white

clover +
birdsfoot

trefoil

succession
field

ryegrass +
white

clover +
birdsfoot

trefoil

succession
field

ryegrass +
white

clover +
birdsfoot

trefoil

succession
field

ryegrass +
white

clover +
birdsfoot

trefoil

rice

2.2. Soil Sampling

The soil was sampled three times, which involved grazing in October 2018, the har-
vesting of summer crops in March 2019, and grazing in October 2019, to evaluate the
soil’s physical properties and porous system using X-ray computed tomography. In each
experimental unit, soil core samples were randomly taken from topsoil (0.0–0.10 m) and
subsurface (0.10–0.20 m). For soil air permeability (Ka) and saturated hydraulic con-
ductivity (Ks) analyses, 216 core samples (4 cropping systems × 2 soil layers × 3 field
replicates × 3 sampling seasons × 3 sampling replicates) were collected using polyvinyl
chloride (PVC) tubes with a 0.10 m height and 0.10 m diameter. For the X-ray computed
tomography analysis, we collected 72 core samples (4 cropping systems × 2 soil layers × 3
field replicates × 3 sampling seasons × 1 sampling replicate) using PVC tubes with 0.18 m
height and 0.075 m diameter.
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In the initial sampling in October 2018, soil organic matter content in the 0–0.10 m
layer was as follows: 16 g kg−1 in the RFR-ct, 27 g kg−1 in the RGrR-nt, 28 g kg−1 in the
RGrS/RGrR-nt, and 28 g kg−1 in the P4R-nt.

2.3. Soil Physical Properties

Core soil samples (0.10 m height and 0.10 m diameter) were capillary saturated for
48 h. Subsequently, the samples were brought to equilibrium at matric potentials (Ψm) of
−1, −6, and −10 kPa in a sand column [32] for the determination of Ka for each Ψm, and
finally, they were re-saturated for Ks determination. Soil Ka (µm2) was determined with the
aid of a constant-head permeameter, in which air flows through the soil sample at constant,
low-pressure gradient (0.1 kPa) to avoid turbulent flow [33]. The Ka was calculated using
Equation (1):

Ka = Kl
η

ρl g
(1)

where Kl is the air conductivity (cm s−1), η is the air viscosity (g s−1 cm−1), ρl is the air
density (g cm−3), and g is the gravity acceleration (981 cm s−2).

Soil Ks (mm h−1) was calculated based on the flow of water flowing through the
soil sample, under the application of a constant hydraulic head of 8 cm, up to a dynamic
equilibrium condition, in a constant load permeameter, as described by [34]. Ks was
calculated by the Darcy equation.

2.4. Porosity by X-Ray Computed Tomography (CT)

The X-ray scanning of soil core samples (0.18 m height and 0.075 m diameter) was
carried out using a XTH225 ST Nikon tomograph. During this process, we used a copper
filter (0.25 mm) to reduce noise effects and applied an emission power of 300 µA and 170 kV
voltage. Samples were scanned in three segments of 0.06 m height, with a resolution of
40 µm. The total scanning time was approximately 4 h per sample. The CT images were
reconstructed using the CT Pro 3D software (Version XT 5.1.4.3, Nikon Metrology, Brighton,
MI, USA). The images were also optimized using the noise reduction presets within CT Pro
3D before being exported as 8-bit images.

For image segmentation and analysis, the software “VG Studio MAX 2.2 dongle
license” was used. The image processing involved an initial step where we separated the
soil volume to be analyzed. This process excluded ring walls and soil near core edges
to prevent border effects on both soil structure and grayscale. As a result, a sample
approximately 0.05 m in diameter and 0.06 m in height was obtained (Figure 1a,b).

The image segmentation was fundamentally based on the distinct level of X-ray
attenuation exhibited by each material [35], represented by a grayscale histogram [36–39].
Three primary phases, i.e., solids, pores, and the particulate organic material of the soil
sample were considered. The boundaries (grayscale) for each material of interest, referred
to as “regions of interest” (ROI), were manually selected in each sample using VG Studio
tools. We initially defined the area of interest containing the mineral material using the
“Advanced surface determination” tool. In this process, we used the “define material by
example area” function to manually select the mineral material and the background in the
CT images. The “Advanced surface determination” tool in VG Studio gives an accurate
determination of the structure of the selected material by locally refining the material’s
surface based on the gradient of gray values in the image [40]. Essentially, the algorithm
adjusts the boundaries of the chosen material by considering the changes in gray values
around each point. It reinterprets the same gray value according to the gray value of
neighboring voxels [40].
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Figure 1. Steps of tomographic analysis: (a) scanned volume; (b) effective volume analyzed; (c) poros-
ity and organic material, (d) organic material; (e) porosity and (f) 3D porosity. Sample with approxi-
mately 50 mm in diameter and 60 mm in height.

Once the boundaries of each phase were defined, we extracted the volume of the ROI
most central for the study, specifically porosity (as shown in Figure 1c). From volume
fractions, the surface areas of pores and organic material were quantified with “surface de-
termination tool” that separates clusters of voxels (3D pixels), allowing for the extraction of
various essential information, including volume, surface area, number of voxels, and more.

Resolved porosity (P) (cm3 cm−3) was calculated by dividing the total volume of
extracted pores by the total sample volume. Connected porosity (Cp) (cm3 cm−3) was
considered the volume of pores belonging to clusters larger than 1 mm3, where Cp is the
relationship between sum of these clusters and total volume of the sample. Based on the
relationship between Cp and P, a connectivity index (Ci) was calculated that informs how
much of P is occupied by pores greater than 1 mm3.

An indicator that denotes connectivity between soil pores, especially over long dis-
tances, is the Γ indicator, which measures the probability that two random voxels belong
to the same cluster. The indicator ranges from 0 to 1, where for the former there are many
unconnected clusters, and for the latter all pore voxels belong to a single connected clus-
ter [41]. The Γ indicator is calculated based on the transition of many disconnected clusters
to a very large cluster (percolation), according to the second statistical moment of [42],
and the proportion of cell pairs (distinct or not) that are connected between all pairs of
permeable cells, as follows:

Γ(p) =
1

n2
p

N(Xp)

∑
i=1

n2
i , (2)

where np is the number of all pore voxels p, Xp is the number of all clusters, and ni is the
number of pore voxels in cluster i.

2.5. Statistical Analysis

Data were initially tested for normal distribution (Shapiro–Wilk test) and homogeneity
of variance (Bartlett test). As measurements were repeated over time in the same plot
(within-subject factor) and cropping systems and soil depths (between-subject factors) were
used, we employed a mixed model ANOVA with one within-subject factor (sampling
season) and two between-subject factors (cropping system and soil depth).
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Significant F-values were used to assess main effects of sampling seasons, different
cropping systems, and interaction between sampling season and cropping system, as well
as cropping system and soil depth effects on soil properties. The Bonferroni test was used
for these comparisons. A 5% significance level was considered, and all tests were carried
out using R [43].

3. Results
3.1. Soil Physical Properties

Soil saturated hydraulic conductivity (Ks) (Figure 2) did not differ among cropping
systems in any soil layer. Mean Ks values were 14, 89, and 20 mm h−1 in topsoil, and 52, 49,
and 130 mm h−1 in subsurface, respectively, for Grazing 2018, Harvest 2019, and Grazing
2019. Only RGrS/RGrR-nt showed variation among sampling seasons in topsoil, with Ks
for Grazing 2018 (6 mm h−1) and Grazing 2019 (13 mm h−1) being lower compared with
Harvest 2019 (95 mm h−1). In P4R-nt, Ks varied among sampling seasons in subsurface,
showing a decrease in Ks over time. Regarding soil layers, there was a significant difference
in P4R-nt for Grazing 2018, in which Ks was higher in subsurface. In Harvest 2019, RGrR-nt
had the highest Ks in topsoil, while in the subsurface layer, soil Ks was higher in the RFR-ct
during Grazing 2019.
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Figure 2. Soil saturated hydraulic conductivity for Grazing 2018 (I), Harvest 2019 (II), and Grazing
2019 (III) for two layers in four management systems. Means followed by lowercase letters (compar-
ing cropping systems), uppercase letters (comparing sampling seasons) and Greek letters (comparing
soil layers) differ by the Bonferroni test (α = 0.05) and, when the letters do not appear, there is no
significant difference. Error bars represent the standard deviation, n = 3.

Soil air permeability (Figure 3) in all evaluated matric potentials (Ψm) did not vary
among cropping systems in any of the evaluated layers, and there was also no significant
difference between evaluated layers for any of the cropping systems. The only difference
observed corresponds to P4R-nt in topsoil for Ψm −1 kPa, in which air permeability
reduced from Harvest 2019 to Grazing 2019, and Grazing 2018 did not differ from the
others. In addition, air permeability increased as the soil dried, as expected.
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3.2. Soil Porosity by Tomography

Connected soil porosity (Figure 4) varied significantly among cropping systems only
in topsoil for Grazing 2018, in which connectivity in RFR-ct and RGrR-nt was greater than
in RGrS/RGrR-nt, while P4R-nt did not differ from other cropping systems. Regarding
sampling seasons, in topsoil, almost all cropping systems show a reduction in connected
porosity from Grazing 2018 and Harvest 2019 to Grazing 2019, and the highest connected
porosity in grazed systems is observed for Harvest 2019, mainly in RGrS/RGrR-nt and
P4R-nt. Considering soil layers, there was a significant difference for the two 1st seasons, in
RFR-ct and RGrR-nt for Grazing 2018 and RGrR-nt, RGrS/RGrR-nt and P4R-nt for Harvest
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2019, where topsoil had a greater volume of connected pores. For Grazing 2019, there was
no significant difference between layers.
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there is no significant difference. Error bars represent the standard deviation, n = 3.

The pore connectivity index (Figure 4) varied among cropping systems only in the two
deepest soil layers. In the 0.06–0.12 m layer, RFR-ct showed a greater pore connectivity index
compared to RGrS/RGrR-nt and P4R-nt for Grazing 2018, while RGrR-nt did not differ
from others. For Harvest 2019 and Grazing 2019, the RFR-ct had a greater pore connectivity
index than RGrS/RGrR-nt; other cropping systems did not differ in the last two seasons.
In the 0.12–0.18 m layer, RGrR-nt exhibited higher connectivity than RGrS/RGrR-nt for
Grazing 2018, while RFR-ct and P4R-nt did not differ from others. For Harvest 2019, the
RFR-ct had a significantly higher pore connectivity index than RGrS/RGrR-nt, with no
significant differences observed among the other cropping systems, while all systems
behaved similarly in the last season (Grazing 2019). Regarding sampling seasons, there was
a significant difference only in topsoil and for RGrS/RGrR-nt and P4R-nt, where Harvest
2019 had higher pore connectivity than Grazing 2019, with Grazing 2018 not differing from
others. There was a tendency for pore connectivity to decrease with increasing depth.

The Γ indicator (Figure 5) showed no significant differences among cropping systems
at any layer or season. However, differences were observed among sampling seasons only
in topsoil, with a general reduction in Γ over time. Regarding soil layers, differences were
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observed in the 1st two seasons, where there is a tendency to reduce the Γ indicator from
the surface to the deeper layers, especially in cropping systems with animal grazing. In
Grazing 2019, there was no significant difference among soil layers.

Soil Syst. 2024, 8, x FOR PEER REVIEW 9  of  18 

The Г indicator (Figure 5) showed no significant differences among cropping systems

at any layer or season. However, differences were observed among sampling seasons only

in topsoil, with a general reduction in Г over time. Regarding soil layers, differences were 

observed in the 1st two seasons, where there is a tendency to reduce the Г indicator from 

the surface to the deeper layers, especially in cropping systems with animal grazing. In 

Grazing 2019, there was no significant difference among soil layers. 

Figure 5. Г indicator for Grazing 2018 (I), Harvest 2019 (II), and Grazing 2019 (III) for three layers 

in four management systems. Means followed by lowercase letters (comparing cropping systems), 

uppercase letters (comparing sampling seasons) and Greek letters (comparing soil layers) differ by 

the Bonferroni test (α = 0.05) and, when the letters do not appear, there is no significant difference.

Error bars represent the standard deviation, n = 3. 

4. Discussion

4.1. Hydraulic Conductivity and Air Permeability

Soil saturated hydraulic conductivity  (Ks) did not differ among cropping systems.

This outcome does not mean the cropping systems do not influence soil water movement. 

Although different management practices can produce similar results, it is important to 

consider  the  reasons behind  the variations  in  soil properties. The surface  layer  can be 

thought of as the “epidermis” of soil; therefore, it is the first to experience the impacts of 

management. For instance, animal trampling and tillage can degrade pore structure and 

reduce water flow in topsoil [44,45]. 

Soil Ks is strongly dependent on pore quantity and quality. In conventional tillage, 

pore continuity is frequently disrupted by tillage operations. Moreover, the breakdown of 

aggregates during plowing results in denser particle accommodation, leading to reduced

porosity in the short- to medium-term [46]. In grazed cropping systems, animal trampling

can cause soil compaction, especially in topsoil, due to the loads applied by animal hooves 

[10,47,48]. Trampling also shears the soil surface, disrupting pore continuity [49], which 

results in a laminar soil structure. 

Soil porosity, as affected by tillage, can be perceived by lower Ks in the topsoil of RFR-

ct.  Periodical  tillage causes  the  breakdown  of  pore  continuity,  hampering pore 

functioning. The  average Ks values  (9.66–60.26 mm  h−1)  observed in  the management 

system with soil tillage (RFR-ct) were much lower than the values (383 mm h−1) reported 

in other studies [50] in conventional  tillage systems in  lowlands under  similar climate 

conditions. Nevertheless, [50]  obtained much  lower Ks values  (1.8 mm  h−1) in  no-till 

systems,  compared  to  the  average  values  of  31.75–101.17 mm  h−1 observed here  for

integrated systems (RGrR-nt). Chiseling the soil in lowlands can temporarily increase Ks

Figure 5. Γ indicator for Grazing 2018 (I), Harvest 2019 (II), and Grazing 2019 (III) for three layers
in four management systems. Means followed by lowercase letters (comparing cropping systems),
uppercase letters (comparing sampling seasons) and Greek letters (comparing soil layers) differ by
the Bonferroni test (α = 0.05) and, when the letters do not appear, there is no significant difference.
Error bars represent the standard deviation, n = 3.

4. Discussion
4.1. Hydraulic Conductivity and Air Permeability

Soil saturated hydraulic conductivity (Ks) did not differ among cropping systems.
This outcome does not mean the cropping systems do not influence soil water movement.
Although different management practices can produce similar results, it is important to
consider the reasons behind the variations in soil properties. The surface layer can be
thought of as the “epidermis” of soil; therefore, it is the first to experience the impacts of
management. For instance, animal trampling and tillage can degrade pore structure and
reduce water flow in topsoil [44,45].

Soil Ks is strongly dependent on pore quantity and quality. In conventional tillage,
pore continuity is frequently disrupted by tillage operations. Moreover, the breakdown of
aggregates during plowing results in denser particle accommodation, leading to reduced
porosity in the short- to medium-term [46]. In grazed cropping systems, animal tram-
pling can cause soil compaction, especially in topsoil, due to the loads applied by animal
hooves [10,47,48]. Trampling also shears the soil surface, disrupting pore continuity [49],
which results in a laminar soil structure.

Soil porosity, as affected by tillage, can be perceived by lower Ks in the topsoil of RFR-
ct. Periodical tillage causes the breakdown of pore continuity, hampering pore functioning.
The average Ks values (9.66–60.26 mm h−1) observed in the management system with
soil tillage (RFR-ct) were much lower than the values (383 mm h−1) reported in other
studies [50] in conventional tillage systems in lowlands under similar climate conditions.
Nevertheless, [50] obtained much lower Ks values (1.8 mm h−1) in no-till systems, compared
to the average values of 31.75–101.17 mm h−1 observed here for integrated systems (RGrR-
nt). Chiseling the soil in lowlands can temporarily increase Ks and Ka values. However,
crops such as soybeans can still experience oxygen deficiency due to fluctuations in soil
water levels after rainfall events [50].

Trampling also alters pore structure by compression. Thus, Ks values were reduced
over time in topsoil RGrS/RGrR-nt and subsurface P4R-nt, indicating that both cropping
systems experience a more intense effect of animal trampling. RGrS/RGrR-nt was culti-
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vated with soybeans during the summer season, and this crop produces lower shoot and
root biomass. In addition, the chemical composition of organic material from a leguminous
crop, such as soybeans, has a lower C/N ratio than grasses, which accelerates leguminous
decomposition [51]. Soybeans also have axial root systems with larger diameter roots and
less capacity to develop in dense soils than grasses [52].

Since P4R-nt is continuously grazed, soil porosity is negatively affected by compaction,
leading to reduced conductivity. In grazed cropping systems, intense root development
when the soil is cultivated with forage can contribute to pore obstruction, decreasing the
available space for water and solute translocation [53]. Roots also contribute to particle
packing through wetting–drying cycles and the release of transient organic compounds into
the rhizosphere. Loam texture soils, such as in this study, tend to have a smaller volume of
macropores [54], where small changes in larger pores may reduce water conductivity. In our
study, the main change was for the continuous grazing and soybean system, which can be
mitigated with an adjustment and/or reduction in animal load in these cropping systems.

Cropping systems without overturning (inversion tillage) and with pasture introduc-
tion generally preserve soil structure with more continuous, connected porosity because of
the absence of soil tillage, cover management, and the contribution of organic material from
roots [23,55]. Although Ks did not vary among cropping systems, integrated systems are
considered superior to conventional monocropping and tilled soil in terms of sustainability
and productivity [1,2]. The absence of differences among cropping systems for a key soil
property, such as water flow, suggests that tillage did not improve soil structure compared
with grazed cropping systems, and thus tillage is not necessary.

Air permeability (Ka) is another important property when evaluating soil structural
quality. We determined Ka at different water potentials to explore the relationship of soil
water retention with gas movement, in addition to being a property closely linked to pore
connectivity [56,57]. For a matric potential of −1 kPa (wet soil), soil Ka is considerably
smaller than in drier soil because most pores are filled with water, thus reducing the free
space for air flow [12].

A possible negative effect of animal trampling is the reduction in air permeability over
time for continuous grazing P4R-nt for the −1 kPa water potential, since it is a management
that does not have great alteration throughout the seasons. Nevertheless, this significant
effect was observed for conditions of lower soil moisture or lower matrix potential, es-
pecially at −10 kPa water potential, which is frequently referred to as field capacity [58]
and aeration capacity. We highlight that lowland soils are essentially hydromorphic with
impaired drainage [59], which possibly contributes to soil saturation rather than to field
capacity conditions.

Despite having similarities in management, grazed cropping systems differ in porous
system functionality. Integrated crop–livestock systems can result in topsoil compaction,
reduction in pore space, and, consequently, hamper pore functionality. Strategies to mitigate
the harmful effects of animal trampling include stocking control [4,60], the cultivation of
forage with high shoot-root biomass production to absorb and dissipate pressure applied
by grazing animals [61], and the reduction of animal walking during grazing [62]. In our
study, all the tested cropping systems had the same animal stocking during the winter
season, but P4R-nt is grazed continuously in winter and summer. Thus, load accumulation
affects porosity regardless of vegetation cover [48].

The cropping systems cultivated only with grass species have greater resistance to
compaction because of their high biomass production and residues rich in recalcitrant
compounds, with slow decomposition and the intense development of fine roots. Roots are
an important soil structuring factor, as they generate pore spaces after decomposition and
reduce compaction by creating biopores [55,63]. The production of root exudates influences
positively edaphic biota [64], and roots from annual crops that develop in one season are
decomposed in the next season, leaving highly connected voids capable of assisting in gas
movement [21,25] that serve as a path for new root growth [65].
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Even the no-tilled soil with animal trampling maintained its ability to conduct air,
which demonstrates that grazing was not a detrimental factor to topsoil and subsurface soil
structure. Loads applied to topsoil by trampling in grazed cropping systems are minimally
transmitted in depth because of the attenuation/dissipation generated by organic material
on the soil surface [61,66]. This leads to less disturbance in topsoil, as the magnitude of
applied loads is the main factor responsible for load transmission to deeper soil layers [67].
Hence, soil cover is as important as soil organic matter for soil resistance to compaction,
especially in sandy-textured soils [68]. In addition, soil organic matter is essential for soil
recovery after stress, as organic matter increases soil elasticity [9,69].

Even in tilled soil, there is little disturbance in the subsurface, where soil benefits from
organic material incorporated during tillage inversion [70]. Less disturbance in depth is
also evident for soil water fluxes, where cropping systems had slightly higher values in
deeper layers, with less influence from trampling and inversion tillage. Deeper soil layers
are more protected from the negative effects of management, but are also farther away from
positive effects, e.g., RGrR-nt, which had the highest Ks in the topsoil 2019 harvest. This
behavior possibly results from higher root concentration in rice crops [71] and is driven by
the lower natural porosity of loam-texture soils [54].

4.2. Soil Pore Connectivity and Continuity

Water and air permeability in this study exhibit diverse behaviors among soil proper-
ties that express structural quality represented by pore continuity and connectivity. The
complexity of soil functionality properties allows for the use of different strategies to evalu-
ate pore–function dynamics. Computed tomography (CT) enables studying the effect of
particle arrangement on soil functionality [11,15].

Since soil functionality depends on pore connectivity, porosity separation by volume
is an important strategy used in tomography tests [72]. Pore branching and connectivity
increase with pore volume. Based on this assumption, we defined connected soil porosity
(Cp) as all pores exceeding 1-mm3 volume. Our study reveals a more continuous pore
system in topsoil, with Cp reducing with soil depth and varying little among cropping
systems. Root development in topsoil and crop residue cycling are important factors in soil
structuring and pore connectivity [45,73]. Soil disturbance can also generate large pores
through decompaction and organic material incorporation [70]; however, these pores are
predominantly discontinuous.

The connectivity index (Ci) expresses how much of the resolved porosity from CT
analysis is connected porosity. Ci decreased with soil depth. The RFR-ct and RGrR-
nt cropping systems had greater and similar Ci values in all layers, despite significant
differences in management. Similar behavior in conventional tilled and grazed systems
is unexpected, as plowing tends to break soil structure and disrupt porous space [18].
However, a large pore may not necessarily be continuous; it could be a hole or crack,
commonly observed in soils tilled with agricultural machinery. The volume alone does not
indicate connectivity.

The shape and complexity of pores indicate the porosity dynamics. Cropping systems
in which soil is constantly tilled by plowing do not benefit soil structure due to the frequent
aggregate breakdown and disruption of the pore network. Thus, soil under conventional
tillage has many spherical, poorly branched pores that, even with a large volume, contribute
little to flow dynamics within the soil [47]. Therefore, similar results may not indicate
similar physical conditions, and CT allows for the visualization and determination of soil
structural quality.

In addition to volume and shape, the probability of occurrence of connected pores in
soil can be defined by the Γ indicator (global connectivity), another important parameter
used in CT [41,42]. In agreement with the previously discussed parameters, the highest
concentration of continuous pores occurs in topsoil. Grazed cropping systems can reduce
continuous pores in deeper layers by obstructing pores via the root growth of summer
crops and forage species [53,74]. Conversely, in conventional tillage (RFR-ct), residues are
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fragmented and incorporated into deeper soil layers; consequently, the connected porosity
of tilled soil is closely linked to the incorporated residues. Therefore, interconnected
porosity is not necessarily the result of a complex process of soil structuring [75].

The CT analysis provided several parameters related to pore continuity and function-
ality. However, no significant correlation was observed between these parameters, contrary
to many studies [8]. Nevertheless, most of these studies were conducted in highland soils
with a strong structure [76,77]. In our study, image resolution (approximately 40 µm)
allowed for the determination of macro- and mesopores. These pore classes are considered
the most important for water and air movement in soil [16,78]. This indicates the distinct
behavior of the clay-textured soil in our study.

Smaller-diameter pores (micropores) predominate in loam-textured soils [79] like
the soil in this study. Furthermore, these soils exhibit lower aggregate stability, largely
due to their sandy granulometry [80]. Soils with less aggregation usually have higher
interconnected porosity, although they are more tortuous, and have more free space for
flow [17,75]. In saturated soil, water flows through the entire pore space and is favored by
large and continuous pores. Although loam texture soils facilitate water movement through
smaller pores, this does not mean that cover crop management and conservation cropping
systems do not improve structural quality. This soil requires management that provides
the addition of organic matter and increases aggregate stability, with improvements in the
porous system [81].

Soil Ka has a closer relationship with macroporosity, as the movement of gasses in soil
depends on connected and drained pores [11,57]. For this reason, the no-tillage cropping
systems with intense root production stood out with a reduction in soil water content, as
these systems had long, continuous pores. Pore structure is quite complex, and the software
was unable to differentiate a pore from a crack. Further, pore orientation is another major
factor since a connected pore can be transverse to flow, thereby increasing the flow path.
Therefore, 3D images are useful for assessing such differences and establishing relationships
with soil functionality.

4.3. Qualitative Image Analysis

Several complexities can be only perceived when images are analyzed qualitatively.
In Figure 6, images extracted from topsoil for Grazing 2019 are displayed (six years and
six months after the experiment implementation), where a greater effect of management
was expected. Differences in porosity structure are noticeable. The cropping system with
inversion tillage (Figure 6A), as previously mentioned, has large, poorly connected pores,
such as cavities related to tillage [73].

Grazed cropping systems have connected porosity linked to root growth and de-
composition. The P4R-nt (Figure 6D) was the most distinguished grazed system, showing
connected pores with greater diameter possibly due to biological activity and absence of soil
tillage. A large volume of transversely arranged pores in topsoil results from intense animal
trampling, as soils with sandy topsoil have low shear strength. Transversely arranged pores
are not pedogenic pores but rather cracks that hardly fulfill the environmental function
of structured pores formed by biological processes. Furthermore, transverse cracks are as
harmful to water and air flow as soil compaction itself, by interrupting pore continuity [49];
therefore, Ka for this cropping system was close to the values for tilled soil.

The RGrR-nt and RGrS/RGrR-nt (Figures 6B and 6C, respectively) have an even more
subtle difference, namely that both have fine, abundant pores. However, RGrR-nt has
longer, straighter pores connecting extremities in the sample. As mentioned above, the
orientation of the pore network plays an important role in pore functionality [11]. In
contrast, the RGrS/RGrR-nt has more tortuous pores and, similarly to P4R-nt, has a higher
concentration of transverse pores in topsoil, showing a negative effect of animal trampling
and a greater susceptibility to compaction in this cropping system. The RGrR-nt benefits
from the intense development of grasses both in summer and winter, protecting the soil
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from harmful effects of trampling, and improving porosity structure by fine penetrating
roots, which positively influence fluid flows in soil, mainly for air [23,55].
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After relatively few years of implementing integrated crop–livestock systems in low-
lands, differences in soil pore structure were already evident among the different manage-
ments. However, no significant effects on soil flow properties were observed. Therefore, it
is still necessary to evaluate the soil structure after more rotation cycles for a better under-
standing of the long-term impacts of integrated crop–livestock systems on the dynamics
between the soil’s porous system and air and water flow processes in lowlands.

5. Conclusions

In lowlands, the semi-direct system with soil tillage did not differ from the cropping
systems with livestock grazing regarding air and water flow through the soil. Soil tillage
did not improve water and air permeability, and thus tillage is not required to reduce



Soil Syst. 2024, 8, 111 14 of 17

soil compaction and enhance pore functioning. However, different grazing and soil cover
configurations affect the soil structure and functionality.

Integrated agricultural cropping systems with a predominance of grasses (rice–ryegrass)
improve soil structure, and mitigate the harmful effects of trampling, by increasing pore
connectivity and functionality. Cropping systems with soybean cultivation or continuous
grazing in winter and summer were detrimental to soil porosity, reducing soil permeability.

Pore connectivity parameters generated by X-ray computer tomography were less
efficient for comparing cropping systems, mainly because tillage and organic material
incorporation in semi-direct tillage increase pore volume and connectivity. A qualitative
assessment of three-dimensional images revealed soil disturbance creates rounded, less
continuous pores. For pore connectivity to express functionality, pores must be connected
and continuous.

Grazed cropping systems with intense biological activity formed connected, elongated,
continuous pores. A pore orientation positioned longitudinally to the flow increased soil
capacity to conduct air. Nonetheless, continued grazing or reduced surface cover can
disrupt pore continuity due to surface shearing by animal trampling.
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