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Abstract

Soil water retention and availability are influenced by intrinsic soil properties, management
practices, and climate regimes. This study aimed to evaluate water retention and availabil-
ity in an Ultisol under different integrated production systems in the Brazilian Cerrado.
The systems analyzed included Crop-Livestock Integration (CLI), Livestock—Forest Inte-
gration (LFI), Crop—Forest Integration (CFI), no-tillage (NT) and native Cerrado vegetation
(NV). Disturbed samples were collected for physical and chemical characterization, while
undisturbed samples were used to determine water retention curves at depths of 0.00-0.10,
0.10-0.20, and 0.20-0.40 m. From these curves, water availability, pore-size distribution,
differential log-pore-radius curves, most frequent pore radius, and relative hydraulic con-
ductivity were estimated using the Mualem—van Genuchten model. Confidence intervals
were used to evaluate differences between retention curves. The CLI system showed lower
water content at saturation (14-30%) and field capacity (10-20%) compared to CFI, LFI, and
NT. The NT system exhibited higher water availability across all layers (28, 48, and 46%,
respectively) than CLI. Alterations in pore structure, likely due to the short integration
period and monoculture history in CLI, resulted in lower water retention. Conversely, CFI,
LFI, and NT showed higher retention and availability, attributed to higher organic matter
content and more stable structural pores. Integrated production and no-tillage systems,
especially when adopted long-term, enhance soil water retention and availability in the
Brazilian Cerrado.

Keywords: soil physical-hydraulic properties; water retention curve; regenerative agriculture;
Cerrado biome; climate change

1. Introduction

Brazilian agricultural production, particularly grain production, is highly dependent
on rainfall [1]. However, deforestation and land-use change have disrupted fundamental
processes of the hydrological cycle by altering the surface energy balance and soil hy-
drological functioning, leading to climatic irregularities at different spatial and temporal
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scales [2—4]. These effects have become increasingly evident in recent decades, especially
in areas undergoing intense agricultural expansion, such as the agricultural frontier in
Brazil that encompasses parts of the states of Maranhao, Tocantins, Piaui, and Bahia, col-
lectively known as Matopiba, where consistent signs of reduced precipitation and rising
temperatures have already been reported [5,6]. In addition, soil degradation associated
with land-use change and inadequate management reduces infiltration capacity, increases
surface runoff, and decreases groundwater recharge, thereby exacerbating water insecurity
for agricultural production [7-9].

In the Cerrado region of eastern Maranhdao, within the context of agricultural ex-
pansion in Matopiba, typical dystrocohesive Yellow Argisols (Argissolos Amarelos Dis-
trocoesos; Ultisols) predominate. These soils are sandy, structurally fragile, and highly
susceptible to degradation when subjected to intensive land-use systems. This vulnerability
arises primarily from the combined effects of low water retention capacity, low organic mat-
ter content, and the presence of cohesive horizons, which together accelerate degradation
processes and reduce productive capacity [10].

Within this framework, integrated production systems—based on the synergistic
combination of agricultural, livestock, and forest components—have been recognized as
a sustainable technological innovation, promoting the restoration of degraded soils, in-
creasing water availability to plants, and reducing the risk of yield losses [11-15]. The
adoption of this approach, widely known as the Integrated Crop-Livestock—Forest (ICLF)
system, is based on the temporal and spatial interaction among annual crops, pastures,
and tree components and has yielded positive outcomes in other regions of Brazil [16-20].
This diversified agroecosystem promotes beneficial effects on the physical, chemical, and
biological properties of the soil, contributing to soil health, ecological functionality, and
the sustainability of agricultural systems [6,21-24]. Owing to these combined benefits, the
ICLF system has been recognized as a regenerative agriculture practice—a systemic ap-
proach focused on restoring natural resources, strengthening biodiversity, and continuously
improving soil quality [17,19,20].

From a physical-hydraulic perspective, ICLF systems are promoted as an alternative
for increasing resilience to drought and water insecurity, as they enhance soil structure
and water storage [19,25,26]. These systems increase infiltration and plant-available water
capacity, thereby mitigating the effects of water stress, even during prolonged dry pe-
riods [22,27-29]. In the sandy and cohesive soils of the eastern Maranhao Cerrado, the
adoption of such systems has been more effective in improving the soil physical-hydraulic
quality than exclusive no-tillage systems, resulting in greater water retention and availabil-
ity and often reaching values close to those observed under native vegetation [10]. This
structural effect is further reinforced by the accumulation of organic matter derived from
crop diversity, which improves soil porosity [10,30].

The soil water retention curve (SWRC) describes the relationship between matric po-
tential and soil water content and is an essential soil property for the prediction of physical
attributes, soil management, and hydrological modeling [31]. The shape of the retention
curve reflects pore-size distribution, enables inferences about soil microstructure—such as
the S index—and supports the derivation of hydraulic indicators, including field capacity,
permanent wilting point, plant-available water capacity, air-filled porosity, and the least
limiting water range [15,31]. These indicators integrate the relationships among water
retention, aeration, and mechanical resistance, providing a functional assessment of soil
physical quality. Furthermore, the water retention curve supports the modeling of water
movement, infiltration, and water availability, with its parameters being used in hydrologi-
cal model calibration, the development of pedotransfer functions, and the evaluation of
the impacts of different management systems on soil structure and functioning [6,30,32].
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Thus, the SWRC constitutes a central link among soil structure, hydrological dynamics,
management practices, and soil resilience to climatic stress [33].

However, few studies in the Matopiba region—particularly in the eastern Maranhao
Cerrado—have evaluated how integrated systems contribute to soil water retention and
availability from a perspective that explicitly accounts for climate change and rainfall
irregularity, which is fundamental for productive sustainability. Therefore, this study
aimed to evaluate soil water retention and availability in an Ultisol under integrated
production systems in the Matopiba region of the Brazilian Cerrado.

2. Materials and Methods
2.1. Study Area and Management Systems

The study was conducted at Barbosa Farm (2°50" S, 42°29' W; altitude 120 m), located
in the municipality of Brejo, eastern Maranhao, Northeast Brazil. The farm comprises
several productive activities, with emphasis on annual crops (950 ha) and beef cattle
production (100 ha). Native vegetation corresponds to the Cerrado biome, with gently
undulating to undulating relief. The climate is classified as Aw (Koppen—Geiger), indicating
a tropical hot and humid climate, with mean annual temperature and precipitation of 27 °C
and 1835 mm, respectively. The predominant soil is a typical dystrocohesive Yellow Argisol
(Argissolo Amarelo distrocoeso tipico [34]), equivalent to an Ultisol according to the Soil
Taxonomy system [35].

Four management systems were evaluated—three integrated systems and one sim-
plified monoculture system—in addition to an area under native vegetation: (1) Crop—
Livestock Integration (CLI) under a soybean—Brachiaria intercropping system (Brachiaria
brizantha cv. Marandu); (2) Livestock—Forest Integration (LFI); (3) Crop-Forest Integration
(CFI); (4) no-tillage system (NT) under soybean (Glycine max); and (5) native Cerrado
vegetation (NV) (Figure 1).

PD system

® Barbosa farm
B8 Maranhdo state
Cerrado biome

2,000 3.000 km ’
+ Brazil

4 CLI system‘\h LFI system

Figure 1. Location and land-use systems evaluated in the Maranhao state, Cerrado biome, Brazil.
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The CLI area was cleared in 2003, with intensive soil disturbance (plowing and harrow-
ing). Soybean cultivation began in 2004 and continued until 2021. At the end of 2021, the
Crop-Livestock Integration system was implemented under a maize—Brachiaria intercrop-
ping system, with the introduction of cattle at a stocking rate of 0.7 animal units per hectare
during the off-season. In 2024, soybean was cultivated under no-tillage management, and
crop residues were incorporated into the soil after harvest.

The LFI area was cleared in 2004. In the following year, upland rice was cultivated
and maintained until 2010. In 2011, Brachiaria was intercropped with maize, and cattle
grazing was introduced after maize harvest. From 2021 onward, the Livestock—Forest
Integration system was established using a consortium of eucalyptus (Eucalyptus globulus)
and Mombaga grass (Panicum maximum), with a stocking rate of 0.7 animal units per hectare.

The CFI area was cleared up in 2004 and subsequently cultivated with upland rice.
Between 2006 and 2010, soybean was grown under a monoculture system, and from
2011 onward, Urochloa brizantha cv. Marandu was intercropped with maize, with cattle
grazing after maize harvest. Until 2017, successive soybean/millet cropping was practiced,
followed by the establishment of eucalyptus tree rows in the same year. In February 2017,
maize—forage intercropping was implemented between the eucalyptus rows. From 2018 to
2021, soybeans were cultivated between the eucalyptus rows, with soybean as the main
crop and millet as the off-season cover crop. In 2023, peanuts (Arachis hypogaea L.) were
cultivated between the eucalyptus rows.

The NT area was cleared in 2003 and initially managed under mechanized agriculture
with conventional tillage, intensive soil disturbance, and the application of soil amendments
and fertilizers. In the following year, soil conservation practices were adopted, including
reduced tillage and soybean planting. In 2005, the no-tillage system was established and
has been maintained to the present day under a soybean/millet succession system.

The NV area corresponds to native Cerrado vegetation, with sporadic fire occurrences
during the dry season, which influence vegetation dynamics and local biodiversity.

2.2. Soil Sampling and Characterization

In each management system, disturbed soil samples were randomly collected, total-
ing five composite samples (each composed of three individual subsamples) at depths
of 0.00-0.10, 0.10-0.20, and 0.20-0.40 m. These samples were used for chemical charac-
terization, particle-size analysis, and quantification of soil organic carbon stocks (SOCS)
(Tables 1 and 2).

Table 1. Chemical characterization (means + standard deviations) of a typical dystrocohesive Yel-
low Argisol (Ultisol) under different management systems in the Cerrado of Maranhao, Brazil
(0.0-0.40 m).

pH P K* Na* Ca?t Mg At SOM

5;2(1 H,0 kg - m—3 mmolc - kg1 g kg1
0.0-0.10 m

CFl 57 +£0.18 0.028 +£0.007 048 +0.161 0.102 £0.058 139 +254 59 £211 0.7 £05 299 =838
CLI 64 +028 0.070 £0.023 091 =£0.24 0.099 £+0.023 95 +£1.63 5.0 £0.79 0.0 £0.1 26.0 +£8.8
LFI 63 £0.39 0.009 £0.004 317 =£1.12 0.186 +0.068 20.6 +4.45 73 +£1.87 03 £05 435 =£6.0
NV 53 £025 0.003 £0.001 0.39 +0.136 0238 £0.103 6.4 £2.29 37 £1.02 62 £33 287 £53
NT 54 £022 0.029 +£0.009 049 +£0.102 0.019 £0.011 69 £2.5 3.1 £0.68 33 +£3 29.6 £4.25
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Table 1. Cont.

pH P K* Na* Ca?* Mg2* AP SOM
H,0 kg -m3 mmolc - kg1 g kg1
0.10-0.20 m

CFI 55 +£015 0.020 £0.009 0.37 +0.053 0.084 £0.017 10.5 +2.05 4.7 =1 21 09 278 £82
CLI 59 £026 0.044 £0.013 0.53 £0.131 0.057 +£0.007 9.2 +1.7 4.0 £06 10 +0.7 187 +£6.2
LFI 61 =+£02 0.006 £0.003 2.56 £0.979 0.154 +0.055 17.1 +4.5 6.6 £1.35 05 £04 363 +4.2
NV 51 401 0.002 £0.0005 0.25 =£0.07 0.184 £0.067 3.6 +£0.87 27 £052 85 £1.8 262 £3.7
NT 54 +£02 0.029 £0.009 049 +£0.102 0.019 +£0.011 69 £25 31 £0.7 33 =£3 26.5 +3.24

0.20-0.40 m

CFI 53 +0.15 0.006 £0.004 0.31 +0.08 0.118 +0.108 44 +0.76 3.0 £05 80 +19 223 +04
CLI 53 =£020 0.027 +£0.008 046 +0.15 0.054 £0.036 51 +1.8 29 +£03 43 £1.7 153 +45
LFI 55 £0.19 0.005 +£0.003 0.76 =+£0.51 0.079 £0.091 99 +£37 46 £13 44 £31 346 +23
NV 51 +0.18 0.001 £0.0004 021 +0.16 0.191 +£0.12 2.7 +0.84 23 +0.6 77 £13 244 £33
NT 52 =£016 0.014 +0.009 044 +£0.13 0.020 £0.004 4.1 £245 26 =06 6.1 +24 212 +08

* CFI—Crop-Forest Integration; CLI—Crop-Livestock Integration; LFI—Livestock-Forest integration; NV—native

vegetation; NT—no-till farming system. Legend: pH—hydrogen potential; P—phosphorus; K+—potassium;
Na*—sodium; Ca?*—calcium; Mg2+—magnesium; AP*—aluminum; SOM—soil organic matter.

Land
Use *

Table 2. Physical characterization and total organic carbon of a typical dystrocohesive Yellow Argisol
(Ultisol) under different management systems in the Cerrado of Maranhao, Brazil.

Land  Sand  Clay Silt TOC Bd SCS
Use * — g kgl — dag - kg1 kg - m—3 Mg - ha-1
0-0.10m
CFI 722 148 130 1.59 +0.47 1.62 +0.47 24.50 +8.5
CLI 734 153 113 1.20 +0.41 1.72 +0.41 21.70 +7
LFI 669 198 133 2.02 +0.28 1.57 +0.28 32.70 +3.59
NV 701 150 149 1.57 +0.22 1.62 +0.22 24.20 +3.12
NT 744 156 100 1.52 +0.28 1.61 +0.28 22.80 +2.59
0.10-0.20 m
CFI 712 178 110 1.47 +0.44 1.72 +0.08 23.50 +6.62
CLI 697 194 109 0.87 +0.29 1.83 +0.04 16.70 +5.71
LFI 669 204 127 1.68 +0.19 1.68 +0.08 29.10 +3.51
NV 639 189 172 1.41 +0.17 1.55 +0.17 21.60 +4.14
NT 680 186 134 1.39 +0.2 1.69 +0.08 23.50 +3.21
0.20-0.40 m

CFI 672 218 110 1.18 £0.02 1.72 +0.03 40.60 +1.91
CLI 686 238 76 0.71 +0.21 1.85 £0.08 25.50 +6.12
LFI 655 254 91 1.60 +0.11 1.50 +0.07 48.40 +5.64
NV 711 222 67 1.12 +0.04 1.55 +0.13 33.10 +4.34
NT 711 189 100 1.29 +0.17 1.60 +0.22 45.10 +6.58

* CFI—Crop—Forest Integration; CLI—Crop-Livestock Integration; LFI—Livestock—Forest integration; NV—native
vegetation; NT—no-till farming system. Legend: TOC—soil organic carbon; Bd—soil bulk density; SCS—soil
carbon stock.

For the determination of soil water retention curves, undisturbed soil samples were
collected using volumetric rings with a volume of 98.17 cm3, extracted with the aid of a
“castelinho”-type auger. Mini-trenches were opened at four randomly selected points within
each management system, and samples were collected at depths of 0.00-0.10, 0.10-0.20,
and 0.20-0.40 m (Figure 2).

https://doi.org/10.3390/1and 15030360


https://doi.org/10.3390/land15030360

Land 2026, 15, 360

6 of 22

Figure 2. Sampling scheme for undisturbed soil samples (red points indicate the sampling sequence);
soil layers, instruments, and sampling procedure; tension table and Richards pressure chamber used
to determine the soil water retention curve.

2.3. Determination of Water Retention Curves

Soil water retention curves were determined using tension tables and Richards pres-
sure chambers. The matric potentials applied on the tension tables were 0.5, 2, 4, 6, and
10 kPa, whereas pressures of 500 and 1500 kPa were applied in the pressure chambers.

The samples were saturated with distilled water for 24 h and subsequently placed on
the tension tables and in the pressure chambers, where suction (on the tension tables) or air
pressure (in the chambers) corresponding to the target matric potential was applied. This
procedure promoted drainage of the soil solution from the samples until equilibrium was
reached, that is, when water flow ceased and the matric potential equilibrated the applied
suction (/) or air pressure (P). Once equilibrium was attained on the tension tables and
in the pressure chambers, the samples were weighed on an analytical balance with 0.01 g
precision to obtain the wet mass (MU). Subsequently, the samples were oven-dried in a
forced-air circulation oven at 105 °C for 48 h. After drying, the samples were weighed
again to determine the dry mass (MS). Based on these measurements, soil bulk density
(Bd) (Equation (1)) and gravimetric (U) and volumetric () water contents were calculated
according to Equations (2) and (3), respectively.

Bd=MS/V (Kg - m3) (1)
U= (MU — MS)/MS (Kg - Kg 1) )
8 = (U.Bd)/1000 (m® - m™3), (3)

where V is the volume of the soil core cylinder (m®) and 1000 is the density of water
(kg - m~3). The data were fitted to the model proposed by van Genuchten [36], Equation (4):

0=0r+((6s —0r)/ (1 + (- | dm|"n))"m)), 4)
where 7 and 0s (m® - m~3) are the residual and saturated water contents, respectively; ¢m

is the soil water matric potential (tension); and «, n, and m are fitting parameters of the
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equation. The parameters a and n define the shape of the curve, where « is the inverse of
the air-entry potential (kPa~!), 1 represents the influence of pore-size distribution on the
slope of the soil water retention curve, and m depends on the value of n (m =1 — 1/n).

The fitting of the data to Equation (4) was performed using the TableCurve 2D Version
5.01 software. To evaluate differences among the water retention curves across management
systems and soil layers, 95% confidence intervals were plotted. Curves were considered
similar when their confidence bands overlapped; in the absence of overlap, the curves were
considered statistically distinct.

2.4. Field Capacity, Permanent Wilting Point, and Soil Available Water (AW)

Saturated water content (8s) was obtained from the mass of the sample prior to the
application of suction on the tension table or air pressure in the pressure chambers. At
this stage, the entire pore volume of the sample was filled with water; therefore, this water
content was considered equivalent to the total porosity (TP) of the sample. Field capacity
(0fc) and the permanent wilting point (pwp) were defined as the water contents retained
at matric potentials of 10 kPa and 1500 kPa, respectively. Soil available water (AW) was
calculated as the difference between 60fc and 8pwp, according to Equation (5):

AW = 0fc — Bpwp (m® - m™3) (5)

The mean values of 0s, 0fc, Opwp, and AW were subjected to analysis of variance
(ANOVA) to assess differences among soil layers within each management system. The
application of ANOVA considered data normality (Shapiro-Wilk test, p > 0.05) and homo-
geneity of variances (Levene’s test, p > 0.05). When statistical significance was detected
(p < 0.05), means were compared using Tukey’s test at the 5% probability level.

2.5. Pore-Size Distribution

Soil pore-size distribution was determined based on the fitted soil water retention
curves, using capillarity theory as a basis [37]. According to this theory, the soil solution-air
interfaces within pores are characterized by their curvature radius (R). Thus, the soil water
matric potential can be related to the equivalent pore radius (r) (Equations (6) and (7)):

®m =h =20cosx/dgogr (energy/weight = m) (6)

and
®dm =P =20cosx/r (energy/solution volume = Pa), (7)

where ¢m is the matric potential; / is the height set on the tension table; P is the air pressure
applied in the pressure chamber; o (0.07275 N m~!) is the surface tension of the soil solution
at 25 °C; a is the angle formed between the tangent line at the triple contact point (pore-air—
water) and the pore wall; g is the acceleration due to gravity; and d;, is the density of the
soil solution.

Based on these relationships, soil pore-size distribution was obtained considering
the following limits [38]: pores with radii smaller than 15 pm (equivalent to 3 kPa) were
classified as micropores; those with radii between 15 and 50 um (between 3 and 10 kPa) as
mesopores; and pores with radii larger than 50 pm as macropores.

By differentiating the soil water retention curve for each management system and soil
layer, the cumulative frequency of pore radius on a logarithmic scale was obtained. For
this purpose, Equation (4) was rearranged so that the function became 6(r) (Equation (8),
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with R =7 or cos & = 1), and subsequently differentiated (Equation (10)) to obtain the most
frequent pore radius (Rmax), according to Equation (11) [39]:

0=0+((6s — 0r)/(1 + (A/r)"n)"m)) (8)

A =20u10° ©)

dé/dlogr=(0s —6r) - m-n-A™mn-r"—n- (1 +Anr"—n)'m-1 (10)
Rmax = (A(1/m))*(—1/n) (11)

The frequency curves of pore radius per logarithmic interval of r, obtained by the
differentiation of the fitted soil water retention equations, represent the soil pore-size
distribution by indicating the number of pores within each size class and enabling the
identification of predominant pore classes. The peaks of these curves correspond to the
most frequent pore sizes (Rmax), whereas the position and shape of the distribution reflect
soil structure. Curves concentrated at higher log(r) values indicate a predominance of
macropores, which are associated with greater drainage capacity. In contrast, curves shifted
toward lower values indicate a predominance of micropores, which are associated with
higher water retention. Therefore, the analysis of these frequency curves enables a better
understanding of soil hydrological behavior and water storage capacity.

2.6. Relative Soil Hydraulic Conductivity (Kr)

Relative soil hydraulic conductivity (Kr) was derived from the soil water reten-
tion curve using the Mualem-van Genuchten mathematical model (Equation 12). Van
Genuchten [36] employed Equation (4) to fit the water retention curve and, based on this
formulation, obtained an analytical solution of the relative hydraulic conductivity expres-
sion developed by Mualem [40], assuming the dependency m =1 — 1/n between the fitted
parameters of the equation:

Kr = (Se’l)(1 — (1 — (Se’(1/m))"m))"2 (12)

Se = (6(dm) — Or)/(6s — Or), (13)

where 6 is the volumetric water content (m> - m—3) at a given matric potential (¢m); Or
and s are the residual and saturated water contents, respectively (m? - m™3); and lis an
empirical parameter related to pore connectivity, fixed by Mualem [40] at 0.5.

3. Results
3.1. Soil Water Retention Curves

The soil water retention curves determined for the CFI, CLL, LFI, NV, and NT systems at
soil depths of 0.00-0.10 m (Figure 3A), 0.10-0.20 m (Figure 3B), and 0.20-0.40 m (Figure 3C)
show shaded bands representing the 95% confidence intervals. These confidence bands
allowed the curves to be statistically distinct when no overlap occurred or statistically
similar when overlap occurred. The fitted parameters of the curves are presented in Table 3.
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Figure 3. Soil water retention curves and confidence intervals (shades of the same color as the
curve) for the following systems: CFI—Crop—-Forest Integration; CLI—Crop-Livestock Integration;
LFI—Livestock-Forest Integration; NV—native vegetation; NT—no-till farming system.
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Table 3. Fitted parameters, +standard error (confidence intervals 95%), of the soil water reten-
tion‘curves.

Fitted CFI CLI LFI NV NT
Parameters * 0-0.10 m

0, (m® - m=3) 015 £0053(0.02) 0.11 £031(0.02) 013 £021(0.02) 021 =£0.33(0.04) 0.14 =0.42(0.02)
0s(m3-m=3) 041 +0.036(0.15) 031 +0.01(0.08) 04 +0.04(0.12) 045 =+0.13(0.55) 038 =0.05(0.22)
a(kPa~l) 116 £1.6(653) 039 £07(0.75 173 £3.02(34) 62  431.6(124) 245 +7.56 (4.8)
n 128 +02(0.83) 116 +028(1.14) 114 +0.14(057) 1.09 =+0.13(056) 1.09 =+0.17(0.72)

R2 091 0.9 0.95 0.95 0.92

0.10-0.20 m

6, (m3-m=3) 019 +095(0.08) 017 +0.18(0.02) 023 =40.006(0.03) 0.18 =0.006(0.03) 0.13 =0.009 (0.28)
fs(m3-m=3) 031 +0.012(0.07) 033 +0.09(0.39) 039 +0.03(0.11) 036 =+0.01(0.04) 045 =+0.04(0.16)
a(kPa~l) 001 =£0.06(024) 233 +£108(46) 144 +123(2.88) 037 £0.11(046) 078 =+1.12(1.56)
n 11  +385(15.85) 117 +032(1.3) 156 +0.18(078) 1.86 =+024(1.01) 129 =+0.27(1.13)

R? 0.61 0.77 0.92 0.93 0.87

0.20-0.40 m

6, (m3 m3) 016 4021(0.06) 0.14 +0023(0.09 015 +0.05(02) 014 =£0.011(0.02) 0.5 =£0.15(0.04)

0 (m3-m=3) 039 +0.018(0.08) 039 +0.02(0.07) 042 +0.05(02) 038 =+0.024(0.10) 047 =+0.12(0.5)

a(kPa~l) 168 £1.96(3.36) 098 +£0.67(1.96) 245 +435(49) 083 +048(1.67) 444 +148(8.9)
n 11 +0.087(036) 131 +0.12(0.05) 122 4013(055 1.63 +021(027) 113 =+0.12(0.53)
R2 0.98 0.97 0.95 091 0.95

* fs—saturated water content; Or—residual water content; a and n—parameters of the equation; R>—coefficient of
determination; CFI—Crop-Forest Integration; CLI—Crop-Livestock Integration; LFI—Livestock—Forest integra-
tion; NV—native vegetation; NT—no-till farming system.

The soil water retention curves obtained for the CFI, LF], and NT systems in the
0.00-0.10 m layer did not differ from each other over most of their extent (Figure 3A).
The NV and CLI curves did not show an overlap of confidence intervals with the others;
however, while NV retained higher water contents at all applied matric potentials, CLI
exhibited lower water contents, with a gradient of approximately 0.10 m?® - m~3 relative
to NV. At higher matric suctions (500 and 1500 kPa), the curves showed distinct behavior,
with water retention decreasing in the following order: NV > NT and CFI > LFI > CLIL
This demonstrates the influence of the evaluated systems on water retention under drier
soil conditions.

In the 0.10-0.20 m layer (Figure 3B), up to a matric potential of 10 kPa, the NT
retention curve differed from the others, showing the highest saturated water content
(6s = 0.45 m3 - m~3) among all systems. Subsequently, the NV, LFI, and CFI curves were
similar to each other (6s values of 0.36, 0.39, and 0.35 m® m~3, respectively), whereas
CLI showed the lowest water contents in the initial portion of the retention curve
(0s =0.33 m3 - m~3). From a matric potential of 100 kPa onward, a range in which wa-
ter retention becomes primarily controlled by soil texture, the LFI system exhibited higher
water contents. At higher matric potentials, the NT and NV curves overlapped, while CFI
and CLI showed lower water contents. In the 0.20-0.40 m layer (Figure 3C), the NT, LFI,
and CFl systems differed from CLI and NV, with the former retaining higher water contents
at all matric potentials.

Soil water retention curves varied across the analyzed soil layers for each land-use
system, highlighting distinct hydraulic behaviors throughout the profile. Native vegetation
(NV) exhibited higher water content in the surface layer (0.00-0.10 m) compared to the
other systems. However, in the deeper layers, water retention in NV was lower than that
observed in NT and LFI at 0.10-0.20 m, and lower than NT, CFI, and LFI at 0.20-0.40 m.
The higher retention of NV in the surface layer is associated with continuous litter in-
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put, which provides soil protection, enhances biological activity, and promotes structural
improvements consolidated by the absence of anthropogenic intervention.

The evaluated soils exhibit a cohesive character, with naturally dense subsurface layers.
This condition, combined with the sandy texture, likely contributed to the lower water
retention in the subsurface, particularly in the native vegetation (NV) environment. In con-
trast, the NT system showed increased water retention in the 0.10-0.20 m layer, possibly due
to long-term conservation practices. These practices favored higher organic matter content
and the development of structural pores, which are essential for soil water retention.

The integrated systems CFI and LFI also showed increased water retention in the
subsurface layers. In the LFI system, the continuous presence of grasses contributed
to higher water content in the 0.10-0.20 m layer, particularly at higher matric suctions.
However, at the 0.20-0.40 m depth, the behavior was similar to the other systems, likely
due to the natural soil densification at this depth. The CLI system exhibited the least
variation in water retention across the profile. This may be explained by its land-use
history, characterized by a short period of livestock integration, recent soil disturbance,
and a history of soybean monoculture for several years prior to the implementation of the
integrated system.

3.2. Field Capacity, Permanent Wilting Point, and Soil Available Water

Field capacity (6fc), permanent wilting point (8pwp), and soil available water (AW) are
hydraulic properties derived from the soil water retention curve and may vary according
to soil type, management system, and the soil layer evaluated (Table 4). In the surface
soil layer (0.00-0.10 m), the CLI system exhibited lower values of 0s (0.309 m® - m~3), 6fc
(0.240 m® - m—3), and Opwp (0.108 m?® - m~3) than all other systems, reflecting the behavior
of the soil water retention curve under this management (Figure 3A). The NV system
showed the highest 6fc (0.304 m? - m~3) and fpwp (0.212 m® - m~3), thereby reducing AW
(0.10m® - m~3) in this system. In the subsequent layers (0.10~0.20 and 0.20-0.40 m), only the
NT system stood out, exhibiting higher AW values (0.128 and 0.136 m3 - m~3, respectively).

Table 4. Saturated water content (0s), field capacity (6fc), permanent wilting point (Bpwp), and
available soil water (AW) for the evaluated systems and soil layers.

0s Ofc Opwp AW
Land Use * 3 3
m—3.-m
0-0.10 m
CFI 0.383 a +0.032 0.263 bc £0.01 0.149b +0.015 0.114 £0.020
CLI 0.309 b +0.029 0.240 c +0.011 0.108 c +0.019 0.132 +0.011
LFI 0.371a +0.025 0.267 b +0.016 0.135bc +0.001 0.132 +0.014
NV 0.402 a +0.015 0.304 a +0.011 0.212 a +0.014 0.092 +0.021
NT 0.36 ab +0.007 0.277 b £0.01 0.144Db +0.013 0.133 +0.008
F test 8.26 14.66 23.81 3.1
p value 0.009 ** 0.001 ** <0.001 ** 0.088 ns
0.10-0.20 m
CFI 0.348 Db +0.021 0.286 b +0.011 0.193b +0.003 0.092 b +0.012
CLI 0.301b +0.016 0.239 ¢ +0.016 0.172 c +0.006 0.066 b +0.012
LFI 0.364 ab +0.015 0.254 cd £0.003 0.223 a +0.014 0.032 ¢ £0.017
NV 0.356 ab +0.020 0.228d £0.007 0.178 bc +0.005 0.05¢ £0.005
NT 0.431 a +0.072 0.313 a +0.006 0.185 bc +0.010 0.128 a +0.012
F test 8.29 76.86 13.24 32.61
p value 0.008 ** <0.001 ** 0.002 ** <0.001 **
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Table 4. Cont.
0s Ofc Opwp AW
Land Use * 3 3
m—3.-m
0.20-0.40 m
CFI 0.367 £0.009 0.253b +0.01 0.161 ab +0.001 0.092b +0.008
CLI 0.362 +0.016 0.210 be +0.025 0.137 be +0.024 0.073b +0.004
LFI 0.384 £0.009 0.269 ab +0.009 0.178 a £0.003 0.091b +0.012
NV 0.358 +0.048 0.209 ¢ £0.007 0.124 c +0.014 0.085b £0.018
NT 0.412 +0.034 0.289 a +0.0002 0.153b +0.007 0.136 a +0.007
F test 2.88 123.92 24.54 51.88
p value 0.104 ns <0.001 ** <0.001 ** <0.001 **
* CFI—Crop—Forest Integration; CLI—Crop-Livestock Integration; LFI—Livestock—Forest integration; NV—native
vegetation; NT—no-till farming system. Legend: **, significant at 1% (p < 0.01); ns, not significant; means followed
by the same letter in the column do not differ significantly by Tukey’s test; multiple comparisons were performed
only when ANOVA indicated a significant overall effect.
3.3. Pore-Size Distribution
Pores were classified according to their radius (Table 5) based on the calculation of
the equivalent pore radius derived from the soil water retention curves. In all soil layers
and management systems evaluated, micropores predominated. The CLI system, in the
two upper layers (0.00-0.10 and 0.10-0.20 m), showed reduced total porosity compared
with the other systems (0.31 and 0.30 m® - m~3, respectively). Although the proportions of
macro-, meso-, and micropores among the systems were similar, the lower total porosity in
the CLI system may have affected its overall water retention capacity.
Table 5. Total porosity (TP), macro-, meso-, and microporosity and the most frequent pore ra-
dius (Rmax) of an Argisol under integrated production systems, a no-tillage system, and native
Cerrado vegetation.
Land Use TP Macropores Mesopores Micropores Rmax
m3 - m-3 % um
CFI 0.38 18.02 11.68 70.30 51.33
CLI 0.31 9.77 10.81 79.42 10.11
LFI 0.37 16.78 11.15 72.07 38.74
NV 0.40 13.82 7.81 78.37 96.15
NT 0.36 12.60 8.97 78.43 38.22
0.10-0.20 m
CFI 0.35 8.82 5.64 85.53 40.24
CLI 0.30 16.08 9.48 74.45 66.39
LFI 0.36 18.63 8.07 73.31 108.55
NV 0.36 15.96 17.13 66.91 35.88
NT 0.43 32.37 16.86 50.77 110.70
0.20-0.40 m
CFI 0.37 12.22 8.54 79.24 26.95
CLI 0.36 17.41 11.74 70.85 48.07
LFI 0.38 16.96 10.20 72.84 89.30
NV 0.36 28.00 15.70 56.31 67.47
NT 0.41 19.04 10.59 70.37 96.32

CFI—Crop-Forest Integration; CLI—Crop-Livestock Integration; LFI—Livestock—Forest integration; NV—native
vegetation; NT—no-till farming system.

In the 0.00-0.10 m layer, the most frequent pore radii (Rmax) were within the macropore
range for CFl and NV (51.33 and 96.15 um, respectively), within the mesopore range for
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LFI and NT (38.74 and 38.22 um, respectively), and within the micropore range for CLI
(10.11 pm). In the 0.10-0.20 m layer, a reduction in the proportion of micropores was
observed for most systems, except for CFI, which showed a high proportion of micropores
(85.53%) and a considerable reduction in the proportions of macro- and mesopores (8.82
and 5.64%, respectively), with Rmax concentrated in the mesopore range. In the 0.20-0.40 m
layer, only the NT system showed an increase in micropores (70.37%); for the other systems,
an increase in the proportion of macropores was observed, with Rmax occurring within the
macropore range.

The frequency curves of pore radii per log(r) interval, derived from the soil water
retention curves for the studied management systems and soil layers, enabled the separation
of pore classes (macro-, meso-, and micropores) (Figure 4A—C). The yellow band of the
graph represents the frequency of micropores (r < 15 pm), the white band represents
mesopores (15 < r <50 um), and the blue band represents macropores (r > 50 um).

In the 0.00-0.10 m layer, the pore-radius frequency curve per log(r) interval for the CLI
system (Figure 4A) showed a peak shifted toward the yellow band of the graph, indicating
that the most frequent pore radii are concentrated in the micropore range. The curves for
the CFI and LFI systems exhibited peaks in the white band, corresponding to mesopores,
whereas the curves for the NV and NT systems showed peaks in the blue portion of the
graph, with the most frequent pore radii in the macropore range.

In the 0.10-0.20 m layer, the pore-radius frequency curves for the NV and NT systems
(Figure 4B) displayed higher peaks concentrated in the white band of the graph (mesopores),
indicating that pores are more readily associated with drainage. In contrast, the curve for
the LFI system was shifted toward the blue band (macropores) and exhibited a lower peak,
indicating a higher proportion of micropores compared with the previous systems. The
curves for the CFI and CLI systems showed the lowest peaks, indicating a predominance
of micropores; however, these peaks were shifted toward the blue band, meaning that the
most frequent pore radius occurred within the macropore range.

In the 0.20-0.40 m layer (Figure 4C), the curve for the NV system exhibited a higher
peak shifted toward the blue portion of the graph, indicating that the most frequent pore
radius was within the macropore range. The curve for the CLI system showed a peak in the
white band of the graph (mesopores), whereas for the CFI, LFI, and NT systems, the peaks
were shifted toward the blue band (macropores); however, because these peaks were less
pronounced, these systems exhibited a higher proportion of micropores compared with the
NV system.

3.4. Relative Soil Hydraulic Conductivity

Relative soil hydraulic conductivity (Kr) ranges from 0 to 1 (Figure 5A-C), with Kr =1
when the soil is saturated (all pores filled with water) and decreasing as the soil dries.
For each management system, a log Kr(f) curve was generated based on the fitted water
retention curves and within the range of water contents obtained for each system (6s and
). In general, systems with a higher proportion of micropores exhibited log Kr curves that
decreased more gradually, that is, with a more horizontal shape.
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Figure 4. Pore-radius frequency function curves per logarithmic interval of r highlighting micropores
(yellow zone), mesopores (white zone), and macropores (blue zone). Systems: CFI—Crop-Forest Inte-
gration; CLI—Crop-Livestock Integration; LFI—Livestock-Forest Integration; NV—native vegetation;

NT—no-till farming system.
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Figure 5. Relative soil hydraulic conductivity (log Kr) as a function of soil water content (6). Systems:
CFI—Crop—Forest Integration; CLI—Crop-Livestock Integration; LFI—Livestock-Forest Integration;
NV—native vegetation; NT—no-till farming system.
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Overall, the CLI system (Figure 5) exhibited log Kr values with little variation, decreas-
ing gradually over the analyzed range of water contents, resulting in a more horizontal
curve. In contrast, the NV system showed faster and more efficient drainage of soil pores,
reflected by a greater variation in log Kr.

In the surface layer (0.00-0.10 m), the CFI system (Figure 5A) showed the greatest
variation in log Kr, indicating more dynamic water movement, with higher values at
greater water contents (macropores and mesopores) and a sharp decrease as the soil
dried. However, in the subsequent layer (0.10-0.20 m), the CFI and CLI systems (Figure 5B)
exhibited curves with little variation in log K7, whereas the NT, NV, and LFI systems showed
curves with a rapid decrease in log Kr as water content declined. In the 0.20-0.40 m layer
(Figure 5C), the CFI and NT systems displayed more horizontal log Kr curves, indicating
slower pore drainage, while the NV, CLI, and LFI systems showed a more rapid reduction
in Kr over the analyzed water content range.

4. Discussion
4.1. Soil Water Retention Curves

The CFI, LFI, and NT systems showed higher soil water retention, being lower than
the native vegetation (NV) only in the surface layer. This behavior can be attributed
to the adoption of conservation practices, such as the absence of soil disturbance, plant
species diversity, and the continuous input of organic residues, which favor the formation
and structural stability of aggregates. Soil organic matter (SOM) plays a central role in
this process by contributing to the formation, stabilization, and connectivity of structural
pores, which are responsible for water retention after the free drainage of a saturated soil.
Furthermore, SOM increases the negative charges on colloids, intensifying the adsorption
of water molecules [13,14,24-26].

Among the integrated systems, CFI and LFI showed higher retained water content,
being surpassed only by NT in the 0.10-0.20 m layer. These systems are characterized
by a diversified land-use history involving annual crop and grass rotation, maintenance
of soil cover, and livestock grazing during specific periods of the year. The presence of
grasses favored an increase in SOM content (Table 2) which, combined with their fibrous
root systems, contributed to improved soil structure. Additionally, maintaining soil surface
cover reduced water loss to the atmosphere. Another relevant aspect is the presence of
the forest component in both systems, which promoted continuous litterfall (leaves and
branches), increasing SOM levels and diversifying biological activity. Together, these factors
were decisive in increasing soil structural stability and, consequently, enhancing water
retention in the CFI and LFI systems.

The NT system exhibited the highest water retention, especially in the 0.10-0.20 m layer,
compared to the other evaluated systems. This area was established in 2005 and has been
maintained to the present, featuring permanent soil cover, continuous organic residue input,
and no soil disturbance. These conditions favored the stabilization of the soil pore structure,
characterized by greater pore continuity and a more balanced distribution among macro-,
meso-, and micropores, thus increasing storage capacity and water availability for plants.
Additionally, permanent soil surface cover contributed to reducing water loss through
evaporation and maintaining milder soil temperatures compared to exposed soils. These
factors are reflected not only in higher retained water content but also in greater resistance
to erosive processes, with positive effects on soil water infiltration and permeability.

Among the evaluated systems, CLI exhibited the lowest water retention across all
soil layers. At the time of this study (2024), this system had been established for only two
years and was preceded by management practices characterized by intense soil distur-
bance, limited plant diversity, and low organic matter inputs—namely, 17 years of soybean
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monoculture—resulting in the lowest total organic carbon contents (Table 2). In addition,
the studied soil has a high sand fraction, which, combined with the recent establishment of
the system, limited SOM accumulation and hindered improvements in soil water reten-
tion. Thus, the brief establishment period of the CLI system was insufficient to promote
structural improvements through SOM accumulation and to enhance soil water retention.

The differences in water retention among soil layers across the evaluated systems are
primarily associated with the vertical distribution of organic matter, land-use history, and
modifications in soil structure throughout the profile. The surface layers—especially in
NV and systems with higher residue input (NT, LF], and CFI)—exhibited higher water
retention due to litter accumulation, crop diversity (including grasses, forest species, and
annual/forage crop rotations), increased biological activity, and improved soil aggregation.
In the subsurface, water retention was conditioned by the degree of natural densification,
sandy texture, and the presence of structural pores formed over time under conservation
practices such as no-tillage, permanent cover, and plant diversification. Systems with
longer adoption times and continuous conservation management favored the stabilization
of the pore structure and improved pore connectivity, resulting in greater water storage
capacity in deeper layers. In contrast, systems with recent adoption or a history of soil
disturbance showed less hydric differentiation across the analyzed soil layers.

Physical soil restructuring, particularly via organic carbon accumulation, is a time-
dependent process. Even sustainable management systems such as Crop-Livestock-Forest
Integration may not show significant improvements—or may even exhibit initial declines—
when adopted for short periods. In a short-term study evaluating the impact of implement-
ing a Crop-Livestock-Forest system in Cerrado soils of Central Brazil, physical degradation
was observed after only two years of adoption in a Ferralsol [9], with lower organic matter
content, reduced soil aeration capacity, and a lower S index (an indicator of soil physical
quality) relative to a reference pasture. Another study assessing the transition from de-
graded pasture to Crop-Livestock Integration systems in sandy soils in Brazil reported,
after three years of implementation, a decline in soil health indicators compared with
pasture and native vegetation. This reduction was attributed to decreases in biological
components, notably soil organic carbon and 3-glucosidase activity, leading to “stress” on
biological components during the early stages of system establishment, when soil structure
and microbial communities were still adapting to new land-use practices [20].

The CFI, LFI, and NT systems stood out for higher water retention, with values
lower than those of native vegetation (NV) only in the surface layer. In the CFI and LFI
systems, higher total organic carbon contents (Table 2) likely contributed to increased water
retention. Specifically in the CFI system, the presence of grasses likely enhanced organic
matter inputs, while in both systems the eucalyptus tree rows may also have played an
important role in increasing total organic carbon and, consequently, soil water retention
compared with the CLI system. The NT system, with 19 years of continuous adoption,
showed high 0s values, particularly in the intermediate layer (0.10-0.20 m). Thus, long-
term no-tillage management—with permanent soil cover and the absence of mechanical
disturbance—contributed to increasing soil water storage capacity and water availability
of plants (Table 4). This condition may also enhance resistance to erosion processes and,
consequently, improve water infiltration and soil permeability.

The adoption of sustainable and regenerative management systems, such as Inte-
grated Crop-Livestock—Forest (ICLF) systems and their arrangements, has demonstrated
the capacity to increase soil water retention—a benefit closely linked to increases in soil
organic carbon and improvements in soil structure [15,19,22,30,32,41]. Long-term studies
in Brazil have reported significant improvements in water retention and storage, as well
as enhanced soil structural stability, under Crop-Livestock and Crop-Livestock—-Forest
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Integration systems on degraded soils [15]. In sandy soils, increases in soil organic carbon
resulting from the adoption of integrated systems have produced marked benefits for water
retention, leading to higher estimates of gravimetric moisture and infiltration, surpassing
other systems and approaching values observed under native vegetation [22]. A study con-
ducted on a sandy Cambisol in the Brazilian Cerrado found that a Crop-Livestock—Forest
Integration system between tree rows exhibited higher plant-available water capacity than
a reference pasture, which was attributed to higher organic matter content [9]. Overall, the
integration of crops, livestock, and forest components promotes increases in soil organic
carbon, improves soil structure and aggregation, and consequently enhances soil water
retention [15].

4.2. Pore-Size Distribution

Opverall, the curves of the pore-radius frequency function per logarithmic interval of r
for the evaluated systems and soil layers, characterized by curve peaks within the macro-
and mesopore ranges, indicate that the studied systems—by increasing and diversifying
organic matter inputs to the soil—contributed to stabilizing soil pore geometry, thereby
improving water and air fluxes. Except for the surface layer, the leftward shift in the curve
peak in the CLI system reflects a higher frequency of micropores, likely due to the land-use
history that caused surface soil degradation. In contrast, in the 0.10-0.20 m layer, the higher
and narrower curves observed for the NV and NT systems stood out, indicating a complex
and stabilized structural organization, with the most frequent pore radii occurring within
the macropore range, including aeration and rapid drainage pores, as well as capillary
water retention pores.

Integrated systems and the no-tillage system exhibited a pore-size distribution with
a higher proportion of micropores relative to macro- and mesopores, despite the sandy
texture of the soil. In this context, soil organic carbon (SOC) plays a crucial role in the
formation of intra-aggregate pores responsible for soil water retention, while also increasing
the specific surface area available for water molecule adsorption. In summary, organic
carbon acted as the main soil-structuring agent promoting the formation and stabilization of
aggregates and generating a complex and efficient pore system that optimizes the balance
between water retention (micropores) and air and water movement in the soil (meso-
and macropores) [30]. Furthermore, soil organic carbon is positively associated with soil
biological activity, with microporosity functioning as a structural component that provides
protected bacterial habitats (pores ~0.3-0.5 um) and is highly responsive to management
practices [42]. In integrated systems, fine roots of the tree component may also contribute
to increased subsoil microporosity in sandy soils, as root exudation of organic compounds
is associated with greater carbon deposition and aggregation, which modify soil aggregates
and affect microporosity and retained water content [22].

Across all systems, the most frequent pore radius (Rmax) was located within the macro-
and mesopore ranges, except for the CLI system in the 0.0-0.10 m layer, where it occurred
within the micropore range. Rmax represents the predominant soil pore size that drains
most rapidly and is an important indicator of soil physical quality, reflecting soil structure
and aeration capacity. The land-use history of the CLI system (soybean monoculture for
17 years), along with livestock integration during the early years of system adoption, may
have increased surface soil compaction and reduced total porosity. Additionally, animal
trampling on soil with low structural stability may have contributed to the transformation of
well-connected structural pores (macropores and mesopores) into smaller, poorly connected
pores (micropores).

Soil management strongly affects pore architecture, which is reflected in the pore-
size distribution when evaluated using the soil water retention curve. Consequently,
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management practices directly influence the most frequent pore radius (Rmax), shifting
its occurrence among different classes of functional pore classes [31]. A study conducted
in a physically vulnerable soil under conservation agriculture demonstrated a shift in
the most frequent pore radius toward larger pore classes (macropores) compared with
conventional management systems [31]. Moreover, management systems that enhance soil
health, minimize disturbance, and increase soil organic carbon tend to redirect the most
frequent pore radius toward domains controlled by biological activity [42]. In another study
comparing rhizosphere and non-rhizosphere soils, the most frequent equivalent pore radius
(Rmax) was observed within the mesopore class, with slightly higher values in rhizosphere
soil (40.98 pum) than in non-rhizosphere soil (32.69 um). This increase was attributed to
enhanced aggregation induced by roots and higher soil organic carbon content [43].

4.3. Relative Soil Hydraulic Conductivity

Relative soil hydraulic conductivity in the evaluated systems reflected the organization
of the soil pore network, as evidenced by the soil water retention curves and pore-size
distribution. Native vegetation (NV) exhibited a more stabilized structural condition, which
resulted in more balanced soil water movement, with water flow occurring preferentially
through larger, well-connected pores and decreasing as soil water content declined. This
dynamic is only possible because NV represents a system in equilibrium, characterized
by continuous organic matter inputs, diverse root systems, active microbiota, and the
absence of mechanical soil disturbance. Integrated agricultural systems and no-tillage
management, depending on the duration of adoption, root system diversity, and organic
matter inputs into the soil—such as in the NT and LFI systems—show improvements in
soil water dynamics, particularly with respect to soil water permeability.

The CLI system, due to its land-use history and the short period of adoption of the
integrated system, with smaller increases in total organic carbon contents, exhibited a pore
network that limited water permeability, especially at the soil surface. This resulted in
slow water movement, potentially leading to poor drainage. The CFI system also showed
slower soil water movement in deeper layers, which is related to an increased proportion
of micropores at those depths.

The relationship between soil management and relative soil hydraulic conductivity
(Kr) is complex, as Kr is a function that represents the relationship between unsaturated
and saturated soil hydraulic conductivity and indicates the rate at which soil drains from a
saturated condition. In some cases, Kr may be less sensitive to management-induced soil
changes than saturated hydraulic conductivity. In an investigation comparing aggregate
properties of rhizosphere soil versus inter-row (bulk) soil, Kr curves as a function of
effective relative saturation showed no significant differences between rhizosphere and
non-rhizosphere soils [43].

Although management may not strongly modify Kr, integrated systems have been
shown to increase saturated hydraulic conductivity through improvements in soil structure,
which may be reflected in an overall enhancement of soil water conduction. In a study
comparing saturated hydraulic conductivity in native Cerrado vegetation, an Integrated
Crop-Livestock—Forest system, and pasture areas, higher values were observed under forest
conditions; however, the integrated system was still considered a promising strategy for
restoring hydrological cycles and ecological functions lost due to the conversion of Cerrado
vegetation into pastures [4]. Moreover, when compared with monoculture systems or
degraded pastures, Integrated Crop-Livestock—Forest systems (ICLF; Integracao Lavoura-
Pecudria-Floresta, ILPF) have demonstrated a positive and significant impact on saturated
soil hydraulic conductivity [19].
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Improvements in this property in Integrated Crop-Livestock—Forest systems are in-
trinsically linked to their capacity to restore soil pore structure and functionality [15,32].
The inclusion of trees (e.g., eucalyptus) leads to higher saturated hydraulic conductivity
and infiltration rates compared with systems without trees. This effect is attributed to the
formation of water channels and macropores created by living and decomposing tree roots;
Integrated Crop-Livestock—Forest systems enhance pore connectivity and organization,
which is reflected in greater water and air permeability. Trees in silvopastoral systems can
also reduce surface runoff velocity, thereby favoring water infiltration and improving soil
water storage capacity [15].

5. Conclusions

Integrated Crop-Livestock-Forest, Livestock-Forest, and Crop—Forest production
systems, as well as the no-tillage system, enhanced soil water retention and availability,
particularly in the subsurface layers.

Integrated systems featuring a forest component (Livestock—Forest and Crop-Livestock),
through increased soil organic matter input, the presence of grasses, and crop rotation, pro-
moted higher soil water retention, contributing to a more balanced physical environment
regarding water storage and movement.

The no-tillage system—due to its longer adoption time, lack of soil disturbance, and
surface protection—exhibited a more consolidated soil pore geometry, which resulted in
higher water retention and availability for plants.

Overall, integrated production systems represent important strategies for productive
sustainability in the MATOPIBA region of the Brazilian Cerrado by enhancing soil water
retention and availability to plants, especially through the adoption of intercropping
systems that incorporate forest components associated with grasses over long periods
of time.
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