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Abstract: Crop cultivation on sandy soils is susceptible to water stress. Therefore, we determined the
physical-hydric attributes of a Latossolo Vermelho distrófico (Oxisol) in northwestern Paraná state,
Brazil. Soil samples were collected at depth ranges of 0 to 0.2 m, 0.2 to 0.4 m, and 0.4 to 0.6 m. We
measured clay, silt, sand, fine and coarse sand contents, soil particle density, soil bulk density, total
porosity, microporosity, and macroporosity. We also measured soil characteristics such as saturated
and unsaturated soil hydraulic conductivities, pore distribution, water retention, available water
capacity, and easily available water. We also estimated soil moisture, matric potential at field capacity,
and time at field capacity. Validation of associations among these soil physical-hydric attributes was
performed using principal component analysis. For the sandy soils analyzed, the distributions of
coarse and fine sand fractions were measured for better evaluation of the soil’s physical and hydric
attributes. Higher coarse sand contents increased soil hydraulic conductivities, maximum pore
diameter, and macroporosity while reducing microporosity. Fine sand content reduced conductivity
and increased soil water retention in subsurface layers. Simulated sugarcane yield increased with soil
water storage. These results support improving crop simulation modeling of sugarcane to support
sustainable intensification in regions with sandy soils.

Keywords: available water capacity; hydraulic conductivity; pore distribution curve; retention curve;
soil texture

1. Introduction

Physical-hydric attributes are used to understand and evaluate soil variability and
quality, aeration, hydraulic conductivity, water redistribution, storage capacity, water avail-
ability to plants, and root growth [1–3]. Soil density, texture, total porosity, and saturated
soil hydraulic conductivity are physical-hydric attributes used as primary indicators to mon-
itor soil quality [4]. Sandy soils are associated with high hydraulic conductivity, and higher
proportions of the coarse sand fraction are associated with reduced water availability [5,6].

In addition to intrinsic factors, soil use and management interfere with soil water
retention [7] and consequently water availability for plants. A previous study on soil devel-
oped from sandstone in the 0 to 0.4 m layer, found 48.6 mm and 58.7 mm of available water
capacity (AWC) in soil under crop-livestock integration and pineapple, respectively [6].
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This difference of 10.1 mm was influenced by land use and management. Due to the intense
management of the sugarcane crop, knowledge of the physical-hydric attributes of the
soil is important, especially for crops established on sandy soils. The effect of sugarcane
cultivation can increase soil bulk density, reaching critical values of 1760 and 1770 kg/m3

in layers 0 to 0.2 m and 0.2 to 0.4 m, respectively, in medium texture Oxisol [8].
In sandy soils, there are differences in soil water retention due to the particle size

composition of the sand fraction [9]. High proportions of medium and fine sand in sandy
soils favor the formation of a capillary distribution network with smaller diameter pores,
allowing water retention between soil particles. This matrix provides less soil moisture loss
from percolation and, consequently, greater water storage due to the high percentages of
finer particles (between 40% and 75% of total sand), combined with low clay content (i.e.,
particle diameters < 0.02 mm). Although typically less of a contributing factor, clay content
can also contribute to increased water retention in sandy soils [9].

The Experimental Station of the Sugarcane Genetic Improvement at the Federal Uni-
versity of Paraná, in collaboration with the Inter-University Network for the Development
of Sugarcane Energy, annually conducts numerous studies aimed at genetic improvement
and productivity of sugarcane [10,11]. The results obtained in the experiments developed
at this Experimental Station are a reference for numerous agricultural planning activities
in the northwest region of Paraná state in southern Brazil. However, no detailed study
of the physical-hydric attributes has yet been conducted for soils on the Experimental
Station that represent a large number of Oxisols in the region. Obtaining information
about the dynamics of water in the soil, especially because it is a region dominated by soils
developed in the Caiuá Sandstone, may help in decision making regarding the selection
of sugarcane varieties better adapted to water stress conditions. The survey of physical
and hydric attributes can also subsidize water management in irrigated areas in sandy
soils in northwestern Paraná. In this context, the goals and objectives of our research were
to (1) determine the main physical-hydric attributes of the Latossolo Vermelho distrófico
(Oxisol) cultivated with sugarcane in the northwestern region of Paraná state in Brazil, and
(2) evaluate this soil’s physical qualities for supporting the sugarcane crop.

2. Materials and Methods
2.1. Study Site Characteristics

This work was developed in the Laboratory of Modeling of Agricultural Systems
(LAMOSA) at the Setor de Ciências Agrárias (SCA) at the Federal University of Paraná
(UFPR). The analyses were performed using soil samples taken from the Experimental
Station of the Sugarcane Genetic Improvement Program (PMGCA), belonging to UFPR
and to the Inter-University Network for the Development of Sugarcane Energy (RIDESA).
The soil of the Paranavaí Experiment Station is classified as Latossolo Vermelho distrófico
(Oxisol) [12]. The PMGCA is located at 22◦58′ South latitude, 52◦28′ West longitude and is
at 470 m of average altitude in the municipality of Paranavaí, located in the northwestern
region of the Paraná state, Brazil. The climate of the region, according to the Köppen classi-
fication is Cfa (subtropical climate) and has an average annual air temperature between
22.1 and 23 ◦C, with average annual precipitation between 1400 and 1600 mm [13].

The geomorphology of northwestern Paraná is characterized by the Caiuá sandstone,
with an area of 3.2 million hectares, representing 16% of the state area [14]. The Caiuá
formation consists of deposits of eolic and fluvial environments, represented by fine to
medium sandstones that are purplish with large cross-stratification [15]. According to
Costa et al., 2020, the low natural fertility is due to the high sand content associated with
the predominance of minerals of low activity in the clay fraction [16]. Latossolo soils
associated with the Caiuá sandstone can also be highly susceptible to erosion as well as
vertical subsurface soil water movement [17]. According to Pereira 2016, the Caiuá Aquifer
is an important water source for the northwest region of the state of Paraná, with an outcrop
area of approximately 30,000 km2. This aquifer is characterized by being free and porous,
with bicarbonated calcic to calcium-magnesian waters. The aquifer is composed of aeolian
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sandstones from the Caiuá Group, which were deposited during the Upper Cretaceous
over a paleo-depression formed by the basaltic flows of the Serra Geral Formation [18].

2.2. Soil Attributes

In order to determine soil physical-hydric attributes, we collected soil samples at ten
representative points in the experimental area during July 2019. Interval soil sampling was
conducted for the soil layers at depths of 0 to 0.2, 0.2 to 0.4, and 0.4 to 0.6 m. Soil analyses
were performed using the Soil Physics Laboratories of the Soil and Agricultural Engineering
Department at UFPR and in the Rural Development Institute (IDR) in Londrina, Paraná
state in Brazil.

The deformed samples were collected with a flat bottom scoop, dried in an oven
at 40 ◦C, sieved through a 2 mm mesh, and stored in plastic bags. After that, the clay,
silt, and sand contents were gravimetrically determined using the pipette method [19].
Separation of the total sand fraction into coarse sand (0.2 to 2 mm) and fine sand (0.05 to
0.2 mm) was also performed. These grain fractions were then weighed (g/kg), according
to the methodology developed by Embrapa [19]. Soil particle density (ρP; kg/m3) was
determined by the modified volumetric balloon method [20] using the formula:

ρP =
Mvs − Mv

50 −
(

Mvsa− Mvs
ρa

) (1)

where ρP is the particle density of soil (kg/m3), Mvs is the mass of the volumetric flask
containing soil (kg), Mv is the mass of the volumetric flask (kg), Mvsa is the mass of the
volumetric flask containing soil plus alcohol (kg), ρa is the density of the alcohol (kg/m3),
determined by the relationship between Ma and Vv, where Ma is the mass of alcohol (kg),
and Vv is the volume of the flask (m3).

2.3. Saturated Soil Hydraulic Conductivity

The un-deformed soil samples were collected in duplicate at each sampling point
with the aid of volumetric rings (4.69 cm internal diameter and 3.51 cm height) and an
Uhland sampler. After adequate preparation, the samples were saturated using capillary
rise. After saturation, the saturated soil hydraulic conductivity (KS measured as cm/hour)
was determined by the Constant Load Permeameter method [21]:

KS =
V · H

(H + h) · A · t (2)

where KS is the saturated hydraulic conductivity (cm/hour), V is the volume of percolated
water (cm3), H is the height of the cylindrical ring with soil (cm), h is the water sheet over
the sample (cm), A is the cross-sectional area of the sample (cm2), and t is the percolation
time (hours).

Total porosity (TP), measured in cubic meters (m3) of air space per volume of soil (m3),
was considered equal to the volumetric soil moisture at saturation (θs), which was also
measured in m3/m3 of soil. The microporosity measured in m3/m3 of soil corresponded to
the volumetric moisture of the soil sample submitted to a tension of −6 kilopascals (kPa).
The macroporosity also measured in m3/m3 of soil was obtained by taking the difference
between the value for TP and the value for microporosity [19].

2.4. Soil Water Retention

The soil samples were submitted to tensions of −6 and −10 kPa in a tension table
and −33, −100, −500, and −1500 kPa in a Richards chamber. After each applied matric
potential, the samples were dried at 105◦C for 48 h for the determination of soil bulk density
and volumetric moisture (θ), according to the methodologies developed at Embrapa [19].
The “θ vs. ψm” points and the moisture at saturation were used to determine the soil water
retention curve (SWRC), fitted with the model of van Genuchten 1980 [22] using the Burdine
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1953 restriction [23]. The adjustment of the parameters of the van Genuchten model and
estimation of the volumetric soil moisture (θ̂) was performed with the nls function of the
open-course statistical software program R version 4.0.0 [24]:

Θ =
θ(ψm)− θr
θs − θr

=
1[

1 + |α · ψm|n
]m (3)

where Θ is the effective saturation (dimensionless), θ(ψm) is the volumetric soil moisture
(m3/m3), θr is the residual volumetric soil moisture (m3/m3), θs is the volumetric soil
moisture at saturation (m3/m3), ψm is the matric potential of water in the soil (kPa), α the
value of air input per kPa, n is the empirical parameter of the fit (dimensionless), and m the
Burdine restriction where m = 1 − (2/n). The volumetric soil moisture (θhco) measured in
m3/m3 at the pore water suction point in the hydraulic cut-off (ψhco measured in kPa) was
calculated according to Czyz and Dexter 2013 [25] considering ψhco = −1030 kPa.

2.5. Unsaturated Soil Hydraulic Conductivity and Soil Water Redistribution

The unsaturated soil hydraulic conductivity (K(θ)), measured in cm/hour, was calcu-
lated using the van Genuchten–Burdine equation:

K(θ) = KS · Θ
2 ·
[
1 −

(
1 − Θ

1
m

)m]
(4)

The volumetric soil moisture (θ) at potentials −1 to −6 kPa was calculated (for matric
potential or ψ less than −6 kPa the water is retained) to estimate K(θ). Subsequently, the
K(ψ) plot was prepared for soil layers at 0 to 0.2 m, 0.2 to 0.4 m, and 0.4 to 0.6 m depths.

In order to estimate the effective saturation (Θ), which was calculated using the actual
volumetric moisture at field capacity (θ̂CC):

Θ =
θ̂CC − θr
θs − θr

=
1

(1 + |α · ψCC|n
)m (5)

and in order to estimate the matric potential at field capacity (ψCC):

ψCC =

[(
θs − θr
θ̂CC− θr

)
1
m − 1

] 1
n

α
(6)

It was assumed that this condition was reached when the drainage rate (τ) was defined
as a percentage (p) of the saturated hydraulic conductivity (KS) based on Prevedello
1999 [26] as restricted by Burdine 1953 [23]. The equations involving this assumption are
as follows:

τ = K(θ) (7)

τ = KS · Θ 2 ·
[
1 −

(
1 − Θ

1
m

)m]
(8)

p =
τ

KS
= Θ 2 ·

[
1 −

(
1 − Θ

1
m

)m]
(9)

Based on Sisson et al., 1980 (Equation (10)) [27] and Prevedello and Armindo 2015
(Equation (11)) [28], an analytical model of soil water redistribution was obtained. For this,
Equation (4) was derived with respect to θ and equalized to z/t:

z
t
=

dK
dθ

(10)

dK
dθ

=
dK
dΘ
· dΘ

dθ
(11)
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Then, the time corresponding to the field capacity in each soil layer was obtained:

z
tCC

=

[(
KS · (2 · Θ) ·

(
1−

(
1− (Θ)

1
m

)m)
+ KS ·(Θ)2 ·

((
1− (Θ)

1
m

)m −1
·
(

m ·
(
(Θ)

1
m−1· 1

m

))))
·
(

1
(θs − θr)

)]
(12)

where p is the percentage of KS (where we considered the values: 0.005; 0.010; 0.015;
0.020; 0.025; 0.030; 0.040; and 0.050), Θ is the effective saturation (dimensionless), m is
the parameter from the Burdine (1953) restriction (dimensionless) [23]; tCC is the time
corresponding to the field capacity (h), z is the soil layer (m), and KS is the saturated
hydraulic conductivity (m/h). Estimation of the Θ function was performed in a routine
developed in the R statistical program [24]. The moisture at the inflection point (θ̂IP
measured in m3/m3) of the soil water retention curve was determined according to Dexter
and Bird (2001) [29], and the respective matric potential at the inflection point (ψIP measured
in kPa) was estimated using Equation (9) as:

θ̂IP= (θs − θr) ·
(

1 +
1
m

)− m
+ θr (13)

2.6. Soil Water Capacity Function

The soil pore size distribution, represented by the water capacity function, was esti-
mated using the retention curve model and capillarity theory [3,30]. The van Genuchten
(1980) model was modified by replacing the matric potential ψm with the pore radius (r),
using the capillarity equation [3]:

θ = θr +
(θs − θr)[

1 +
(

A
r

)n]m (14)

A = 2 · σ · α · 103 (15)

With the derivative of the modified model, one obtains the following expressions for
rmax (maximum pore radius) and dmax (maximum pore diameter):

dθ
dlogr

= (θs − θr) ·m · n · An · r− n · (1 + A n · r− n ) − m −1 (16)

Deriving and equating to zero, one has:

rmax= A ·
(

1
m

)− 1
n

(17)

dmax= 2 · rmax (18)

where σ is the surface tension of water (N m−1); r is the pore radius measured in microme-
ters (µm).

2.7. Theoretical and Actual Soil Water Storage and Availability

The available soil water capacity (AWC) was determined from soil moisture measured
at −6 kPa (AWC1) and estimated from matric potential at field capacity (AWC2), relative to
the −1500 kPa matric potential:

AWC1 = ∑n
i=1(θCCi − θPMPi) · zi (19)

AWC2 = ∑n
i=1

(
θ̂CCi − θPMPi

)
· zi (20) (20)



Sustainability 2023, 15, 7456 6 of 22

where AWC is measured in millimeters; θCCi the volumetric soil moisture at field capacity in
the ith layer (m3/m3) at the matric potential of −6 kPa; θPMPi the volumetric soil moisture
at the permanent wilting point in the ith layer (m3/m3) at the matric potential of−1500 kPa,
θ̂CC the estimated soil volumetric moisture at field capacity in the ith layer (m3/m3) at the
matric potential ψCC; zi is the thickness of the ith soil layer (mm); and n the number of
layers considered, which is dimensionless.

Considering the results obtained from the soil water redistribution and point of
hydraulic cut-off, the easily available water (EAW) at matric potential −6 kPa (EAW1) and
ψCC (EAW2) was determined in relation to the volumetric moisture at 1030 kPa −1030 kPa
(ψhco):

EAW1 = ∑n
i=1(θCCi − θhco) · zi (21)

EAW2 = ∑n
i=1

(
θ̂CCi − θhco

)
· zi (22)

where EAW in the soil is measured in mm, θhco is the volumetric soil moisture at the matric
potential of −1030 kPa in the ith layer (m3/m3), zi is the thickness of the ith soil layer
(mm), and n is the number of layers considered and is dimensionless. Available soil water
capacity (AWC) and easily available water (EAW) were calculated for different soil layers
at four percentages of AWC and EAW: 100%, 80%, 60%, and 40%. These values were then
summarized using R software’s ggplot2 function [24].

2.8. Statistical Analyses

Descriptive statistics were used to analyze our results with the help of the boxplot
graph, and the discriminant values (outliers) were removed from the subsequent analyses
with 6 repetitions. The assumptions of normality and homogeneity of variances were
verified with the Shapiro–Wilk and Bartlett tests, respectively. Once these assumptions
were met, the data were submitted for analysis of variance and the averages were compared
using the Tukey test at the 5% significance level. The tCC data were submitted to the Kruskal–
Wallis test. Statistical errors and index between observed (Y) and estimated (Ŷ) values
were quantified with the following expressions for root mean square error (RMSE), the root
mean square error normalized by the mean (NRMSE), the ratio of RMSE to the standard
deviation (RSR), and Willmott’s agreement index (d) [31,32]:

RMSE =

√
∑n

i=1
(
Ŷi − Yi

)2

n
(23)

NRMSE =

√
∑n

i=1(Ŷi−Yi)
2

n

Y
(24)

RSR =
RMSE
DpY

(25)

d = 1−
[

∑n
i=1
(
Ŷi − Yi

)2

∑n
i=1
(∣∣Ŷi − Y

∣∣ + ∣∣Yi − Y
∣∣)2

]
(26)

with measurement units specified for RMSE (m3/m3), NRMSE (%), RSR (dimensionless),
and d (dimensionless). For RMSE, NRMSE, and d, Ŷi is the ith value of the estimated
variable (m3/m3), Yi is the ith value of the observed variable (m3/m3), and n is the amount
of data for the observed variable (units of variable). When calculating NRMSE and d, Y is
the mean of the values of the observed variable (m3/m3). For RSR calculation, DpY is the
standard deviation of the observed data (m3/m3).

Validation of the associations among soil physical-hydric attributes was performed
using principal component analysis (PCA). The correlation matrix of the standardized
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variables (unit variances and zero means) of each soil layer was used in PCA. The prcomp
function was used to perform PCA and the ggfortify package [33] of the R software [24] was
used for graphing.

2.9. Sugarcane Yield Modeling

The 12 years at the research site where sugarcane cultivars were evaluated were 1998–2006,
2008, and 2018–2019. Over these years, there were four sugarcane cultivars that were tested.
RB72454 was planted from 1998 to 2006 and in 2008. RB867515 was trialed from 2004 to
2006 and from 2018 to 2019. RB966928 was evaluated from 2004 to 2005 and from 2018 to
2019. Finally, RB036066 was planted in 2018 and 2019. Sugarcane was grown in all years
without irrigation.

Simulated sugarcane yields were estimated using soil water storage values (AWC and
EAW, considered at 100%) from this study entered into a model validated from 12 years of
field data from UFPR and RIDESA by Viana et al., 2023 [34]:

TCH = −986.016 − 0.288 × ADDI + 165.645 × SWSII (27)

In the simulation, the logarithmic transformation of the multiple linear regression
model was performed:

TCH = e−11.3374 × ADDI
−0.8224 × SWSII

10.5272 (28)

where TCH is metric tons of sugarcane stalk per hectare, ADDI is growing degree days
(◦C) during the first stage of sugarcane crop development (July through October), and
SWSII is soil water storage during the second development (October through March) for a
12-month production period. The third stage of development runs from March through
July where the crop accumulates sucrose [34]. Simulated yields (y-axis) were then graphed
three-dimensionally against SWSII (AWC and EAW) measured in cm (x-axis) and ADDI
measured in ◦C (z-axis) for all data points. Graphing was performed using R’s scatter3d
plotly r function [24].

3. Results
3.1. Texture and Sandy Soil Structure

Clay content was significantly higher in the 0.2 to 0.4 and 0.4 to 0.6 m layers of soil
compared to the topsoil layer at 0 to 0.2 m depth (Table 1). There was an inverse relationship
between coarse and fine sand fractions in the soil profile (Table 1). The soil bulk density
(ρS) and particle density (ρP) did not show significant differences among the soil layers
(Table 1). The magnitude of the values we found is consistent with what is expected from
sandy texture soils [1]. The soil bulk densities we measured (Table 1) ranged from 1582 to
1690 kg/m3 which were consistent with an expected range of 1300 to 1800 kg/m3 [30]. The
average value of total porosity (TP = 0.33 m3/m3) was low, as commonly observed in sandy
soils with fine sand contents [2,35]. As macroporosity decreased, microporosity increased,
but ρS did not increase and TP decreased (p < 0.05) in the subsurface layers (Table 1). There
was an increase in microporosity and clay contents at depth.
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Table 1. Physical-hydric attributes of Latossolo Vermelho distrófico (Oxisol) soil layers at the Sugarcane
Genetic Improvement Program Experimental Station cultivated with sugarcane in Paranavaí, Paraná
state, Brazil.

Soil Layer
Sand Classification 1

Silt Clay
Soil Density 1 Soil Porosity 1

Total Coarse Fine Particle Bulk Total Macro Micro

m g/kg kg/m3 m3/m3

0.00–0.20 838 a 770 a 121 b 67.6 a 94.8 b 2710 a 1580 a 0.331 a 0.158 a 0.173 b
0.20–0.40 793 b 685 b 135 b 64.3 b 143 a 2722 a 1690 a 0.316 a 0.0906 b 0.225 a
0.40–0.60 785 b 627 b 167 a 65.4 b 150 a 2703 a 1650 a 0.329 a 0.0883 b 0.241 a

Average 805 694 140 65.8 129 2712 1640 0.325 0.112 0.213
Var 2 571 3620 402 1.99 633 2216.8 10,600 <0.001 0.00167 0.00107

Stdev 3 23.9 60.2 20.1 1.41 25.2 47.08 103 0.0205 0.0409 0.0326
CV 4 2.97% 8.67% 14.2% 2.15% 19.5% 1.74% 6.27% 6.31% 36.4% 15.3%

1 Averages followed by equal letters in the column do not differ by the Tukey test at 5% probability. 2 Var is the
variance (variable unit). 3 Stdev is the standard deviation (variable unit). 4 CV is the coefficient of variation (%).

3.2. Water Movement in Sandy Soil

The saturated hydraulic conductivity (KS) was higher in the 0 to 0.2 m layer and
reduced abruptly at depth (Figure 1a) due to macroporosity facilitating water drainage in
saturated soil [35]. Like Ks, unsaturated hydraulic conductivity K(θ) was also higher in the
uppermost soil layer. However, the decrease in K(θ) with the reduction in soil moisture
was more significant in the 0 to 0.2 m layer, compared to the others (Figure 1b). The K(ψ) in
the surface layer showed greater decay (Figure 1c) with increasing matric potential due to
the smaller number of capillary pores [35].
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Figure 1. (a) Saturated (KS) conductivity with error bars in cm/hour; (b) unsaturated (K(θ)) hydraulic
conductivity versus volumetric water content; and (c) versus matric potential in the soil layers 0 to
0.20 m (m), 0.2 to 0.4 m, and 0.4 to 0.6 m for the Latossolo Vermelho distrófico (Oxisol) at the Sugarcane
Genetic Improvement Program Experimental Station cultivated with sugarcane in Paranavaí, Paraná
state, Brazil.

3.3. Water Retention and Pore Distribution

The soil water retention curves showed no evidence of compaction effects (Figure 2),
as the soil bulk density (ρS) values are below the critical value of ρS > 1.70 g/cm3 [2]. The
parameters of the van Genuchten model (α and n) were significant (p < 0.05) to represent
the soil water retention curve for all soil layers (Table 2). Statistical errors and indices
between observed (θ) and estimated (θ̂) soil volumetric moisture indicated that fits with the
van Genuchten–Burdine model were satisfactory for the analyzed layers (Table 3). Among
the errors, the NRMSE was higher due to the use of the six repetitions at each matric
potential to perform the adjustment of the soil water retention curve, which improved the
significance of the adjustment.
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for the predicted value.

The RSR is one of the quantitative statistics recommended by Moriasi et al. (2007) [36]
to evaluate models. The smallest magnitudes of RSR were observed at different p in the soil
layers due to the physical-hydric attributes of the soil (Table 4). Lower matric potential ψIP
was found in the 0 to 0.2 m (m) layer due to the soil texture (Table 5). The pore distribution
curve (Figure 3) showed a maximum pore diameter (dmax) of 64.19 µm (µm) at a soil depth
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of 0 to 0.2 m, 51.96 µm at 0.2 to 0.4 m, and 50.6 µm at 0.4 to 0.6 m. The maximum point
of the pore diameter frequency curve dθ/dlog(r) corresponded to 0.192 at a depth of 0 to
0.2 m, 0.1458 at 0.2 to 0.4 m, and 0.1463 at 0.4 to 0.6 m in the analyzed soil layers.

Table 2. Fitted parameters for the van Genuchten model and their confidence intervals.

Soil Layer Depth
(Meter) Parameter 1 Estimated

Value Error t-Statistic Significance
(p-Value)

95%
Confidence

Interval (CI95%)

Goodness of Fit
(R2)

0 to 0.2

θs (m3/m3) 0.331 0.00517 63.9 <0.001 [0.321; 0.341]

0.982
θr (m3/m3) 0.0737 0.00283 26.0 <0.001 [0.0681; 0.0792]
α (1/kPa) 0.265 0.0275 9.63 <0.001 [0.211; 0.318]

n (ad.) 3.92 0.331 11.8 <0.001 [3.27; 4.57]

0.2 to 0.4

θs (m3/m3) 0.316 0.008 39.1 <0.001 [0.300; 0.332]

0.932
θr (m3/m3) 0.120 0.004 26.8 <0.001 [0.111; 0.128]
α (1/kPa) 0.215 0.0282 7.6 <0.001 [0.159; 0.270]

n (ad.) 3.90 0.507 7.68 <0.001 [2.90; 4.89]

0.4 to 0.6

θs (m3/m3) 0.329 0.00558 59.0 <0.001 [0.318; 0.340]

0.969
θr (m3/m3) 0.126 0.00311 40.4 <0.001 [0.120; 0.132]
α (1/kPa) 0.211 0.0183 11.6 <0.001 [0.175; 0.247]

n (ad.) 3.82 0.318 12.0 <0.001 [3.20; 4.45]
1 θs and θr are the soil moisture at saturation and residual, respectively, while α and n are the parameters of the
van Genuchten model.

Table 3. Errors and statistical index between observed (θ) and estimated (θ̂) soil volumetric moisture
with van Genuchten model using Burdine restriction.

Soil Layer
Depth

Root Mean Square
Error (RMSE)

Normalized
RMSE RMSE/Stdev (RSR) Willmott’s

Agreement Index (d)

(m) (m3/m3) (%) (ad.) (ad.)

0 to 0.2 0.0121 13.4 0.134 0.995
0.2 to 0.4 0.0188 25.8 0.258 0.982
0.4 to 0.6 0.0130 17.5 0.175 0.992
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Figure 3. Pore distribution curve for soil layers at depths of 0 to 0.2 m, 0.2 to 0.4 m, and 0.4 to
0.6 m of Latossolo Vermelho distrófico (Oxisol) used for sugarcane cultivation at the Experimental
Station of the Sugarcane Genetic Improvement Program at the Federal University of Paraná and the
Inter-University Network for the Development of Sugarcane Energy.
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Table 4. Estimated actual moisture (θ̂CC), matric potential (ψCC), and time (tCC) at field capacity and
statistical error between observed (θCC) at –6 kPa and estimated (θ̂CC) volumetric moisture at field
capacity.

Soil Layer Percentage Ratio (p) of Saturated Hydraulic Conductivity (KS)

Depth (m) 0.005 0.010 0.015 0.020 0.025 0.030 0.040 0.050

Estimated actual moisture at field capacity θ̂CC (m3/m3) 1

0 to 0.2 0.157 c 0.172 c 0.182 b 0.190 b 0.196 b 0.202 b 0.211 b 0.218 a
0.2 to 0.4 0.184 ab 0.195 ab 0.203 ab 0.209 ab 0.214 ab 0.218 ab 0.225 ab 0.230 a
0.4 to 0.6 0.192 a 0.204 a 0.212 a 0.218 a 0.223 a 0.228 a 0.235 a 0.240 a
Average 0.178 0.191 0.199 0.206 0.211 0.216 0.223 0.230

Var 0.000404 0.000366 0.000346 0.000332 0.000323 0.000315 0.000306 0.000300
Stdev 0.0201 0.0191 0.0186 0.0182 0.0180 0.0178 0.0175 0.0173

CV 11.3 10.1 9.34 8.87 8.51 8.24 7.83 7.54

Root mean square error/standard deviation (RSR) (dimensionless)
0 to 0.2 1.96 1.57 1.78 2.15 2.52 2.87 3.49 4.02

0.2 to 0.4 2.41 1.88 1.57 1.37 1.23 1.15 1.10 1.15
0.4 to 0.6 5.20 4.00 3.23 2.66 2.23 1.89 1.47 1.35

Matric potential at field capacity (ψCC in kPa) 1

0 to 0.2 6.55 c 5.93 c 5.59 c 5.35 c 5.16 b 5.01 b 4.78 b 4.60 b
0.2 to 0.4 8.16 ab 7.38 ab 6.95 ab 6.64 ab 6.41 ab 6.23 ab 5.94 ab 5.71 ab
0.4 to 0.6 8.56 a 7.73 a 7.26 a 6.94 a 6.69 a 6.49 a 6.18 a 5.94 a
Average 7.76 7.01 6.60 6.31 6.09 5.91 5.63 5.42

Var 1.48 1.30 1.21 1.15 1.10 1.07 1.01 0.969
Stdev 1.22 1.14 1.10 1.07 1.05 1.03 1.01 0.985

CV 15.7 16.3 16.7 17.0 17.3 17.5 17.9 18.2

Time at field capacity (tCC in hours) 1

0 to 0.2 0.604 c 0.355 c 0.259 c 0.207 c 0.174 c 0.151 c 0.120 c 0.101 c
0.2 to 0.4 1.85 b 1.08 b 0.791 b 0.633 b 0.532 b 0.461 b 0.367 b 0.307 b
0.4 to 0.6 2.84 a 1.67 a 1.22 a 0.975 a 0.819 a 0.710 a 0.566 a 0.473 a
Average 1.76 1.04 0.757 0.605 0.508 0.441 0.351 0.294

Var 0.953 0.328 0.175 0.112 0.079 0.060 0.038 0.027
Stdev 0.976 0.573 0.419 0.335 0.281 0.244 0.194 0.163

CV 55.3 55.3 55.3 55.3 55.4 55.4 55.4 55.4
1 Averages followed by equal letters in the column do not differ by Tukey’s test at 5% probability (θ̂CC and ψCC)
and tCC by Kruskal–Wallis test.

Table 5. Estimated moisture (θ̂IP) and matric potential (ψIP) at the inflection point, and statistical
error between observed (θCC) at –6 kPa and estimated (θ̂IP) volumetric moisture at field capacity.

Soil Layer
Depth (Meter)

Estimated Moisture
θ̂IP (m3/m3) 1

Matric Potential
ψIP (kPa) 1

RSR
(Dimensionless) 5

0 to 0.2 0.223 b 4.48 b 4.29
0.2 to 0.4 0.234 ab 5.37 ab 1.08
0.4 to 0.6 0.244 a 5.79 a 1.37
Average 0.234 5.21 -

Var 2 0.000229 0.879 -
Stdev 3 0.0151 0.938 -

CV 4 6.48 18.0 -
1 Averages followed by equal letters in the column do not differ by the Tukey test at 5% probability. 2 Var is the
variance (variable unit). 3 Stdev is the standard deviation (variable unit). 4 CV is the coefficient of variation (%).
5 RSR—Root mean square error/Standard deviation (dimensionless).

3.4. Water Availability

In general, the soil of the experimental area cultivated with sugarcane showed low
water availability for plants in the layers analyzed (Table 6), which is characteristic of
soils with low clay contents [5,37]. There was no statistical difference between the layers
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(p > 0.05), but the highest AWC1 and EAW1 occur in the soil layers at 0.2 to 0.4 m and 0.4 to
0.6 m depth due to the higher amount of clay and microporosity [5]. The highest AWC2 and
EAW2 occurred in the surface layer (p < 0.05) due to the higher organic carbon content that
increases water retention and availability for plants [38]. This surface layer corresponds to
the soil layer with the highest volume and density of root length for sugarcane [34]. Figure 4
shows the variation in the percentage of water availability for the soil in the experimental
area at the Experimental Station of the Sugarcane Genetic Improvement Program at the
Federal University of Paraná and the Inter-University Network for the Development of
Sugarcane Energy.

Table 6. Hydric attributes of the Latossolo Vermelho distrófico (Oxisol), cultivated with sugarcane at the
Experimental Station of the Sugarcane Genetic Improvement Program at the Federal University of
Paraná and the Inter-University Network for the Development of Sugarcane Energy.

Soil Layer θCC
1 θ̂CC

1 θPMP
1 θhco

1 AWC1
1 AWC2

1 EAW1
1 EAW2

1

Depth (m) m3/m3 mm

0.00–0.20 0.173 b 0.218 a 0.0650 b 0.0735 b 21.6 a 30.6 a 19.9 a 28.9 a
0.20–0.40 0.225 a 0.230 a 0.112 a 0.119 a 22.7 a 23.6 b 21.2 a 22.1 b
0.40–0.60 0.241 a 0.240 a 0.118 a 0.126 a 24.5 a 24.4 b 22.9 a 22.9 b
Average 0.213 0.229 0.0983 0.106 22.9 26.2 21.3 24.6

Var 2 0.00107 0.000300 0.000804 0.000753 9.34 21.2 7.91 20.7
Stdev 3 0.0326 0.0173 0.0283 0.0274 3.06 4.61 2.81 4.55

CV 4 15.3 7.54 28.8 25.8 13.3 17.6 13.2 18.4
1 Averages followed by equal letters in the column do not differ by the Tukey test at 5% probability. 2 Var is the
variance (variable unit). 3 Stdev is the standard deviation (variable unit). 4 CV is the coefficient of variation (%).
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3.5. Multivariate Relationships among Soil Physical-Hydric Attributes

Principal component analysis (PCA) was used to validate the previously established
associations between the structural and hydric physical attributes. We observed that the
first principal component (PC1) explained 60.6% of the total variance. PC1 (eigenvalue
of 3.114) and PC2 (eigenvalue of 1.495) together explained 74.6% of the total variance
(Figure 5).

PCA was efficient in distinguishing between soil layers. The 0 to 0.2 m layer was
characterized and influenced mainly by the physical-hydric attributes of macroporosity, silt,
saturated hydraulic conductivity, unsaturated hydraulic conductivity, sand, coarse sand,
and maximum pore diameter. The variables fine sand, clay, microporosity, volumetric soil
moisture at the permanent wilting point, volumetric soil moisture at the inflection point,
soil density, and available soil water capacity determined at –6 kPa were higher and more
expressive in the physical-hydric attributes of the soil layers at depths of 0.2 to 0.4 m and
0.4 to 0.6 m (Figure 5). It was found that saturated hydraulic conductivity showed a direct
relationship with sand, coarse sand, silt, macroporosity, and maximum pore diameter,
and inverse with microporosity, clay, volumetric soil moisture at the permanent wilting
point, and fine sand. The soil density showed an inverse relationship with macroporosity.
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Microporosity was directly related to clay, fine sand, and volumetric soil moisture at the
permanent wilting point, and inversely with saturated hydraulic conductivity, sand, coarse
sand, silt, macroporosity, and maximum pore diameter.
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3.6. Sugarcane Yield Simulations

For 12 years at the research site, sugarcane stalk yield (TCH) averaged 114.68 metric
tons (t)/hectare (ha). TCH was at a minimum of 65.997 t/ha in 2005 and a maximum of
164.190 t/ha in 2006 (Figure 6). Fracaro et al., 2014 [39] found sugarcane TCH of 170 t/ha
for RB036152 and an average TCH of 110 t/ha across 26 genotypes from RIDESA in the
2013–2014 crop season in the municipality of Viamão, Rio Grande do Sul state, Brazil. The
estimated Brazilian average national productivity of sugarcane for the 2022–2023 crop
season, according to CONAB [40], is 72 t/ha. The 2022–2023 crop season was characterized
by reduced rainfall and low temperatures in the Central-South Region, which accounts for
around 90% of Brazil’s total sugarcane production [40].

In the sugarcane model simulation with AWC and EAW set at a value of 100% (Fig-
ure 7), TCH for: (1) EAW1 averaged 33.94 t/ha with a minimum of 26.84 t/ha and a
maximum of 42.27 t/ha; (2) AWC1 averaged 72.10 t/ha with a minimum of 57.00 t/ha and
a maximum of 89.78 t/ha; (3) EAW2 averaged 153.96 t/ha with a minimum of 121.73 t/ha
and a maximum of 191.73 t/ha; and (4) AWC2 averaged 296.58 t/ha with a minimum of
234.50 t/ha and a maximum of 369.34 t/ha. Under the 100% water availability condition
in Phase II, EAW1 underestimates and AWC2 overestimates sugarcane yield. Analyzing
the simulated values with EAW2 (set at 100%), the potential yield of sugarcane can be
achieved with sustainable management practices, genetic improvement, and favorable
climate conditions.
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4. Discussion
4.1. Comparisons to Previous Research
4.1.1. Soil Characteristics

Although there was an increase in clay content in the subsurface layers, this did not
result in abrupt textural changes in the soil. Greater clay content in lower soil surface layers
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can result in increased water retention for sandy soils. As a consequence, the sand and
silt contents were lower in the 0.2 to 0.4 m and 0.4 to 0.6 m soil layers. Thus, the analyzed
soil is in the textural classes of sand in the soil layer at the depth range of 0 to 0.20 m, and
loamy sand in soil layers 0.2 to 0.4 m and 0.4 to 0.6 m [41], characteristic of the Paranavaí
Sandstone Formation in the northwestern region of Paraná [6]. The higher coarse sand
content of the sand fraction is characteristic of soils of the Paranavaí region, confirmed by
the granulometric characterization in areas of crop-livestock and pineapple integration
in the Caiuá and Paranavaí Sandstone Formations [6]. Fidalski 2017 [42] considered that
the granulometric characterization is a criterion to guide the use and management of soils
of the Caiuá Sandstone in the northwestern region of Paraná. This is due to the inverse
relationship of the sand contents (total or coarse) with the available water in the soil.

Souza et al., 2015 [37] found an average soil bulk density of 1620 kg/m3 at the RIDESA.
This was close to the average ρS obtained in this study of 1640 kg/m3. In the literature,
there are reports of root growth restriction in sugarcane for ρS = 1700 kg/m3 [2]. Thus,
the bulk density values obtained in this study between 1600 and 1700 kg/m3 are at the
threshold of possibly limiting crop root growth. Therefore, management practices should
be adopted to minimize soil compaction.

Ortiz et al., 2017 [43] found TP between 0.29 and 0.38 m3/m3 in sandy soil grown in the
first, third, and fifth sugarcane cycles in 44, 40, and 15 years of production, respectively. Low
macroporosity pore values (0.09 m3/m3) were obtained in the soil layers at 0.2 to 0.4 m and
0.4 to 0.6 m (Table 1). This may be a problem since values lower than 0.1 m3/m3 are limiting
to soil aeration and harmful to agricultural production [1,44,45]. These results support
recommendations for better managing sandy soils, including reducing soil bulk density
and increasing total porosity and macroporosity, especially in deeper soil layers [44].

4.1.2. Saturated Soil Hydraulic Conductivity

Our results indicate that the water dynamics in the soils that were analyzed can be
modified between their layers since the microporosity is responsible for the retention and
conduction of water in unsaturated soil, and macroporosity is responsible for the drainage
and aeration of the soil [1,35]. High KS values in more superficial layers are characteristic
of sandy textured and well-drained soils [5]. However, especially in the 0.4 to 0.6 m layer,
the abrupt change in KS can make the soil susceptible to shear which may lead to erosion.
The combination of high KS and sand content account for more than 80% of the variability
in soil loss [46]. Our results reinforce the need to increase macroporosity at depth to better
manage sugarcane.

Even though the KS in the surface layer was higher than the others (Figure 1a), the
values were lower than in soils of other textures also cultivated with sugarcane [47,48].
Due to the effects of soil preparation recently performed for sugarcane re-planting such
as chiseling and disking, Cherubin et al., 2016 [47] found KS (measured in the field) of
250 cm/h in soil with medium clay texture, in the surface layer. The authors found that
KS showed a direct correlation with total porosity and macroporosity, and an inverse
relationship with ρS and the degree of soil compaction, both of which may be directly
influenced by soil management. Silva et al., 2018 [48] observed in sandy soils that KS
decreased with increasing depth in sandy soils, associated with increasing bulk density and
microporosity. Silva et al., 2018 [48] found a direct correlation between KS with coarse sand
and medium sand fractions and an inverse correlation with the available water capacity. In
addition, it was found that the available water capacity showed an inverse linear correlation
with the coarse sand and medium sand grain size fractions, and direct linear correlation
with the micropore volume.

The K(ψ) between soil layers was similar at matric potentials greater than −5 kPa,
suggesting that the field capacity of the sandy soil was reached before −6 kPa [26]. The
dependent relationship of unsaturated hydraulic conductivity K(θ) with the matric potential
indicated that there are modifications in the soil water retention as a consequence of some
variation in the pore distribution curve. Thus, the results of K(ψ) of the analyzed sandy soils
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demonstrated that the evaluation of soil quality cannot be limited to the separation of TP
into macroporosity and microporosity, but a detailed determination of the pore distribution
curve is necessary [9].

4.1.3. Soil Water Retention

Higher soil water retention was observed in the subsurface layers (Table 2; Figure 2)
due to the increase in microporosity, clay and silt contents, and reduction in coarse sand
content at depth (Table 1). The relative error corresponded to 33.5% and 37.6% in the 0.2 to
0.4 m and 0.4 to 0.6 m layers relative to the subsurface layer, respectively. At potentials of
−33 kPa, −100 kPa, and −500 kPa, the average relative errors were 35.6% and 39.5%. The
largest relative errors (40.3% and 43.9%) occurred at the −1500 kPa matric potential.

Soil retains water due to capillary and adsorption matrix forces, which are responsible
for water retention in the capillary pores of aggregates and on the surfaces of soil particles,
respectively [49]. The surfaces of clays are negatively charged and adsorb a large number
of water molecules on the soil surface due to their high specific surface area. For example,
kaolinite can absorb 70,000 to 300,000 cm2 of water/gram (g) per gram of kaolinite [3,50].
Thus, soil layers with higher clay contents retain more water in the soil, reinforcing the
results obtained in this study.

The soils of the Caiuá Sandstone Formation have low clay content with a predominance
of kaolinite (>80%), the presence of illite, a ratio of 2:1 clay to minerals, and small amounts
of iron and aluminum oxides [16]. The Caiuá Sandstone Formation soils also have a high
sand content, with a predominance of large pore diameters that are greater than 30 µm
(Figure 3), which is drained at low matric potentials [9,51], reducing the water holding
capacity of the soil.

The soil layer with higher fine sand content retained more soil water, especially at
low matric potentials (less than −33 kPa; Figure 2). The obtained result reinforces the
importance of the fractionation of total sand in sandy soils due to the higher specific surface
area of fine sand at 318 cm2/g compared to coarse sand at 79 cm2/g [6,50]. The distribution
between fine and coarse sand fractions is an inherent characteristic of soil formation and
is not altered by management. Thus, it is worth emphasizing the importance that the
accumulation of organic matter has in sandy soils because, besides increasing aggregation,
it improves water retention and availability in soils [1,16,38,52,53].

Among the results obtained in the analyses of the soil water retention curves, it was
verified that (1) the residual moisture (θr) was similar to the soil volumetric moisture at the
hydraulic cut-off point (θhco) in the soil layers at depth ranges of 0 to 0.2 m (0.074 m3/m3),
0.2 to 0.4 m (0.120 m3/m3), and 0.4 to 0.6 m (0.126 m3/m3) (Table 2). Moreover, (2) the
residual moisture (θr) was greater than the observed volumetric moisture at –1500 kPa.
Finally, (3) the average relative difference in volumetric moisture at –500 and –1500 kPa
was 12.92%, 6.03%, and 5.09% in the 0 to 0.2 m, 0.2 to 0.4 m, and 0.4 to 0.6 m layers,
respectively. There are indications that the matric potential at the permanent wilting point
occurs between −500 kPa and −1030 kPa at the hydraulic cut-off point.

Obtaining the true value of matric potential for improved agricultural crops has been
a recurring discussion [54,55]. Torres et al., 2021 [55] found values for matric potential
ψPMP < −1500 kPa and found that sunflower, corn, and soybean crops wilted at potentials
lower than the estimated matric potentials in the hydraulic cut-off. When plants wilt at
water suction lower than the hydraulic cut-off, the permanent wilting point is plant-limited,
and when plants wilt at suctions greater than the hydraulic cut-off the limitation is from
the soil [25].

Therefore, in sandy soils, obtaining the actual permanent wilting point should receive
more attention. In the literature, in sandy texture soil (803 g/kg), there are indications that
the average matric potential at the physiological permanent wilting point was –163.7 kPa
(Mestre) and –241.7 kPa (Noble) for two modern wheat cultivars, and –90.9 kPa (ANAG 01)
and –45.9 kPa (BRS Brau) for two barley cultivars [54].
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The relative difference in volumetric moisture at –200 and –1030 kPa was 0.164%,
0.125% and 0.166% in soil layers 0 to 0.2 m, 0.2 to 0.4 m, and 0.4 to 0.6 m, respectively.
However, it is critical to emphasize that no studies were found in the literature reporting
the estimated matric potential at the physiological permanent wilting point for modern
sugarcane cultivars from breeding programs. The hydraulic cut-off suction (–1030 kPa)
lower than –1500 kPa reinforces the need for further studies for the sandy soil type analyzed.

Prevedello 1999 [26] found, in homogeneous and heterogeneous soil, that the drainage
rate (τ) corresponded to p = 0.01 of the saturated soil hydraulic conductivity (τ = 0.01,
KS). Andrade and Stone 2011 [56] found matric potential at field capacity ψCC = −6.5 kPa,
corresponding to θ̂CC, for τ of 0.01 of KS, in a sandy texture soil in the Cerrado. The
moisture at the inflection point (θ̂IP) is considered optimal for soil preparation [29] and
correlates well with moisture at field capacity [56]. At the inflection point of the retention
curve the first derivative changes from negative (convexity) to positive (concavity), and the
second derivative is zero [57], which is relevant to determine the estimation of θ̂CC.

An analysis of the moisture at the inflection point of the soil water retention curve
(Table 5; Figure 2) indicated that the drainage rate of the soil corresponded to p = 0.050
of the KS. The higher magnitude of the drainage rate of the analyzed soil was due to
the texture, predominantly of the coarse sand fraction. For p = 0.050, there was ψCC of
−4.602 kPa (0 to 0.2 m), −5.711 kPa (0.2 to 0.4 m), and −5.942 kPa (0.4 to 0.6 m). Regarding
the time for field capacity to occur (tCC measured in hours), the soil showed rapid vertical
drainage due to the magnitude of the saturated hydraulic conductivity (KS). In this case,
the high magnitude of KS influenced the low values of tCC. The sand fraction of the soil
also interferes with the matric potential corresponding to the permanent wilting point.

A higher magnitude of pore diameter was observed in the topsoil layer due to the
higher coarse sand content (Table 1). The influence of the coarse sand fraction on the larger
pore diameter and, consequently, lower water availability in predominantly sandy soils
was also found by Fidalski et al., 2013 [6]. In soils with a predominance of sand, especially
coarse sand, soil aggregation is reduced, not allowing the development of a more diverse
pore network, especially in the smaller diameter pores, predominantly formed by organo-
mineral interactions in the clay fraction [9,16]. Importantly, larger pore diameters require
lower energy for soil water removal [9], consistent with results obtained for saturated
hydraulic conductivity Ks and unsaturated hydraulic conductivity K(θ) (Figure 1).

4.1.4. Water Availability to Plants

Fidalski et al., 2013 [6] studied soils of the Paranavaí Sandstone Formation, in the
northwestern region of Paraná and found that soil use and management interfered with
water availability to plants. Fidalski et al., 2013 [6] also found available water capacity
(AWC) in the layer between 0 and 0.4 m of 48.60 mm and 58.70 mm in soil under crop-
livestock integration and pineapple, respectively. Helbel Junior and Fidalski 2017 [58]
found an average water storage capacity of 1 mm/cm in the 0 to 0.6 m layer, in Latossolo
Vermelho distrófico (Oxisol), medium texture, in the northwestern region of Paraná.

In the 0 to 0.6 m soil layer, the following were verified: AWC1 = 68.78 mm; AWC2
= 78.67 mm; EAW1 = 64.03 mm and EAW2 = 73.92 mm. AWC2 overestimates soil water
availability because the actual volumetric moisture at the permanent wilting point of the
analyzed soil occurs before –1500 kPa (θPMP). EAW1 underestimates soil water availability
because the actual volumetric moisture at field capacity occurs at matric potentials lower
than –6 kPa (θCC), highlighting the importance of the actual estimation of volumetric
moisture at field capacity [56] and the hydraulic cut-off point [25].

Low water availability to plants in sandy soils can provide the occurrence of water
deficit during the sugarcane cycle, as evidenced by Gurski et al., 2020 [59] and Araújo
2019 [60]. High soil hydraulic conductivity (K(θ)) and low time to reach moisture at field
capacity (tCC) intensify the occurrence of water deficit. Gurski et al., 2020 [59] verified that
water deficiency and surplus were concentrated mainly in development phase II (vegetative
growth), in the 1997-98 to 2008-09 crops, in Paranavaí, Paraná, requiring rescue irrigation.
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Thus, the physical-hydric attributes determined in this study should be considered in the
management of irrigation and the plant in each phase of its development.

The effect of sand contents on the water retention of the Caiuá Sandstone, from
the northwestern Paraná region, was confirmed with the inverse correlation of coarse
sand contents with microporosity, θPMP, clay, fine sand, and θIP, agreeing with [42]. The
results again indicated the importance of a more detailed evaluation of the physical-
hydric attributes of sandy soils, especially for monitoring the physical quality and water
management in the analyzed soil.

4.2. Sustainability Implications

Soil type and properties at different depths influence the development of sugar-
cane [61]. While a shallow groundwater table can impact soil moisture dynamics [62], this
research was conducted in an area that has a water table that is from 5 to 50 m deep [18],
which is associated with vertical, subsurface soil water movement [17]. Yield modeling of
sugarcane involves a detailed understanding of the impact of soil water storage dynamics
on crop yield in Brazil. This is especially important for soils with low water holding capac-
ity across water deficit gradients which have been modeled in northwestern São Paulo state
using a crop water balance model combined with GIS [63]. In Köppen classification Cfa
climates like in this study, the average yield response to full irrigation was 22 t/ha using
the FAO-AZM simulation model [64]. Greater yield responses were in sandy soils with
lower soil water holding capacities, where moisture from rainfall concentrated at the start
of the dry season is not retained for as long as other soil types [64]. This research improves
understanding of water dynamics for sugarcane grown in such sandy soils and how this
relates to crop yield.

More accurate sugarcane models for Brazil’s sandy soils are essential to optimize
water management decisions to (1) invest in irrigation in order to increase crop productivity
and to (2) withhold water, especially in irrigated systems prior to harvest to maximize
sugar content. Yield gaps for sugarcane can be closed by using crop breeding for drought-
tolerant cultivars [65] and irrigation [65,66]. If future climate changes increase sugarcane
yield, payback for irrigation investments could decrease from 14 years to only 3 years,
making such investments more feasible [67]. However, irrigation investments may be
challenging since medium-sized sugarcane farms tend to be the most profitable [68], with
potentially less capital available for such upfront purchases. Dias and Sentelhas 2018 [69]
simulated sugarcane with APSIM-Sugar, showing stalk biomass reductions of 4% are ideal
for maximizing sucrose yields. This can be accomplished by withholding water for drying
off prior to harvest for 17 to 31 days for sandy soils with low water holding capacity [69].

The sustainable intensification of sugarcane, which includes increasing yield, has
potential environmental benefits in addition to increased crop productivity. Sugarcane has
been used recently to rehabilitate degraded pastures in Brazil. Luz et al., 2020 suggest that
aside from compaction in the 10 to 20 cm soil layer, conversion from degraded pasture to
sugarcane did not result in more soil degradation, whereas conversion from native habitat
to extensive pasture resulted in severe soil degradation over time [70]. However, Dias et al.,
2021 used APSIM-Sugar to show that climate change from RCP8.5 and RCP4.5 over the next
century could result in sugarcane yield reductions in Brazil primarily due to water stress
even with irrigation [64]. Future research is needed to improve the accuracy of sugarcane
simulation models in sandy soils by validating models developed from experimental results
from long-term sugarcane experiments with process-based sugarcane simulation models
such as DSSAT-CANEGRO and APSIM-Sugar [71].

5. Conclusions

In this study, the main physical and hydric attributes of sandy soil were investigated for
sugarcane cultivation in southern Brazil. Our results can guide future breeding programs
to select sugarcane cultivars more tolerant to water deficit. In sandy soils with a total sand
content close to 800 g/kg, the distribution of both coarse sand and fine sand fractions
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should be measured to evaluate soil physical and hydric attributes, not just total sand
content. The particle size of coarse sand ranges from 2 mm down to 0.2 mm while fine
sand ranges from 0.2 to 0.05 mm. Higher coarse sand content increases saturated and
unsaturated soil hydraulic conductivity, maximum pore diameter, and macroporosity, as
well as reducing microporosity. A higher proportion of fine sand reduces conductivity
and increases water retention, especially in deeper soil layers 0.4 to 0.6 m below the soil
surface. The actual matric potential at field capacity was −4.60 kPa which is below the
matric potential of −6 kPa commonly found in sandy soils in the topmost soil layer. The
soil hydraulic cut-off point indicated that the matric potential of the permanent wilting
point for sugarcane is reached at −1030 kPa, not −1500 kPa.

Although soil water retention increases with depth, its availability is greatest in the
0 to 0.2 m soil layer, with changes in the actual moisture at field capacity and permanent
wilting point. The drainage rate of water at the soil surface is high. Therefore, there is a
need for a continuous inflow of water into the soil, whether by precipitation or irrigation in
order to ensure adequate soil moisture for the sugarcane crop. Sugarcane yield simulation
using a locally validated model demonstrated that adequate crop yields are possible if there
is adequate soil water storage for the sandy soils evaluated in this study. Future research
can use actual moisture at field capacity and the permanent wilting point to develop a
model for estimating sugarcane yield, considering the variation in soil water availability
during the growth phase of sugarcane (phase II). This can be used to develop maps of
soil water availability and yield estimates in the main sugarcane-producing regions for
sandy soils.
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