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Abstract: Wetting and drying (W-D) cycles are responsible for significant changes in soil structure.
Soil often undergoes irreversible changes affecting infiltration and solute retention through W-D
cycles. Thus, it becomes essential to evaluate how soils under natural conditions are altered by W-D
cycles. This study analyzed two non-cultivated (from grassland and secondary forest) Oxisols (Typic
Hapludox and Rhodic Hapludox) of different textures under 0 and 6 W-D cycles. The main results
obtained showed that soil water retention was mainly affected in the driest regions (smaller pore
sizes). The contribution of residual pores to total porosity increased with 6 W-D and transmission
pores decreased in both soils. The Rhodic Hapludox presented differences in water content at field
capacity (increase), while the Typic Hapludox showed alterations at the permanent wilting point
(increase), affecting the amount of free water (Rhodic Hapludox) and water available to plants (Typic
Hapludox). Both soils showed increases in imaged porosity with 6 W-D. Variations in the contribution
of small and medium rounded pores, mainly large and irregular (with an increase in both soils not
significant in the Rhodic Hapludox), could explain the results observed. The micromorphological
properties were mainly influenced by changes in the number of pores, in which smaller pores joined,
forming larger ones, increasing the areas occupied by larger pores. Overall, this study showed that
the investigated soils presented pore systems with adequate water infiltration and retention capacities
before and after continuous W-D cycles.

Keywords: Oxisols; image analysis; pore shape; pore size distribution; soil pore system; soil water
retention curve

1. Introduction

A good soil structure is fundamental for ideal agricultural development and for
the prevention of environmental damage [1]. When the soil has a good structure, water
infiltrates adequately, and this soil has a proper capacity to hold water for the plants [2].
Suitable water drainage is vital to avoid processes that lead to sediment transport, such as
erosion [3]. Such a good structure is also fundamental for the appropriate development
of the root system of crops [4]. Naturally, soils are subjected to numerous processes
involving rainfall, temperature variations, wind action, and the decomposition of organic
material, among many others [5]. All these processes modify the soil over time and provoke
changes mainly in its structure. In the broadest sense, soil structure relates to how the soil
components (primary particles, organic material, iron and aluminum oxides, carbonates,
etc.) are arranged [5]. This results in an arrangement containing particles (matrix) and
pores, usually filled by the soil solution and gases [6].

Observing the pore system is vital for understanding the processes that occur in the
soil. This pore system results from the arrangement of particles and aggregates within the
soil; therefore, different pore size distributions are related to particular soils [7]. Pore sizes
are fundamental to the retention and movement of solutes in the soil profile [8]. In addition
to different pore sizes, their shapes also influence the dynamics of solutes in the soil [9,10].
In micromorphology studies, pores can usually be classified as rounded, elongated, and
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complex (irregular), with each shape having a distinct origin and exerting different in-
fluences on the soil’s processes [11–13]. Wetting and drying (W-D) cycles are among the
processes that cause changes in soil structure. These cycles occur naturally through rainfall
but can also be artificially induced when irrigating the soil. Many studies have reported
that soil when subjected to numerous W-D cycles, can undergo alterations that are often
non-reversible due to the modifications that occur in the soil’s pore system [14–17]. These
changes often cause pore size distribution and shape alterations, impacting infiltration and
water retention [18–20].

Hussein and Adey [14] demonstrated the influence of W-D cycles in soil pore systems
with the shape of pores changing from planar to compound due to the wetting effect on
water dynamics. An et al. [16] showed that the proportion of micropores and mesopores
decreased under W-D cycles with an increasing number of macropores in granite soils.
Those authors claimed that changes in the clay microstructure explained the observed
results. Pardini et al. [17] found that W-D cycles increased porosity resulting from the
formation of large cracks and fissures. Those authors also observed increases in the number
of pores after 3 W-D cycles. Xia et al. [18] noticed decreases in the saturated and residual
water contents with increased alternate W-D cycles and increases in the saturated hydraulic
conductivity. The soil structure degradation was pointed out by them as the cause of
changes under W-D cycles. Thus, it has become crucial to analyze how the pore system
of natural soils behaves when subjected to W-D cycles. It is known that when managed,
the soil structure suffers substantial changes. Therefore, analyzing how these cycles affect
natural soils can provide insights into their susceptibility to modifications under W-D.

One tool successfully used to characterize the soil pore system is the analysis of
resin-impregnated blocks [9,21–24]. In this technique, two-dimensional (2D) images of
sections in the soil blocks allow for the analysis of numerous morphological properties on
the micrometer scale [25]. By using image analysis, it is possible to quantify changes in
pore shape and size distribution. Numerous scientific papers have shown that alterations
in soil morphological properties can affect the proper development of crops and modify
solute and gas dynamics [4,26–31]. Thus, micromorphological analysis has become a useful
method to check how soils behave when subjected to W-D cycles. Therefore, the objectives
of this paper are two-fold: namely, to analyze how the water-holding capacity of two
Oxisols under natural conditions is affected after repeated W-D cycles and to evaluate how
the micromorphological properties of the soils are influenced by W-D cycles. Concerning
the first objective, water retention data were employed to generate some indices related to
soil quality and to assess the contribution of pores based on their roles in total porosity.

2. Materials and Methods
2.1. Soil Sampling

This research was conducted using soil samples collected in 2013 at experimental areas
of the University of São Paulo (USP) research farm (22◦72′ S, 47◦62′ W) and Agronomic
Institute of Campinas (IAC) research station (22◦70′ S, 47◦64′ W), both located in Piracicaba,
Brazil. The soils collected were classified as Typic Hapludox (USP) and Rhodic Hapludox
(IAC) [32]. The former has a sandy clay loam texture (69% sand, 10% silt, and 21% clay),
while the latter has a clay loam texture (22% sand, 28% silt, and 50% clay) (USDA soil
texture triangle). The Typic Hapludox samples were collected in an area covered with
natural grass, while the Rhodic Hapludox samples were collected in a secondary forest area.
The organic carbon content in the experimental sites was c. 16.2 g dm−3 (Typic Hapludox)
and c. 26.9 g dm−3 (Rhodic Hapludox), respectively.

Undisturbed soil cores were collected in the topsoil layer (0–10 cm) using stainless
steel cylinders (c. 5 cm in diameter and c. 3 cm in height) for the soil–water retention curve
(SWRC) and micromorphological analysis. The Kopeck ring method was used to collect
the samples in which a woody castle was employed, with the cylinder inserted into the soil
surface using a rubber hammer [33]. The cylinder was slowly introduced into the soil to
avoid damage to its structure. After cylinder insertion, the surrounding soil was carefully
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excavated with trowels to remove the cylinder. The excess soil outside the cylinder was
removed with a palette knife to leave the soil volume equal to the internal volume of the
cylinder. Next, the samples were wrapped in plastic film and taken to the laboratory.

The samples were collected with soil moisture near field capacity to avoid damage to
the soil structure due to sampling. In the laboratory, the samples used for the micromor-
phological analysis were left to dry in the air for a few weeks, and close to the impregnation
process, they were placed in an oven (forced air circulation) and dried at 40 ◦C for 48 h.
A total of 44 undisturbed soil samples were collected for this study.

2.2. Wetting and Drying (W-D) Cycles

The capillary rise process was used to wet the samples [34]. This procedure was
performed by placing a 1 cm layer of water around the cylinders, and then every hour,
0.5 cm of water was poured out up to approximately half the height of the cylinder.
After a period of 24 h, 0.5 cm of water was again placed until approximately 9/10 of
the height of the cylinder had been filled. Samples were left in water for 24 h to ensure
they were saturated. Drying was achieved by placing the samples in Richards’s chamber
and subjecting them to a pressure head (h) of 40 kPa. After the thermodynamic hydraulic
equilibrium was achieved, the samples were submitted to a new wetting and drying process.
Thus, samples not subjected to W-D cycles (0 W-D) and subjected to six W-D cycles (6 W-D)
were analyzed. Two sample sets were prepared for this study, one for SWRC analysis
(24 samples—6 samples × 2 soils × 2 W-D cycles) and another for micromorphological
analysis (20 samples − 5 samples × 2 soils × 2 W-D cycles).

2.3. Water Retention Measurement

The SWRC determination was carried out using a suction table (Eijkelkamp Sandbox
for pF determination) and low- to high-pressure Richards’s chambers (Soil Moisture Equip-
ment Co., Goleta, CA, USA). Suctions of 3, 6, 9, and 10 kPa (suction table) and pressures
of 30, 50, 150, 500, and 1500 kPa (Richards’s chambers) were selected for this study. The
thermodynamic hydraulic equilibrium was defined when the water stopped leaving the
undisturbed soil samples [35]. Thus, the samples previously subjected to 0 and 6 W-D
were also submitted to the pressure heads (suctions and pressures) described above. After
applying all the pressure heads, the samples were oven dried at 105 ◦C for 24–48 h. The
gravimetric water content was obtained by the ratio between the wet soil mass (for each
suction and pressure) and the dry soil mass. The volumetric water content (θ) was deter-
mined by considering the relation between the gravimetric water content (G), soil bulk
density (ρs), and water density (ρw): θ = G(ρs/ρw) [5,36].

The measured θ data related to each h were fitted to the van Genuchten–Mualem
(VGM) model [37] according to:

θ(h) = θr +
θs − θr[

1 + (αh)n]1−(1/n)
(1)

where θr and θs are the residual and saturated water contents, and α and n are the VGM
model fitting parameters. The fitting of Equation (1) was performed in the SWRC Fit
program [38]. The coefficient of determination (r2) and root mean square error (RMSE) was
used to assess the experimental data fit quality.

The equivalent pore diameter (Equation (2)) was determined based on the Young–
Laplace equation [39]:

d =
4σcos(ϕ)
ρwgh

∼=
298
h

(2)

where d is the equivalent pore diameter (µm), h is the pressure head (kPa), σ is the water
surface tension, ρw is the water density, g is the acceleration of gravity, and ϕ is the
water-pore contact angle.
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The water content at saturation was measured after the samples had undergone the
capillary rise saturation procedure. Water contents at the field capacity (θfc) and permanent
wilting point (θpwp) were obtained with the samples submitted to pressure heads of 10 kPa
and 1500 kPa, respectively [1]. The gravitational or free-soil water content (θfw), plant-
available soil water (θaw), and critical plant-available water (θcwc) were calculated based
on the following set of equations [40,41]:

θfw = θs − θfc (3)

θaw = θfc − θpwp (4)

θcwc = 0.75(θfc) (5)

The free-soil water content and plant-available soil water are also sometimes known
as bulk soil air capacity (AC) and plant-available water capacity (PAWC) [36,40].

2.4. Micromorphological Analysis

Before the impregnation procedure, the undisturbed samples were very carefully taken
out of the volumetric rings by exerting pressure on one of their surfaces. Next, the samples
were impregnated under vacuum using a non-saturated polyester resin (Crystic SR 17449)
mixed with a styrene monomer. To facilitate image segmentation, fluorescent pigments
(Unitex OB) were added to the resin. After the impregnated blocks had hardened (about
two months), they were cut with special tools (diamond cut-off saw), and one of the sides
was polished [25]. Finally, a block of each sample with a thickness of approximately 1 cm
and an area of approximately 4.5 × 3.0 cm2 was extracted from the impregnated blocks.

Digital images were acquired using a CCD camera with 1024 × 768-pixel resolution
coupled to a petrographic microscope with the optical lens at ten (×10) times magnifi-
cation. Blacklight lamps illuminated the blocks during image acquisition [42]. The two-
dimensional (2D) images were processed and analyzed using Noesis-Visilog® 5.4 software.
Each 2D image was related to an area of approximately 1.4 × 1.1 cm2. Three images were
obtained for each impregnated block. The imaged porosity (P) was determined by dividing
the total area occupied by the voids (pores) by the total area of the image (ROI—region of
interest) [43].

The areas occupied by the pores in the 2D images were also characterized based on
their shapes and sizes. The pores were classified into the following shapes: rounded,
elongated, and complex [22]. Two indices (Equations (6) and (7)) were employed to classify
the pores in terms of shape [25]. Concerning size, the pores were grouped into the following
classes: 20–50, 50–100, 100–200, 200–300, 300–400, 400–500, 500–1000, and >1000 µm:

Γ1 =
Pe2

4πA
(6)

Γ2 =
(1/z)∑i(NI)i
(1/v)∑j(DF)j

(7)

where Pe and A represent the perimeter and the area of the pore, NI is the number of
intercepts of the object in the direction i (i = 0◦, 45◦, 90◦, and 135◦), DF is the diameter of
Feret of an object in the direction j (j = 0◦ and 90◦), and z and v are the number of i and j
directions, respectively.

Table 1 shows the values of indices Γ1 and Γ2, which were used to discriminate the
pores according to their shape.
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Table 1. Classification of pores according to shapes based on indices Γ1 (Equation (6)) and Γ2

(Equation (7)).

Pore Shapes Γ1 Γ2

Rounded (Round) ≤5 -

Elongated (Elon) 5 < Γ1 ≤ 25 ≤2.2

Irregular (Irr) 5 < Γ1 ≤ 25 or >25 >2.2

The pores that were classified according to shape were also classified as small (0.00016
to c. 0.016 mm2), medium (>0.016 to c. 0.16 mm2), and large (>0.16 mm2).

2.5. Statistical Analysis

The variance analysis statistical model was applied to compare the treatments (samples
submitted to W-D cycles). Assumptions of residual normality and homoscedasticity were
verified by the Shapiro–Wilk and Bartlett tests and the F-test was employed. Mean values
were compared using Student’s t-test (p < 0.05). All the statistical data processing was
performed using the PAST software (version 3.20) [44].

3. Results
3.1. Water Retention Measurements

The soil water retention and air-filled porosity curves of both soils are illustrated
in Figure 1. The VGM model was a good fit for the SWRC data [37]. The coefficient of
determination and root mean square error was used to verify the fitting data quality. The
lowest r2 was 0.94 (Rhodic Hapludox), while the highest was 0.98 (Typic Hapludox). The
root mean square error presented minimum and maximum values of 0.005 and 0.014,
respectively (Typic Hapludox).
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Figure 1. (a) Soil water retention curve (SWRC) obtained for Typic Hapludox (TH); (b) SWRC for
Rhodic Hapludox (RH); (c) Air-filled porosity (TP–θi) for Typic Hapludox; (d) TP–θi for Rhodic
Hapludox. Numbers 0 and 6 indicate that the soil samples were submitted to 0 and 6 wetting and
drying (W-D) cycles. Bars are the standard deviations. VGM: van Genuchten–Mualem model. Exp:
experimental data. Fit: fitting.
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In the Typic Hapludox, the most remarkable differences occurred in the driest region
(micropores) of the SWRC (Figure 1a). The W-D cycles increased θ at the permanent wilting
point by c. 40%, which was also confirmed by a higher residual θ following the cycles
(Table 2). The parameters n and α (VGM model) varied by only a minor extent (p > 0.05),
with cycles indicating similarities in the SWRC shape and air-entry region (Table 2). For
Rhodic Hapludox (Figure 1b), a higher θ was observed for the largest pore sizes for 0 W-D
cycles. The saturation θ adjusted by the VGM model was reduced by 0.030 m3 m−3 after
the W-D cycles, which resulted in significant differences (Table 2), whereas θpwp increased
by c. 11% (no significant differences compared to 0 W-D cycles). The slight differences
in n indicate similarities in the shape of SWRCs similar to the Typic Hapludox (Table 2).
Concerning the α parameter (Table 2), related to the point at the largest pores where air
could enter the soil [1,5], it decreased by c. 54% with 6 W-D cycles.

Table 2. van Genuchten–Mualem (VGM) mathematical model parameters [37] used to fit the soil
water retention data for the two soils (Typic Hapludox and Rhodic Hapludox) subjected to 0 and
6 wetting and drying (W-D) cycles. Different lowercase letters indicate significant differences between
W-D cycles (same soil) at p < 0.05.

VGM Parameters
Typic Hapludox Rhodic Hapludox

0 W-D 6 W-D 0 W-D 6 W-D

θs (m3 m−3) 0.364 0.362 0.528 a 0.498 b

θr (m3 m−3) 0.087 a 0.136 b 0.195 0.190

α (kPa−1) 0.613 0.493 3.677 a 1.695 b

n 1.416 1.533 1.244 1.183

m 1 0.294 0.348 0.196 0.155
1 Parameter m was calculated as: m = 1− (1/n) [37].

The air-filled porosity curves (Figure 1c,d) showed only slight differences in the region
of the largest pores in both soils. However, as the soil dried, samples under 0 W-D began to
exhibit greater volumes of air in the region from mesopores to micropores in the Rhodic
Hapludox. In the Typic Hapludox, TP–θ varied by only a minor extent (p > 0.05) within the
W-D cycles. For example, the application of W-D cycles decreased the air-filled porosity
by c. 16% (Typic Hapludox) and c. 19% (Rhodic Hapludox) for the smallest pore size
(0.2 µm) analyzed. Aiming to complement the results of SWRC and air-filled porosities, an
analysis of the water retention for different pore sizes based on their functions is presented
in Figure 2.
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Figure 2. (a) Porosity (P) variation as a function of pore sizes in the Typic Hapludox (TH); (b) P
variation as a function of pore sizes in the Rhodic Hapludox (RH); (c) Water content at saturation
(sat), field capacity (fc), and permanent wilting point (pwp) in the Typic Hapludox; (d) Water content
at saturation, field capacity, and permanent wilting point in the Rhodic Hapludox; (e) Free-soil water
content (fw), plant-available soil water (aw), and critical plant-available water (cwc) in the Typic
Hapludox; (f) Free-soil water content, plant-available soil water, and critical plant-available water
in the Rhodic Hapludox. Numbers 0 and 6 indicate that the soil samples were submitted to 0 and
6 wetting and drying (W-D) cycles. Bars are the standard deviations. Different lowercase letters on
the bars indicate a significant difference between W-D cycles (same soil) at p < 0.05.

The contribution of different pore sizes to the total porosity was obtained based on
the classification suggested by Greenland [45]. According to that author, pores <0.5 µm
are classified as residual or bonding pores, between 0.5 and 50 µm are storage pores, and
>50 µm are transmission and macropores. In the Typic Hapludox, residual pores increased
by c. 32% while the storage ones decreased by c. 19% after 6 W-D cycles (Figure 2a).
Regarding θ at saturation, field capacity, and permanent wilting point, the latter increased
by c. 40% after 6 W-D cycles with only minor differences for θsat and θfc (p > 0.05) (Figure 2c).
The W-D cycle application decreased the plant-available water content by c. 24% (Figure 2e).
In the Rhodic Hapludox, transmission pores decreased by c. 38% after 6 W-D cycles, while
the other pore types varied by only a minor extent (p > 0.05) (Figure 2b). The analysis
of θ for specific pressure heads showed differences for θfc, which increased by c. 13%
(Figure 2d); θfw decreased by c. 36%, and θcwc increased by c. 13% after 6 W-D cycles
(Figure 2f).

3.2. Micromorphological Soil Properties

The soil pore system was also studied using 2D image data with a micrometer resolu-
tion (Figure 3). This analysis was carried out to complement the measurements based on
water retention.
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The 2D binary images show that both soils suffered changes in their soil pore system
with 6 W-D cycles. In the Typic Hapludox (Figure 3a,b), sequences of W-D cycles seemed to
increase the soil porosity, which is probably associated with the connection of small pores.
Large and complex pores could be seen in this soil after 6 W-D cycles. The Rhodic Hapludox
(Figure 3c,d) also indicated an increase in soil porosity with the cycles. The increment in
the number of small pores, the appearance of medium-sized pores, and the connection
of pores were evident after 6 W-D cycles in this soil. Thus, aiming to complement the
qualitative image analysis, the result of the micromorphological analysis (pore size and
shape distribution) of the Typic Hapludox is presented in Figure 4. It is worth pointing out
that for these samples, porosity was obtained by image analysis, i.e., named here as imaged
porosity [9,10].

Concerning the pore shape and size in the Typic Hapludox (Figure 4a,b), small and
medium rounded pores decreased by c. 18% and c. 23%, medium elongated pores decreased
by c. 27%, and irregular-shaped pores increased by c. 59% after 6 W-D cycles. Considering
all these pore types and sizes, the imaged porosity had an increment of c. 14% following
the W-D cycles. Regarding pore size distribution and shape (Figure 4c,d), rounded pores
decreased by c. 20% (size intervals from 20 to 200 µm) and c. 28% (200–300 µm), elongated
pores decreased by c. 21% (50–100 µm), and irregular-shaped pores increased by c. 96%
(>1000 µm) after 6 W-D cycles. When the total number of pores (TNP) was analyzed
(Figure 4e,f), only the rounded-shaped pores comprising between 20 and 400 µm showed
significant differences (p < 0.05). This pore type decreased by c. 17% (size intervals from
20 to 300 µm) and c. 40% (300–400 µm) after 6 W-D cycles, respectively. When all the
pore types were analyzed, TNP was seen to decrease by c. 18% after the application of
W-D cycles.
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Figure 4. (a) Contribution of different pore shapes and sizes to porosity (P) in the Typic Hapludox
submitted to 0 wetting and drying (W-D) cycles; (b) Contribution of different pore shapes and sizes
to P after 6 W-D; (c) Pore size distribution as a function of shape and size after 0 W-D; (d) Pore size
distribution as a function of shape and size after 6 W-D; (e) Total number of pores (TNP) as a function
of shape and size after 0 W-D; (f) TNP as a function of shape and size after 6 W-D. Round: rounded-
shaped pores; Elon: elongated-shaped pores; Irr: irregular-shaped pores. Different lowercase letters
indicate significant differences between W-D cycles at p < 0.05.

The effect of W-D cycles applied on the pore size and shape distribution of the Rhodic
Hapludox samples is shown in Figure 5.

The pore shape and size analyses (Figure 5a,b) showed that only the small rounded
and medium elongated pores exhibited significant differences (p < 0.05) between 0 W-D and
6 W-D in the Rhodic Hapludox. The former increased by c. 54% while the latter increased
by c. 90% after 6 W-D cycles, respectively. The other pore types varied by only a minor
extent (p > 0.05) following the W-D cycles. Similar to the findings of the Typic Hapludox,
imaged porosity had an increment of c. 23% after 6 W-D cycles. The distribution of pores
based on their size and shape (Figure 5c,d) exhibited differences for some rounded pores
(increases of c. 52%—50–100 µm and c. 46%—100–200 µm), elongated pores (increase of
c. 71%—50–100 µm), and irregular-shaped pores (increase of c. 2.3 times—500–1000 µm).
The total number of pores showed differences (p < 0.05) only for rounded pores up to 300 µm
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and elongated pores between 50 and 100 µm (Figure 5e,f). Unlike the Typic Hapludox, the
Rhodic Hapludox had an increment of c. 53% in TNP.
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Figure 5. (a) Contribution of different pore shapes and sizes to porosity (P) in the Rhodic Hapludox
submitted to 0 wetting and drying (W-D) cycles; (b) Contribution of different pore shapes and sizes
to P after 6 W-D; (c) Pore size distribution as a function of shape and size after 0 W-D; (d) Pore size
distribution as a function of shape and size after 6 W-D; (e) Total number of pores (TNP) as a function
of shape and size after 0 W-D; (f) TNP as a function of shape and size after 6 W-D. Round: rounded-
shaped pores; Elon: elongated-shaped pores; Irr: irregular-shaped pores. Different lowercase letters
indicate significant differences between W-D cycles at p < 0.05.

4. Discussion

This study aimed to evaluate how soils under natural conditions change when sub-
mitted to W-D cycles based on the idea that a few cycles provoke modifications in their
micromorphological and water retention properties. The water retention and air-filled
porosity curves (Figure 1) presented a similar behavior between the soils for the driest
region (micropores). In the Typic Hapludox (Figure 1a,c), an increase in the contribution
of smaller pores to soil porosity explained the results obtained. The detachment of sand
particles (more weakly bound to other particles) from small aggregates under continuous
wetting might cause the appearance of smaller pores resulting in a large amount of water
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retained in high-pressure heads [46]. The migration of soil sediments under W-D cycles
had been reported by Pires et al. [47], indicating particle detachment from aggregates.
On the other hand, the presence of organic materials at the topsoil, which enhances soil
aggregation, also helped to keep a more stable structure under W-D cycles, as verified here
by SWRC shape similarities [48]. Pires et al. [22], working with both tilled and untilled soils,
demonstrated that even sandy soils were subject to changes in the textural and structural
pore regions under continuous W-D cycles [49,50]. In another study [51], the same authors
reported increases in the water retained at high-pressure heads, corroborating with the
results presented here. The Rhodic Hapludox (Figure 1b,d) showed a similar behavior to
that of Typic Hapludox for high-pressure heads, but with differences in θ in the region
of mesopores (30–100 µm) and micropores (<30 µm) [6]. Despite differences in textural
soil compositions and, consequently, in mineralogy (not evaluated in this study) [52],
the water retention and air-filled porosity curves showed similar behavior between the
soils. Lu et al. [53] reported that variations in the amount of clay affect the distribution
of pores, mainly the smallest ones, explaining the differences between the soils (Table 2).
In addition, the presence of organic materials (barks, leaves, etc.) in the secondary forest
area was expected to affect water retention, as demonstrated by Kodešová et al. [54] and
Cooper et al. [55] in the Rhodic Hapludox. Due to the high amount of clay, a more sta-
ble structure was expected in this soil under W-D cycles. However, as the samples were
confined in cylinders, the creation of larger pores (mainly in the Rhodic Hapludox) after
W-D cycles might press the soil against the cylinder walls contributing to the appearance of
smaller pores, as observed here [56]. Peng et al. [57] demonstrated that W-D cycles affect
larger pores increasing the total porosity, whereas Leij et al. [58] found that the cycles reduce
structural porosity due to the coalescence of soil aggregates. In the Rhodic Hapludox, the
soil structure changes observed caused a reduction in the aeration capacity after W-D cycles,
which was influenced by variations in the regions of small to medium pore sizes.

The changes verified in the SWRC following W-D cycles increased the contribution of
residual and bonding pores to the total porosity and decreased the importance of storage
pores in the Typic Hapludox [1,5] (Figure 2a). This finding meant that the sandy soil
maintained a good water transmission capacity even after W-D cycles. According to
Greenland [45], fine pores (<0.5 µm) are responsible for the retention and diffusion of ions
and for supporting major forces between the soil particles. Pores with sizes between 0.5
and 50 µm play a vital role in the retention of water against gravity and release, while pores
>50 µm act in the air movement and drainage of excess water. The increase in the frequency
of residual and bonding pores could be directly related to a higher θpwp after 6 W-D cycles
verified in the Typic Hapludox [41] (Figure 2c). As a consequence, θaw decreased after
6 W-D cycles (Figure 2e); this could be explained by the differences observed in θpwp and θfc.
Nonetheless, the results of θfw and θaw indicated adequate soil aeration capacity before and
after W-D cycles, as pointed out by Reynolds [2,36]. However, θaw was close to the limits
defined as droughty for root development, though the reference value of <0.10 m3 m−3

(poor soil capacity to store and provide water to plants) might not be adequate for sandy
soils [59]. The application of W-D cycles decreased the contribution of transmission pores
to the total porosity in the Rhodic Hapludox (Figure 2b). This reduction might affect air
movement and soil water infiltration, as demonstrated by Cooper et al. [55]. The water
content at field capacity increased with the application of 6 W-D cycles (Figure 2d), which
was mainly associated with the contribution of residual and storage pores, as indicated
by Tarawally et al. [41]. The free water content decreased with 6 W-D cycles (Figure 2f),
which was mainly influenced by the reduction in transmission pores, indicating a decrease
in the soil aeration capacity after W-D cycles. However, θfw measured is still considered
adequate for root development [2,36]. The critical plant-available water followed the same
trend of θfc, which could be explained by variations in storage and residual pores after
6 W-D cycles.

The resin impregnated in the soil blocks was employed to complement the results
of the SWRC data. However, it is important to mention that the 2D micromorphological
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analysis (area-based analysis) was not performed on the same samples of SWRCs (volume-
based analysis). In the Typic Hapludox, the most important changes in pore distribution
occurred for the rounded (small and medium), elongated (medium), and irregular (large)
shaped pores after 6 W-D cycles (Figure 4a,b). Rounded pores, associated with soil air
trapping following drying and the influence of biological activity (grass roots and soil
fauna), created chambers and channels [60] and decreased their contribution to the imaged
porosity with W-D cycles (Figure 3a,b). In addition, a decrease in the number of these pore
types was noticed after 6 W-D cycles, which were probably converted into large irregular-
shaped pores [61,62] (Figure 4c–f). The increase in the contribution of complex pores
(irregular) to the imaged porosity might have resulted from the connection of small pores,
as the number of rounded pores (from 20 to 400 µm) was reduced after 6 W-D cycles [61]
(Figure 4e,f). Pardini et al. [17] reported that W-D cycles produce fissures, increasing the
contribution of large pores to porosity, similar to the findings observed here (Figure 3b).
These interconnected macropores (drainage pores), usually found in tropical soils, play an
important role in water dynamics [8,21,63]. The Rhodic Hapludox exhibited differences
only for small rounded and medium elongated-shaped pores with a negligent influence
of the latter to imaged porosity after 6 W-D cycles (Figures 3c,d and 5a,b). This result is
mainly associated with the increased contribution of pore sizes between 50 and 200 µm
to imaged porosity after W-D cycles (Figure 5c,d). In addition, an increase in the number
of rounded-shaped pores from 20 to 300 µm and elongated-shaped pores between 50 and
100 µm also helped to explain the increment of the contribution of these pore types to
imaged porosity [64,65] (Figure 5e,f). The increased contribution of elongated-shaped pores
to imaged porosity following W-D cycles could probably be associated with the appearance
of fine fissures, while that of large (500–1000 µm) irregular-shaped pores was due to a slight
increase in the number of these pore types [16,19,60].

Finally, the imaged porosity allowed to classify both soils (Figures 4a,b and 5a,b) as
moderately porous (10–25%) to highly porous (25–40%), indicating suitable soil structures to
water infiltration [66]. This kind of finding has been reported by many other authors [67,68].
Pires et al. [22] found increases in porosity for tropical tilled and untilled soils, especially
after 9 W-D cycles. Hussein and Adey [14] showed similar results after 4 W-D cycles,
employing capillarity as one of the wetting procedures. However, imaged porosity results
contradicted those of SWRC (Figure 1a,b). One possible explanation for these contradictory
results is that micromorphological analysis allowed to access only pores with sizes >20 µm.
In both soils, residual (<0.5 µm) and storage (0.5–50 µm) pores showed a considerable
contribution to the total porosity (Figure 2a,b). The great contribution of larger pores
(>500 µm) to imaged porosity can also be associated with an adequate soil structure to
plant root development and water drainage (Figures 4c,d and 5c,d). However, when the
influence of these large pores exceeded 70–80% of the soil porosity, it indicates poor soil
structure [60,69]. In the Typic Hapludox, an increase in the contribution of larger pores to
the imaged porosity after 6 W-D cycles were observed, whereas in the Rhodic Hapludox,
the contribution remained stable, but these numbers were <60%.

5. Conclusions

The results obtained in this study have implications for understanding the way that
soils under natural conditions (secondary forest and grassland) can change under continu-
ous wetting and drying cycles. Water retention was influenced by W-D cycles, mainly in the
region of micropores (Typic Hapludox) and mesopores to micropores (Rhodic Hapludox),
with an increase in the soil water holding capacity following the cycles. As a consequence
of these changes, the contribution of residual (increase) and storage (decrease) pores to total
porosity was affected by W-D cycles in the Typic Hapludox, while in the Rhodic Hapludox,
only transmission pores (decrease) were influenced. Water content at the permanent wilting
point increased after 6 W-D cycles in the Typic Hapludox, while the water available to
plants decreased. In the Rhodic Hapludox, the water retained at field capacity increased
after 6 W-D, affecting the free-soil water content (decrease) and critical plant-available
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water (increase). These results highlight that even under natural conditions, the soil water
retention capacity was modified by sequences of W-D cycles. The main implications of
the variations observed in the water retained at different pore sizes concerned changes in
the amount of water available to the plants (Typic Hapludox) and soil aeration (Rhodic
Hapludox). However, even after 6 W-D cycles, both soils kept soil structures that were
adequate for plant root development and were capable of retaining reasonable amounts of
water available to plants based on the water retention parameters measured.

The pore size and shape distributions based on 2D images presented significant al-
terations in the rounded (small and medium), elongated (medium), and irregular (large)
shaped pores in the Typic Hapludox after 6 W-D cycles. In the Rhodic Hapludox, only
the small rounded and medium elongated pores were modified significantly by the cycles.
However, the large (>500 µm) irregular-shaped pores increased their contribution to poros-
ity after 6 W-D while also contributing to an increase in the imaged porosity in the Rhodic
Hapludox and Typic Hapludox. This finding indicates that both soils improved their
aeration capacity and water flux after the cycles. In the Typic Hapludox, rounded-shaped
pores (20–300 µm) decreased their contribution to imaged porosity, followed by a decrease
in the number of these pore types. On the other hand, the opposite was found in the Rhodic
Hapludox, with an increase in the contribution of rounded pores (50–200 µm) to imaged
porosity followed by an increase in the number of these pore types (50–300 µm). Overall,
the two Oxisols were characterized by significant contributions of rounded pores to imaged
porosity (before and after the cycles), indicating intense biological activity. Finally, it seems
relevant to mention that the micromorphological properties of the soils under natural
conditions were changed by W-D cycles with impacts on the distribution of pore sizes and
shapes responsible for water retention and movement.
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