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Abstract: There has been an increase in the area of secondary tropical forests in recent years due to
forest restoration in degraded areas. Recent analyses suggest that the success of passive forest
restoration is highly uncertain and needs to be better understood. This study aimed to investigate
the behavior of saturated hydraulic conductivity (Ks) and some hydrophysical soil attributes
between agricultural land uses, restored forests, and a degraded forest fragment. The areas
evaluated are located in the municipality of Rio Claro, Sao Paulo, Brazil, under different types of
land use: (i) two areas in the process of passive forest restoration: one of 18 and another of 42 years
(NR18 and NR42); (ii) a degraded forest fragment (FFD); (iii) pasture (P), and (iv) sugarcane (SC).
The hydraulic soil conductivity characterization was performed using the Beerkan method. Dry soil
bulk density (BD), total porosity (Pt), macroporosity (Mac), microporosity (Mic), penetration
resistance (PR), mean aggregate diameter (MWD), and soil organic carbon (OC) were also
determined. The comparative analysis of the hydrophysical attributes of the soil superficial horizon
in agricultural land uses (P and SC), restored forests (NR18 and NR42), and a degraded forest (DFF)
confirms that the recovery of soil hydrological functioning in ongoing forest restoration processes
can be a relatively slow process. In addition, the intensity of previous land use leaves footprints that
can affect passive restoration areas for decades after agriculture abandonment, increasing the time
for the recovery of Ks and soil hydrophysical attributes.
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1. Introduction

A substantial increase in the area of secondary tropical forests has been occurring in the last 20
years [1,2]. There is promising evidence that these areas have been increasing as a result of the
ambitious goals implemented worldwide for the recovery of degraded and deforested land, such as
the Bonn Challenge (2011) and the New York Declaration on Forest (2014). Many degraded areas,
especially those that have not been subjected to many years of monoculture, are recovered using
passive restoration techniques. One of these techniques is natural forest regeneration, which takes
advantage of the resilience of degraded areas by stimulating the germination of local seed banks,
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seed dispersal processes, regrowth of trunks, or seedlings that resisted the disturbances. This
restoration approach is economically advantageous because it reduces implementation costs, such as
purchase of seedlings, inputs, application of silvicultural techniques, maintenance of plantations, and
labor [3].

The potential of passive restoration to recover some groups of biodiversity in tropical regions
(such as plants, birds, and invertebrates) and structural parameters of vegetation (density, biomass,
and height) is well reported in the literature [4-6]. Furthermore, large-scale forest cover, either natural
or restored, has impacts on climate, soil, and hydrology [7]. Soil is the substrate for forest restoration,
and the knowledge of its functioning is essential for understanding and managing restoration
processes. Thus, the success of forest restoration processes depends on the presence of a healthy soil
environment in which seedlings and trees can develop successfully. The recovery of soil
hydrophysical attributes is fundamental to maximize the success of restoration efforts [8]; however,
it is still not fully understood in forest restoration because soil is still under-investigated in these
environments. Monitoring soil hydrophysical attributes in forest restoration environments, such as
soil bulk density, total porosity, macro and microporosity, and aggregate stability, can supply data
on soil-related functions, such as root growth, water infiltration and drainage, gas exchange,
biological activity, water retention, and carbon stock supply [9].

The hydraulic conductivity of saturated soil (Ks) is also a key parameter that describes the
movement of water in the soil and exerts a dominating influence on the partitioning of rainfall into
vertical and lateral flow paths. Therefore, estimates of Ks are essential for describing and modeling
hydrological processes [10]. Moreover, Ks is dependent on the soil structure, an attribute deeply
affected by soil management [11,12]. In forest ecosystems, it is expected that there will be greater
input and decomposition of the litter, which is the main supply of organic matter to the soil and
regulates the cycling of nutrients. Higher concentrations of organic matter in the soil also favor
microbial and soil fauna activities and provide more suitable conditions for soil protection [13]. The
formation and evolution of soil aggregates are driven by biological and microbial activities, and the
supply of organic matter under forests helps to maintain the stability of soil aggregates [14]. The
literature reports some studies that evaluated areas in different stages of passive restoration in
tropical forests [4,7,15-19]. In some areas, improvements were observed in the contribution of soil
biomass and biodiversity [4,17], lower soil bulk density, and greater total soil porosity [17,19], which
probably influenced the formation of more stable aggregates in the soil and higher Ks. In general, the
results reinforce the importance of expanding knowledge about the hydrophysical attributes in forest
restoration areas, since the forest’s age alone is not sufficient to restore soil functioning. Besides,
different stages of forest restoration may show distinct signs of soil recovery.

Among Brazilian biomes, the Atlantic Forest suffered the most significant degradation, due to
the conversion of primary forests to sugarcane and coffee plantations [20]. Currently, it has a high
number of degraded fragments and only 12% of the original coverage [21]. In this biome, the current
forest cover is a heterogeneous forest mosaic of different ages, located in different landscape
conditions and, therefore, with varying levels of disturbance [22]. Understanding the degree of
tropical forest disturbances and their recovery by restoration processes is challenging. In addition,
the time that natural regeneration takes to recover the hydrophysical soil attributes disturbed by
intense previous land use after deforestation is very variable [19]. These processes need to be better
understood [18,23-26].

Considering that the soil structure and functioning are essential for the improvement of Ks
[8,17,18] and that the impact of passive restoration on the soil hydrophysical functioning is still little
known, this study aimed to answer the following question: Is passive restoration capable of
improving soil Ks, as well as the physical attributes of the soil superficial horizon? To answer this
question, we investigated the behavior of Ks and some soil physical attributes of the soil superficial
horizon in forests of different ages undergoing passive restoration by natural regeneration, a
degraded forest fragment, a pasture, and a sugarcane field.
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2. Material and Methods

2.1. Study Area

The study was carried out in the county of Rio Claro (22°20" S, 47°34' W), Sao Paulo State,
Southeast Brazil (Figure 1). The area is inserted in the Corumbatai River hydrographic basin, and has
more than 1700 km? and more than 200 years of land-use change [22], with an altitude between 562
and 643 m a.s.l. The climate is classified as Cwa, according to Koppen classification, characterized by
dry winters and rainy and hot summers [27]. The wettest period is from December to February, while
the driest, from June to August. The average annual precipitation is 1344 mm, with an average annual
temperature of 20.5 °C [27]. According to the geomorphological map of Sao Paulo state, the area is
located in the Peripheral Depression of the Sao Paulo state [28]. The native forest cover is classified
as semi-deciduous rainforest [29], belonging to the Atlantic Forest biome [30].
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Figure 1. Location of the study areas in the state of Sdo Paulo, Southeast Brazil. NR18: Natural
regeneration 18 years; NR42: Natural regeneration 42 years.

The exploitation of the Brazilian Atlantic Forest was accentuated in the 20th century, resulting
in severe changes to the ecosystems, primarily by reducing and increasing the pressure on
biodiversity [31]. After almost 500 years of land-use changes, the Atlantic Forest, which covered about
150 million hectares in Brazil, currently has less than 12% of its original forest cover (1.2 million km?)
[21]. Nowadays, more than 80% of forest fragments are smaller than 50 ha [21], isolated, unprotected,
and severely altered [32]. The few fragments larger than 100 ha are located on steep terrain, where
human occupation is difficult [33].

The intense deforestation in the study area resulted from the exploitation and expansion of
coffee, cotton, and pastures [32] during the first half of the twentieth century [31]. According to 1962
satellite images [22], the actual restored forest cover in the study area was previously occupied by
pastures. Restoration by natural regeneration processes occurred due to two main reasons: (1) the
abandonment of areas, which had low agricultural suitability, due to the predominance of steep
slopes, and the presence of sandy and rocky soils [22]; and (2) environmental planning efforts to
comply with the Brazilian Forest Code [22,30]. Currently, land use in this area is dominated by
Urochloa decumbens Stapf pastures (43.68%), sugar cane (25.57%), fragments of native forest
(12.36%), and other types of land uses (14.5%) [34].

For the development of this study, we selected five different land uses: (a) pasture (P); (b)
sugarcane (SC); (c) 18-year-old passive forest restoration by natural regeneration (NR18); (d) 42-year-
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old passive forest restoration by natural regeneration (NR42), and (e) degraded forest fragment (DFF)
(Figures 1 and 2). The DFF area is currently isolated, but before this measure, there were intense cattle
invasions associated with frequent burning in the contiguous sugar cane fields during the dry season
that invaded the remnant fragment. Oxisols and Ultisols represent the soils of the study area,
according to Soil Taxonomy, 2014 [35] with sandy loam and loamy, sandy textures (Table 1). The soil
texture of the superficial horizon did not show important variations among the study sites being
considered homogeneous.

Figure 2. Image of the study areas. P: Pasture; SC: Sugarcane; NR18: Passive restoration by natural
regeneration 18 years; NR42: Passive restoration by natural regeneration 42 years; DFF: Degraded
forest fragment.

Table 1. Soil classification, soil particle density (gs), particle size distribution, and textural classes for
the soil superficial horizon (0.10 m) of the study areas.

Cla . Sand s Textural Soil
Study Area (%)y Silt (%) (%) g fm-3 Classes Classification
P 18 4 78 2.63 Sandy loam Oxisols
SC 19 5 76 2.66 Sandy loam Oxisols
NR18 11 6 83 2.67 Loamy sand Oxisols
NR42 14 15 71 2.64 Sandy loam Ultisols
DFF 11 13 76 2.65 Sandy loam Oxisols

P: Pasture; SC: Sugarcane; NR18: Natural regeneration 18 years; NR42: Natural regeneration 42 years;
DEFF: Degraded forest fragment.

2.2. Soil Sampling and Analytical Procedures

The field campaign and soil sampling were performed during July 2018. Within each study area,
five sampling points were selected, distant 5.5 m from each other. The soil water infiltration was
measured using the Beerkan method [36]. In each study area, ten water infiltration measurements
were performed (two infiltration measurements at each sampling point), using a steel cylinder with
an internal diameter of 0.16 m. The sampled infiltration surfaces were assumed to be large enough to
allow the determination of representative Ks values that accounted for soil heterogeneity and the
contribution of biopores [37]. The location of the insertion of the steel cylinder was previously
prepared by removing the litter and other materials to expose the soil surface. Subsequently, the steel
ring was inserted 0.01 m into the soil. For each measurement, a volume of 150 mL of water was added
repeatedly into the steel cylinder. The time for complete infiltration of each poured volume was
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logged. This procedure was repeated until the difference between the infiltration times of two or
three consecutive tests underwent minimal variation. In total, 50 infiltration runs (10 runs x 5 areas)
of cumulative infiltration (I) as a function of time (t) were performed.

The values of Ks were estimated by the simplified Beerkan infiltration method (SSBI—Steady
version of the Simplified method based on a Beerkan Infiltration run) [38]. The SSBI method estimates
Ks as follows:

Ky =
s = 1
My 11 M
where is (L T) is the slope of the linear regression fitted to the final portion of the cumulative
infiltration time series, r (L) is the ring radius, yw is a dimensionless constant related to the shape of
the wetting front often fixed at 1.818 [39], v is an infiltration constant, often fixed at 0.75 [40,41], and
a* (L) is the sorptive number, that expresses the relative importance of the capillary over gravity
forces during water movement in unsaturated soil [42,43]. According to a previous investigation
carried out on similar soils in the Atlantic forest [44], we assumed a value of a* = 0.0012 mm-, also
taking into account that it represents the suggested first approximation value for most field soils [45].

At each sampling point, disturbed and undisturbed soil samples were collected at 0-0.10 m
depth. The disturbed samples were collected to determine the gravimetric moisture content of the
saturated soil (Ug, %), the organic carbon (OC, g kg™), and the soil particle density (ps, g cm™).
Undisturbed samples were collected using Kopeck metal rings with cutting edges measuring 0.05 x
0.05 m (diameter x height). These samples were used to determine: (a) the initial volumetric moisture
content (0i, cm® cm™®), (b) total porosity (Tp, cm® cm™?), (c) macroporosity (Mac, cm® cm3), (d)
microporosity (Mic, cm® cm3), (e) dry soil bulk density (Pt, g cm™) and (f) penetration resistance (PR,
MPa). Bulk density (BD) was determined by the ratio of the dry soil mass and the cylinder volume
[46]. The volumetric moisture content of the saturated soil (0s, cm® cm=?) was obtained using the
measure of BD (0s = Ug x BD). We also computed the depths of wetting fronts for all infiltration
experiments at the end of the experiment, Z.s (L). For this purpose, we considered a piston flow width
displacement of the volume of water in the soil porosity [47].

In the laboratory, each undisturbed soil sample was gradually saturated with water by capillary
action and then weighed. The total porosity (Tp) was calculated by the ratio between BD and ps [48].
The soil particle density (ps) was determined by a helium gas pycnometer (ACCUPYC 1330,
Micromeritics Instrument Corporation®, Norcross, GA, USA). Mic was estimated using the tension
table with the soil matric potential of -6 kPa (W =-0.006), and Mac was determined by the difference
between Tp and Mic.

PR was determined using an electronic benchtop penetrometer (CT3 Texture Analyzer,
Brookfield, Middlebore, MA, USA), equipped with a 25 kg load cell and a metal rod with a 30° semi-
angle cone tip, a basal diameter of 3.81 mm, and penetration velocity of 10 mm min-'. PR
measurements were obtained through an automated data acquisition system. Such measures were
collected at the center of each undisturbed soil sample with soil moisture equivalent to a water
pressure of 10 kPa. For all samples, the measurements obtained from the upper (1 cm) and lower (1
cm) were discarded, following the procedures of Imhoff [49].

The determination of the aggregate means weight diameter (MWD) was performed using the
dry methodology [50]. For this, 50 g of soil were collected from the 0-0.10 m depth. These samples
were separated into size classes by sieving in a dry medium through a Solotest vibratory mechanical
stirrer containing a set of mesh sieves: 4.0, 2.0, 1.0, 0.50, and 0.25 mm. The calculations of (MWD)
were obtained using the equation of Kemper [51]:

MWD = Xio. Wi, )

where MWD = mean weight diameter of the soil aggregates (mm); Xis = mean diameter of each class
(mm); Wis = proportion of aggregates in each sieve class (i) (%).
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2.3. Data Analysis

For each studied variable (Ks, BD, Tp, Mac, Mic, PR, MWD, and OC) analysis of variance
(ANOVA) was performed, considering the type of land use as an explanatory variable (P, SC, NR18,
NR42, and DFF), after having checked that the assumptions of normality of residues and
homogeneity of variances were met, through the Shapiro-Wilk test and the Barllet test, respectively.
In the case of significance at 10%, the Tukey test was applied, which compares the means two by two.
For the variables Ks and PR, normality was determined using the natural logarithm of the value
obtained initially, due to the high variability of the data [52]. For the Mic, the assumptions of ANOVA
were not met, even after data transformation. A Kruskal-Wallis non-parametric test was then
performed, also at a 10% significance level. To simultaneously compare the hydrophysical attributes
of the soil between the different uses, a principal component analysis (PCA) was performed for
standardized data. All analyses were performed in the R software (R Core Team, Vienna, Austria,
2018).

3. Results

Soil Hydrophysical Attributes of the Study Areas

The soils in the study area did not present soil particle distribution differences down to the depth
of 0.30 m (Table 1). Among the different types of land use studied in this investigation, there were
statistically significant differences for the variables Ks, Mic, PR, MWD, and OC (Table 2 and Figure
3). The BD, Tp, and Mac variables did not show statistically significant differences among the studied
land uses (Table 2).

Table 2. Average values of the hydrophysical attributes of the soils in the study areas. BD: bulk
density (g cm™); Tp: total porosity (cm® cm™3); Mac: macroporosity (cm® cm=3); Mic: microporosity (cm3
cm3); PR: penetration resistance (Mpa); MWD: mean weight diameter of the soil aggregates (mm);
OC: soil organic carbon content (g kg™), and Ks: saturated soil hydraulic conductivity (mm h).

Land Uses
Attributes Statistic P SC NR18 NR42 DFF
BD Mean 1.51a 153 a 1.47 a 148 a 1.39 a
Cv 2.98 4.46 4.40 9.54 5.97
Tp Mean 0.42a 0.42a 0.44 a 0.45a 0.47 a
Ccv 3.51 6.20 5.07 10.35 6.61
Mac Mean 0.13 a 0.16 a 0.13 a 0.16 a 0.18 a
Cv 19.16 14.39 12.98 17.00 23.28
Mic Mean 0.29 ab 0.25b 0.30a 0.28 ab 0.29 ab
CVv 6.30 6.21 5.26 17.55 5.37
PR Mean 2.64 a 1.60 a 0.83b 0.66 b 0.68b
Cv 23.92 32.37 38.30 33.53 16.95
MWD Mean 0.99 bc 0.76 c 0.75 ¢ 1.34 ab 1.68 a
CVv 2.98 16.17 12.86 6.84 11.06
ocC Mean 14.00 a 733 ¢ 8.66 bc 11.33 ab 9.33 bc
Cv 14.28 15.74 13.32 10.18 16.36
Ks Mean 28.46 b 39.93 ab 70.30 a 124.22 a 36.28 ab
CvV 104.89 59.60 80.50 115.08 73.28

The letters refer to the comparison test of means two by two in the Tukey test at the 90% confidence
level. Averages followed by the same letter do not differ statistically. CV: coefficient of variance (%).
Reference values of CV: Low: <10%; medium: between 10 and 20%; high: between 20 and 30%, and
very high: >30% [53]. Note: For BD, Tp, Mac, Mic, and PR, the number of soil samples = 5; for Ks = 10;
for MWD and OC = 3.
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Figure 3. Boxplot of hydrophysical attributes for the different land uses. Line within the box is the
median. The bars represent standard error. Note: For this figure, we only considered the soil physical
attributes that presented significant differences, according to Table 2. Nat.Reg = natural regeneration.

Considering soil Mic, SC only differed from NR18. For this attribute, NR42 presented a medium
value of the coefficient of variance (CV) and the rest a low CV. Significant differences were observed
for PR between the agricultural (P and SC) and the passive restoration areas (NR18 and NR42). PR
values for P and SC were higher than NR18, NR42, and DFF (Figure 3). NR18 and DFF had PR values
three times lower than P, and NR42 had PR values four times lower than P. When compared to SC,
the passive restoration areas and DFF also presented lower PR values. High CV values for PR were
found for SC, NR18, and NR42.

The land use with the highest passive restoration age—NR42 —presented similar MWD values
to DFF and P and differed from all the other land uses. We noted that the youngest passive restoration
area—NR18—presented MWD values similar to both agricultural land uses (P and SC). For this
attribute, CV values were low for P and NR42 and medium for SC, NR18, and DFF (Table 2; Figure
3).

Considering the soil OC content, P had the highest values and was similar to NR42, while SC,
NR18, and DFF presented lower values. All land uses had medium CV’s (Table 2).
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The mean values of the wetting front depths ranged from 219 to 319 mm, depending on the site.
Therefore, Ks data may be considered representative of the studied upper layers (Table 1). In
addition, we did not detect any restrictive layer that may have affected Ks predictions [54].

Ks was moderately high for P and presented significant differences with both passive restoration
areas. NR18 and NR42 had high Ks values, approximately double and four times the Ks value of P,
respectively. SC and DFF had similar values of Ks. All land uses presented high CV values for Ks,
especially NR42, followed by P (Table 2).

Although no significant differences among land uses were observed for BD, a tendency of
decrease in this attribute could be observed in the forest land uses when compared to the agricultural
land uses (Table 2). The same was valid for Tp, where the restoration age showed a tendency to
improve, presenting similar values to DFF. The behavior of Ks also showed a tendency to increase
according to restoration age, considering the mean and absolute values of this attribute (Figure 3).

A PCA was performed to investigate and relate the soil hydrophysical attributes between the
different land uses (Table 3 and Figure 4).

Table 3. Principal component analysis (PCA) loadings for the first and second components of the
principal component analysis.

Variables Component 1 Component 2
Ks 0.49
BD 0.556 0.109
Tp -0.578
Mac -0.353 0.512
Mic -0.262 —0.618
PR 0.391 —0.316

Component 1 represents 48.39% of the data variation, and the variables most related to this Axis
were BD (positively) and Tp (negatively) (Table 3 and Figure 4). In addition, BD was positively
correlated to PR, while Tp was mainly correlated to Mac and, to a lesser extent, to Mic. Ks remained
almost perpendicular to component 1; this demonstrated that there was no correlation between this
attribute with BD, considering all land uses.
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Figure 4. Principal Component Analysis (PCA) biplot based on soil attributes: Log Ks (mm h™), BD (g
cm®), Tp (em® em™), Mic (em® ecm™), Mac (cm?® cm3), PR (Mpa). Symbols represent plot sites for each
land-cover type: Nat.Reg = natural regeneration.

The higher values of component 1 indicate higher levels of soil degradation, while the lower
values indicate the opposite. On this Axis, the forest areas are positioned to the left, while the non-
forest areas are on the right. In this case, the highest values of BD and lower values of Tp were
associated with agricultural land uses (P and SC), while the lower BD values were associated with
DFF. Therefore, the sequence of the most degraded to the least degraded areas was P, SC, NR18,
NR42, and DFF, with a remarkable tendency for less degradation of the two areas in the process of
restoration and DFF.

Component 2 explained 26.8% of the data variation. The variables most correlated to this Axis
were Mac (positively) and Mic (negatively), and Ks had a low relationship with Mac, Tp, and BD.
Considering the land use, it is possible to notice that the forest areas were distributed along the entire
Axis, while P was below, and SC was above. Besides that, the highest values of Mac were more
associated with SC, while Mic and PR were related to P. As for the restoration areas (NR18 and NR42),
we noticed a tendency to decrease Mic and increase Ks, according to the ages of passive restoration.

4. Discussion

According to the Ks classification of the Soil Survey Staff [55], the Ks values obtained in the
studied areas varied between high (36 <360 mm h-') and moderately high (3.6 <36 mm h™). At the P
site, Ks was moderately high due to soil compaction, evidenced by the high PR value, high Mic
(Figures 3 and 4), and low MWD (Table 2). PR integrates the effects of soil bulk density and moisture,
affecting the soil physical conditions for root growth [56]. The PR value for P was above 2 Mpa, which
is considered a critical limit for root growth in the literature [57,58]. This result reports the
degradation of the area, as demonstrated in the PCA (Figure 4). The high content of OC is explained
by the accumulation of biomass in pastures, promoted by the root system of grasses that are abundant
during the year and by the organic matter added by the animals [57,59], but its effect on soil
aggregation was not observed due to the high level of compaction in this area. The decrease in Ks has
been similarly reported in several studies after the establishment of pastures in tropical soils and
occurred due to changes in the soil pore distribution caused by animal trampling. A study at the
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watershed scale in the Atlantic Forest biome showed moderately high values of Ks (22 mm h) in the
surface 0.15 m soil layer in pasture when compared to eucalyptus (40 mm h') and a 44-year-old
secondary forest (61 mmh-") [60]. Another study, carried out in the Amazon, also reported a decrease
in soil water infiltration after conversion from forest to pasture, from 1258 to 100 mm [61]. The
reduction in soil water infiltration and, consequently, lower Ks, promote lateral water fluxes [10,62-
64], higher runoff and, consequently, higher soil erosion [65].

The absence of soil cover combined with agricultural machinery used in the SC area promoted
the lowest values of MWD and OC, which probably influenced the lower value of Ks when compared
to NR18 and NR42. Even though Ks in SC did not differ statistically from NR18 and NR42, the latter
have higher absolute values. This land use was highly associated with soil Mac (Figure 4), which was
probably associated with soil tillage operations carried out during sugarcane replanting and in the
period between ratoon-crop harvests. These soil management practices can have positive effects, in
the short term, on the physical quality of the soil, due to the modifications provided to the soil
porosity, mainly in the superficial soil horizons [66,67].

The values obtained for Ks in the NR18 and NR42 areas were classified as high, according to Soil
Survey Staff [55]. Indeed, these Ks values indicated a good ability of the soil to infiltrate and percolate
plant-available water to the root zone and to drain excess water out of the root zone [64]. These areas
showed a tendency to improve the MWD and OC variables, where the latter is one of the primary
agents of formation and stabilization of soil aggregates in the soil superficial horizons, with a direct
influence on porosity [68,69]. The MWD indicates the largest stable aggregates in the soil in terms of
structural organization. Aggregates with MWD greater than 0.25 mm are considered stable [68]. The
addition of OC (root activity, growth, and functioning; death of plant tissues; among others) provides
substrate for microbial growth and the production of secondary organic compounds that act as
cementing agents. These agents help aggregate formation [70] and stabilization that increase their
resistance when submitted to external forces [71]. A tendency for higher soil aggregation was evident
in the NR18 and NR42 areas, improving soil structure and, consequently, Ks (Figure 3). Indeed, soils
with a high degree of aggregate stability usually also have good soil physical quality, with good soil
porosity, aeration, water retention and infiltration [72]. In this sense, soils with greater aggregate
stability are considered structurally superior to similar soils with weaker aggregation [73].

The high variability of Ks obtained in NR42 (Figures 3 and 4) suggested the occurrence of
preferential flows in this area, which can occur due to several factors, among them, the presence of
continuous biopores created by large roots of decomposed trees or channels created by macrofauna
[25,43,74]. This hypothesis corroborates studies developed in forests under tropical climates
[18,64,75,76]. However, although preferential flows are considered a common phenomenon in
forested soils, future studies are needed to understand better how they work in areas of passive
restoration and their effects in space and time, considering that they are the main cause of
groundwater pollution and contamination [77].

The set of soil attributes of the soil superficial horizon analyzed in this study demonstrated that
the DFF land use was the least degraded (Figure 4). The lower value of BD and higher values of Tp,
Mac, and MWD (Table 2) show that, although the forest fragment has suffered some degradation in
the past, it still maintains its functionality, even though Ks presented lower values when compared
to NR18 and NR42. The fact that DFF presented lower Ks values when compared to the restored areas
can be possibly due to other factors that affect this attribute in natural environments, such as plant
density and diversity, canopy cover [3,19], geological and topographic variations [78], soil water
repellency [44,77], among others.

The joint analysis of the hydrophysical attributes evaluated here, through the PCA, showed that
areas in the process of passive restoration had a lower degree of degradation when compared to areas
of agricultural use (Figure 4). This lower degree of degradation in restored areas can be interpreted
as a general tendency of improvement in the hydrophysical attributes after restoration initiation.
High values of Ks, aggregate stability, and the improvement tendencies in the other evaluated
attributes evidence the soil hydrophysical recovery in the restored forests (Table 2; Figures 3 and 4)
[79].
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The time scale for the recovery of the hydrophysical attributes in restoration areas in our study
was longer than other studies that observed positive changes in these attributes in shorter periods
after restoration implementation. In a study in Mexico, areas with passive restoration times of 0, 4,
10, and 20 years after pasture abandonment showed a significant BD improvement associated with
an increase in water infiltration rates with restoration age [23]. On the other hand, OC contents were
lower in the 10- and 20-year-old restored forests (3.94 and 3.71%, respectively) when compared to the
actual pasturelands (4.79%). Higher water infiltration rates and OC contents were observed with
increasing age of forest restoration (15 and 20 years) with values varying between 493 and 2.462 mm
h7' when compared to pastures in Costa Rica [75]. Other studies also showed improvements in
hydrophysical attributes in shorter periods (8 to 12 years) after restoration initiation [76,80]. The
longer time needed to recover the hydrophysical attributes in our study could be explained by the
longer period this area was previously occupied by pastures and also by the legacy effect of intense
degradation processes that occurred before restoration. This legacy effect phenomenon was observed
by Piché and Kelting [14] in soils under 55- to 60-year-old secondary forests. These previous land-use
effects could explain the slow recovery of Mac, TP, and BD (Table 2) in NR18 and NR42.

5. Conclusions

The comparative analysis of the soil superficial horizon’s hydrophysical attributes in
agricultural land uses (P and SC), forests of different ages undergoing passive restoration by natural
regeneration (NR18 and NR42), and a degraded forest fragment (DFF) confirms that the evolution of
different soil hydrological functions in the ongoing restoration of natural ecosystems can be a
relatively slow process.

The observed trend of increasing Ks and recovery of soil physical attributes in passive forest
restoration of different ages leads us to conclude that the time that the secondary succession takes to
recover the soil hydrological properties, disturbed by the previous deforestation and the use of
pastures, are not governed just by the restoration time.

The intensity of previous land use leaves footprints that can affect areas submitted to natural
regeneration processes for decades after agriculture abandonment and is one of the main critical
factors that affect soil physical attributes and Ks over time. This is alarming because it is well known
that the soil hydrophysical attributes affect fluid flow and transport, and can, consequently, influence
runoff generation and water table recharge.

Important ecosystem services, such as water regulation and provision, depend on the recovery
of soil hydrological functions in degraded environments. Knowledge of how forest restoration
processes, either active or passive, affect soil function, is essential. The data presented and discussed
in this study adds to this knowledge and shows that the recovery of soil hydrophysical functioning
is a slow process and varies according to the type of soil attribute and the previous land use and its
degradation legacy.
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