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Abstract: Tree planting and natural regeneration are the main approaches to achieve global
forest restoration targets, affecting multiple hydrological processes, such as infiltration of rainfall.
Our understanding of the effect of land use history and vegetation on the recovery of water infiltration
and soil attributes in both restoration strategies is limited. Therefore, we investigated the recovery
of top-soil saturated soil hydraulic conductivity (Ks), soil physical and hydraulic properties in five
land use types: (i) a secondary old-growth forest; (ii) a forest established through assisted passive
restoration 11 years ago; (iii) an actively restored forest, with a more intensive land use history and
11 years of age; (iv) a pasture with low-intensity use; and (v) a pasture with high-intensity use,
in the Brazilian Atlantic Forest. For these land use types, we determined the historical land use
patterns and conducted soil sampling, using the Beerkan method to determine Ks values in the field.
We also measured tree basal area, canopy cover, vegetation height, tree density and species richness
in forest covers. The Ks decreased when land use was more intense prior to forest restoration actions.
Our results indicate that land use legacy is a crucial factor to explain the current difference in soil and
vegetation attributes among study sites.

Keywords: Beerkan method; forest restoration; infiltration; natural regeneration; pasture

1. Introduction

Forest restoration strategies are being implemented around the world through ambitious
international (e.g., Bonne Challenge and New York Declaration on Forests), regional (e.g., Initiative
20 × 20 and AFR100) and national initiatives such as restoration plans in many countries [1].
Consequently, secondary forests have expanded in tropical regions [1,2]. In Brazil, the location of our
study area, the “Atlantic Forest Restoration Pact” aims by 2050 to increase the current forest cover from
17% to at least 30%, with a restoration target of 15 million hectares [3]. These initiatives include both
passive and active restoration strategies. Passive ecological restoration refers to spontaneous recovery
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of tree species in an ecosystem that has been damaged, while assisted passive restoration involves
human interventions to assist natural regeneration [4,5]. This can include introduction of propagules
and removal of invasive species and persistent disturbances, for example, fire or livestock grazing [4].
On the other hand, active restoration requires a higher human intervention through planting of tree
seedlings to accelerate the recovery process [6,7].

Both restoration approaches have been shown to impact positively the provision of ecosystem
services, as well recovering biodiversity and ecosystem functions [8]. However, most restoration
research around the world has focused on aboveground plant communities, whilst the belowground
environment (e.g., soil physical and hydraulic properties) has been poorly studied [9,10]. For example,
the response of the infiltration process, and soil physical and hydraulic properties after forest
restoration is virtually unknown [11]. A crucial parameter in the infiltration process is the soil saturated
hydraulic conductivity (Ks), which influences water percolation through the soil matrix [12,13].
It is well known from previous studies that Ks is highly variable compared to other soil physical
properties [14,15]. In fact, the Ks depends strongly on the highly variable soil structure, and it is
known to vary several orders of magnitude [16,17], especially on forested soils [18,19]. In general,
Ks recovery and soil hydraulic properties have been reported separately in passive [20–24] and
active [25–28] restoration, but few comparisons between both restoration strategies have been
conducted. Lozano-Baez et al. [28] investigated the surface Ks recovery under a nine-year-old
actively restored forest in the Atlantic Forest of Brazil and observed that the land use prior to forest
restoration influences the Ks recovery. Moreover, the few recent comparisons between active and
passive restoration show contradictory results. For instance, Ks at 12.5 cm depth in Brazilian Amazônia
was higher under a 15-year-old passively restored forest than a 10-year-old tree plantation [11].
In contrast, other authors in Madagascar found much lower surface Ks in 2–10-year-old naturally
regenerating fallow than actively restored forest of 6–9 years of age [29].

Most previous studies have assessed the recovery of soil physical and hydraulic properties
without addressing the relationships among soil, vegetation and land use history. These relationships
are fundamental to better understand the recovery process (e.g., resilience of the ecosystem) and
successional trajectories after forest restoration [30,31]. Foster et al. [32] argued that the imprints
of past land use on ecosystems may persist for decades to centuries. In particular, after forest
restoration, such imprints of past land use on soil (e.g., Ks, soil physical and hydraulic properties)
may persist for a time frame of more than a decade, as suggested by several studies [12,26,33].
However, the above-mentioned mechanisms and relationships that affect the recovery process are
poorly understood.

As part of a larger research effort investing the effects of forest restoration on Ks, this study
aimed to extend the work of Lozano-Baez et al. [28] at a new location. Apart from presenting new
Ks data for pastures with different land use intensities and a secondary old-growth forest, this paper
includes the first measurements of Ks for a forest established through assisted passive restoration in
the Brazilian Atlantic Forest. We further quantified and compared the Ks, soil physical and hydraulic
properties recovery of active vs. assisted passive restoration strategies from the same restoration
program described by Lozano-Baez et al. [28]. We examined whether differences in land use history
led to differences in these soil attributes (e.g., Ks, bulk density, soil organic carbon content, soil porosity,
initial and saturated soil water content) and vegetation attributes (e.g., basal area, canopy cover,
vegetation height, tree density and species richness). We studied five land-cover types: (i) a secondary
old-growth forest, used as a reference forest (hereafter, RF); (ii) a forest established through assisted
passive restoration (hereafter, APR); (iii) an actively restored forest (hereafter, AR); (iv) a pasture with
low-intensity use (hereafter, LiP); and (v) a pasture with high-intensity use (hereafter, HiP). In forest
stands, we associated the recovery of Ks, soil physical and hydraulic properties with the vegetation
attributes. We hypothesized that Ks would vary with intensity of land use in the past among land-cover
types as follows: RF > APR > AR > LiP > HiP. As the AR site had a more intensive land use history,
we expected that Ks recovery and vegetation attributes would be higher in the APR.
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2. Materials and Methods

2.1. Study Area

The study area is located in the county of Campinas (22◦53′ S, 46◦54′W), São Paulo State, Southeast
Brazil (Figure 1). The climate in this region is classified as Cwa according to the Köppen classification
mean annual precipitation is 1700 mm and mean annual temperature is 20 ◦C, with dry winters and
wet summers [34]. Our study sites are located at the transition between the Atlantic Plateau and the
Peripheral Depression geomorphological provinces [35]. The soils are classified as Ultisols [36] and the
original vegetation in this area is a seasonal semi-deciduous forest, belonging to the Atlantic Forest
biome. This region is highly fragmented, because of 200 years of historical landscape changes [37].
In particular, our study area is located inside the sub-basin of the Atibaia River where the main land
uses are native vegetation and pastureland, occupying 33% and 30% of the sub-basin, respectively.
The native vegetation includes Atlantic Forest remnants with different sizes and ages [38].
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Figure 1. Location of the 18 study plots in the state of São Paulo, Southeast Brazil.

Within this area, we selected five land uses to measure soil physical and hydraulic properties,
vegetation structure and diversity (Figure 2). In general, the deforestation of our study area already
existed at the beginning of the 19th century, with the objective of introducing coffee (Coffea arabica)
plantations. However, after the crisis in coffee cultivation during the early 20th century, the plantations
were gradually replaced by pastures.

Land use history for the study sites was reconstructed based on interviews with the local
population and aerial photographs taken in 1968, 1978, 1994, 2005 and 2017. The site RF is a secondary
old-growth forest characterized by having the highest slope between the study sites, which was
28.8 ± 4.9% (SD). The slope was measured in the study plots with laser distance meter. Site RF was
used as a control area to assess reference values for soil physical and hydraulic properties. According
to interviews, in the early 20th century, this site was affected by natural fire disturbances and it was
partially cleared at least once in the past for agricultural purposes. Moreover, aerial photographs
showed that forest cover in most of the area was established and has increased since 1968. In this
context, all RF plots were located in sites with forest cover in the last 40 years.
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Site APR is located adjacent to the LiP. The slope (28.1 ± 2.8%) was similar to the RF. From 1968
to 1994, it was used for milk cattle grazing. Then, the area was abandoned and remained without a
specific land use until 2007, leaving the forest to naturally regrow over 12 years. In 2007, to decide the
best restoration strategy for the area, the “Diagnostic” protocol proposed by Rodrigues et al. [37] was
implemented. This protocol allowed identifying the initial environmental situation and evaluating
the potential of autogenic restoration of the area. Considering that this site evidenced favorable
abiotic and biotic conditions (e.g., naturally regenerating native plants) for native plant establishment,
the restoration diagnosis was of fair potential for autogenic restoration. Thus, forest restoration
techniques included the encouragement of regenerating individual native trees and shrubs by manual
and chemical control of invasive grasses. Moreover, enrichment plantings with native tree species
were also implemented in patches without natural regeneration. In this regard, our measurements
reflect the effect of 11 years of APR on a soil with a previous second-growth forest.

At AR site, the slope (22.8 ± 1.7%) was lower than the RF and APR. Initially, this site was used for
dairy cattle grazing from 1968 to 1986. Later, it was replaced by coffee (C. arabica) plantations until 1994.
It is important to emphasize that, at the beginning of the coffee plantation phase, widespread terracing
was implemented. Then, in 1994, the coffee was replaced by pastures with Urochloa brizantha for beef
cattle grazing. In 2007, the “Diagnostic” protocol mentioned previously was implemented. Given that
AR site evidenced very few spontaneously regenerating seedlings and degraded environmental
conditions that limited the passive restoration strategy, the restoration diagnosis in this area was of
very low potential for autogenic restoration. Thus, AR was implemented through a restoration model
that aimed to provide economical insurance and ensure successional processes to landowners [37].
Restoration plantings were implemented as mixed plantation with high-diversity-mix of seedlings
(>50 native trees species). During the planting, these species were organized in fourth groups (e.g.,
initial, filling, middle and final species) according to the rate of growth and commercial value. Initial
species (e.g., Acacia polyphilla, Croton floribundus and Schinus terebinthifolius) can be harvested for
fuel production in 10–15 years, and are characteristically fast-growing, providing fast soil coverage
and beneficial initial conditions for other species growth. Filling species (e.g., Croton urucurana,
Gochnatia polymorpha and Trema micrantha) are also fast-growing species planted in the same line as the
species. Middle species (e.g., Astronium graveolens, Gallesia integrifolia and Machaerium stipitatum) can
be harvested during Years 20–25, and are more valuable wood species that will replace the initial and
filling species. Final species (e.g., Aspidosperma polyneuron, Cariniana estrellensis and Cariniana legalis)
are narrow canopy and slow-growing species that can be harvested during Years 40–45 for luxury
and finished carpentry. The species planted are listed in Table S1. The total density of seedling was
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1660 ind·ha−1, in a 3 m × 2 m spacing, using mechanized soil preparation. Before planting, invasive
grasses were controlled through herbicide application. Fertilizers and irrigation were applied at the
time of planting and during the first year [37,39]. As a result, our measurement in this restoration
site represent the effect of 11 years of active restoration on highly degraded soil, with an intense land
use history.

Site LiP with a slope of 22.7 ± 2.1% is located adjacent to the HiP, and both sites share a similar
land use history until 2008. Since this year, in the LiP, grazing has been intermittent and with low
productivity (e.g., stocking rate lower than two livestock units per hectare). During our field campaign,
the vegetative cover in the LiP was dominated by the same grass specie (U. brizantha), with a mean
height about 50 cm and isolated native trees, shrub species and nonnative grasses scattered in the area
were also evident (Figure 2). Consequently, our results reflect the influence of 40 years of grazing, with
a lower land use intensity in the last decade.

At site HiP, the slope was 23.3 ± 3.2%. This site was covered by a coffee (C. arabica) plantation
until 1968. Afterwards, the coffee was replaced by pasture, planting U. brizantha as grass species.
Since 1978, this area has been heavily grazed with dairy cattle, supporting a stocking rate greater than
two livestock units per hectare, with regular application of fertilizers and other inputs. As a result,
our measurements at this site represent the effect of 40 years of continuous grazing.

A graphical summary of the land use history for the five land uses described previously is
provided in Figure 3.
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2.2. Experimental Design

The study sites were located in a similar landscape position along the hillslope gradient and were
selected to have the same soil type following Zwartendijk et al. [23]. In forest stands, we established
four plots, and for the pasture sites three plots were established. Sampling the same number of plots
per land uses was impossible due the restricted accessibility in pasture sites, resulting in 18 plots
altogether (Figure 1). For sampling vegetation and soil attributes, the size of each plot was 500 m2

(50 m long and 10 m wide), a total area of 2000 m2 for each site. The size and number of plots were
chosen according to similar investigations aimed at evaluating vegetation structure and composition
in tropical forest restoration projects [40–42].

2.3. Vegetation Sampling

Vegetation sampling was conducted from September to November 2017 in the RF, APR and
AR plots. In each 500 m2 plot, we identified and sampled all living trees and shrubs with height
≥ 50 cm and diameter at breast height (DBH) > 5 cm. Additionally, we installed a 200 m2 (50 m long
and 4 m wide) subplot at the center of each plot, to identify and measure all trees and shrubs with
DBH < 5 cm and height ≥ 50 cm. For all sites considered in this investigation, we measured the
following vegetation attributes: (1) tree basal area; (2) canopy cover; (3) vegetation height; (4) tree
density; and (5) species richness. These are key ecological indicators, useful to evaluate vegetation
structure and composition in tropical forest restoration projects, also, they are being recommend in
Atlantic Forest monitoring protocols [42,43]. As suggested by Viani et al. [42], the percentage of canopy
cover in each plot was measured by an adaptation of the line interception method [44], installing
a 50 m line transect in the middle of each study plot. Vegetation height was measured with a 5 m
measuring stick, and the remaining height of trees taller than this was estimated visually. As suggested
by Suganuma and Durigan [40], for tree density, we analyzed: (1) density of trees (DBH > 5 cm);
and (2) density of saplings (DBH 1–5 cm). In the same way, for species richness, we analyzed: (1) total
richness (all individual sampled); (2) overstory richness (DBH > 5 cm); and (3) richness of saplings
(DBH 1–5 cm). For all previous ecological indicators, we calculated the mean values per study site.
In addition, for all sampled individuals we classified the species origin as: native or nonnative to the
study region. Specifically, in the AR site, we evaluated planted tree mortality.

2.4. Soil Sampling

Soil sampling was conducted during the dry season in April 2018. In the middle of each plot,
we installed a 50 m transect along the hillslope gradient. At intervals of 15 m, three disturbed soil
samples at 0–5 cm depth were collected. Before soil sampling, the litter and a small layer of soil (e.g.,
organic horizon) of less than 1 cm was removed. We determined the soil particle size distribution
(PSD) with sand particle separation, the particle density (Pd) and soil organic carbon content (OC).
The PSD analyses were carried out according to the hydrometer method [45]. Then, soil textures were
classified following the USDA standards. The Pd was determined using the helium gas pycnometer
method [46], and the OC analyses were performed following the Walkley–Black method [47]. In the
same transects, at 7 m intervals, soil hydraulic measurements were conducted. In the specific case of
AR site, to minimize spatial variability and possible induced effects by tillage, we placed the seven
sampling points in the inter-plant space of planting lines. At each sampling point, we performed the
Beerkan method [48,49]. A total of 126 Beerkan experiments were carried out, using a steel ring with an
inner diameter of 16 cm inserted to a depth of about 1 cm into the soil surface. In each infiltration point,
a known volume of water (150 mL) was repeatedly poured into the cylinder at a small height above soil
surface (e.g., a few cm) and the energy of the water was dissipated with the hand fingers to minimize
the soil disturbance. Then, the time needed for complete infiltration was logged. This procedure
was repeated until the difference in infiltration time between two or three consecutives trials became
negligible. Following a procedure commonly used for Beerkan method, at the beginning of each
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infiltration run, and near the steel ring, we collected one undisturbed soil core (100 cm3) at 0–5 cm
depth to determine the bulk density (ρb) and the initial volumetric soil water content (θi). Saturated
soil hydraulic conductivity (Ks) values were estimated by the Steady version of the Simplified method
based on a Beerkan Infiltration run (SSBI method) [50]. According to previous a investigation carried
out by Lozano-Baez et al. [28] on the same area, this method was chosen to avoid uncertainties due to
a specific shape of the cumulative infiltration [51,52].

In addition, the undisturbed soil cores were used to determine total soil porosity (Pt),
soil microporosity (Mic) and soil macroporosity (Mac). The Pt was calculated using ρb and mean
Pd of each plot [53]. The Mic was estimated using a tension table with application of 6 kPa suction,
and Mac was obtained by the difference between Pt and Mic [54]. Finally, according to Lassabatere
et al. [48], at the end of each infiltration test, a disturbed soil sample was collected to determine the
saturated gravimetric water content, and ρb was used to calculate the saturated volumetric soil water
content (θs).

2.5. Data Analysis

The hypothesis of normal distribution of both the raw and the log-transformed data was tested by
the Kolmogorov–Smirnov test. One-way analysis of variance (ANOVA) was performed with raw or
log-transformed data. When ANOVA null hypothesis was rejected, we used multiple comparisons to
detect differences between pairs by applying the Tukey’s honestly significant difference test. The related
p-values were computed and compared to the level of significance of 0.05. Alternative non-parametric
tests (Kruskal–Wallis ANOVA) were used when even the log-transformed data were non-normally
distributed. In this case, when ANOVA null hypothesis was rejected, multiple comparisons between
pairs were made with the Bonferroni method (adjusted p-values). Variables means were calculated
for soil attributes according to the statistical distribution of the data, e.g., geometric mean for
log-normal distributions and arithmetic means for normal distributions [55]. According to Lee et al.,
the appropriate CV expression for a log-normal distribution was calculated for the geometric means,
and the usual CV was calculated for the arithmetic means [56]. Pearson’s correlation coefficient was
calculated to identify correlation among the selected soil attributes: Pt, Mic, Mac, OC, θi, ρb and Ks

across all study sites. Furthermore, to compare the soil and vegetation attributes among land use types,
Principal Component Analysis (PCA) was performed on standardized variables. All statistical analyses
were carried out using the Minitab© computer program (Minitab Inc., State College, PA, USA).

3. Results

3.1. Vegetation Attributes

A total of 541 saplings and 646 trees distributed in 38 families, 92 genera, and 138 species were
sampled. For non-native species, we found 62 saplings and 147 trees, representing 11% and 23% of the
total, respectively (Tables S2 and S3). Although the basal area and vegetation height of trees were much
higher in RF, these did not differ statistically with both restored forests. The canopy cover showed
significant differences in AR with RF and APR. We highlight the higher similarity between RF and APR
for density of trees and saplings (Table 1), as a result of the high density of non-native trees Psidium
guajava and Tecoma stans, which represented 24% and 5% of trees in APR, respectively. In contrast,
non-native trees in the RF and AR represented 18% and 16%, respectively, of all tree individuals
sampled in each site. Additionally, the total richness, the density and richness of trees and saplings
were markedly lower in AR, where 14% of planted trees (e.g., initial species) were dead yet there was a
higher presence of grasses (e.g., U. brizantha) observed in all plots.
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Table 1. Mean vegetation attributes (± standard error, n = 4) sampled in the forest stands. Different
superscript letters denote statistically significant differences between land use types, according to the
Tukey’s test (p < 0.05), except for the basal area and vegetation height of trees where Kruskal–Wallis test
(p < 0.05) was applied. RF, Reference Forest; APR, Assisted Passive Restoration; AR, Active Restoration;
LiP, Low-intensity Pasture; HiP, High-intensity Pasture.

RF APR AR

Basal area (m2/ha−1) 26.4 ± 4.49 a 20.8 ± 2.53 a 12.5 ± 3.32 a

Canopy cover (%) 95.8 ± 2.17 a 91.3 ± 1.49 a 77.5 ± 3.11 b

Vegetation height of trees (m) 10.1 ± 1.16 a 7.79 ± 0.57 a 7.00 ± 0.11 a

Density of trees (ind·ha−1) 1,325 ± 137 a 1,300 ± 72 a 610 ± 72 b

Density of saplings (ind·ha−1) 3,950 ± 172 a 1,963 ± 959 ab 850 ± 119 b

Total richness (tree and non-tree) 82 ± 4 a 62 ± 1 a 38 ± 2 b

Overstory richness 50 ± 2 a 41 ± 1 a 30 ± 1 b

Richness of saplings 62 ± 2 a 39 ± 3 b 15 ± 1 b

Note. Different superscript letters denote statistically significant differences between land use types, according
to the Tukey’s test (p < 0.05), except for the basal area and vegetation height of trees where Kruskal–Wallis test
(p < 0.05) was applied.

3.2. Soil Physical and Hydraulic Properties

The texture of the upper layers of the soil (0–5 cm) was clay loam in APR and pasture sites,
while it was sandy clay loam in RF and AR sites. The clay content at the study sites ranged between
21% and 44%, but only the RF with lower values of clay differed significantly from the other study
sites. Moreover, soil samples taken from the HiP showed the highest clay content. The silt ranged
between 18% and 37%, with higher silt values in APR that differed significantly from other land-covers.
The sand content varied between 31% and 55%, and was significantly lower in APR compared with
other study sites (Table 2).

Table 2. Mean values for soil particle size distribution, and textural class according to the USDA
classification of the depth 0–5 cm for each land use type. For each variable, different superscript
letters denote statistically significant differences between land use types, according to the Tukey’s
test (p < 0.05). RF, Reference Forest; APR, Assisted Passive Restoration; AR, Active Restoration; LiP,
Low-intensity Pasture; HiP, High-intensity Pasture.

Land
Cover

Clay
(%)

Silt (%) Sand
(%)

Sand (%)
Textural Class

Very Fine Fine Medium Coarse Very Coarse

RF 24.8 b 25.9 b 49.3 a 6.23 a 14.0 abc 12.8 a 9.21 a 6.99 a Sandy clay loam
APR 30.2 a 31.9 a 37.9 c 6.28 a 12.1 c 9.11 c 5.54 c 4.84 b Clay loam
AR 30.0 ab 23.9 b 46.1 ab 5.73 a 14.2 ab 11.7 ab 7.67 b 6.68 a Sandy clay loam
LiP 31.7 a 22.6 b 45.7 ab 6.60 a 15.1 a 12.6 ab 6.87 bc 4.44 b Clay loam
HiP 33.6 a 23.2 b 43.1 bc 5.82 a 12.8 bc 10.7 bc 7.43 b 6.34 ab Clay loam

Note. Number of soil texture samples: RF = 12, APR = 12, AR = 12, LiP = 9 and HiP = 9. Different superscript letters
denote statistically significant differences between land use types, according to the Tukey’s test (p < 0.05).

Comparisons of ρb values between study sites revealed higher similarity between RF and APR,
while AR presented similar ρb values with both pasture sites. The Pd had similar values in all
study sites, ranging from 2.61 to 2.71 g cm−3. The OC varied significantly among sites (from 4.6 to
25.6 g kg−1), with higher values in HiP and markedly lower values in AR. The soil Mac ranged from
0.16 to 0.38 cm3 cm−3, with greater values observed in RF, followed by the APR, AR, LiP and HiP.
Similar results were obtained for Pt, which varied from 0.48 to 0.66 cm3 cm−3. In contrast, the soil Mic
(from 0.21 to 0.43 cm3 cm−3) was much higher in pasture sites and decreased in forest land-covers,
with lower values in RF and AR. In addition, the θi at the time of the Beerkan infiltration run varied
between 0.12 and 0.32 cm3 cm−3, with significant lower values in the RF. The θs varied between 0.29
and 0.75 cm3 cm−3 with significant lower values in restored forests. The Ks at the soil surface in the
study land uses ranged from 4 mm h−1 to a maximum of 1121 mm h−1. The higher Ks was evidenced



Water 2019, 11, 86 9 of 18

in APR, which was only similar with RF and significantly different from other three land uses. The Ks

values obtained in the RF were lower than APR. In contrast, the Ks of AR between 15 and 1121 mm h−1

was similar to RF and differed significantly for the other three land uses. In addition, across the five
land uses, Ks values varied least and differed significantly from each other at the LiP and HiP (Table 3).

Table 3. Mean and associated coefficient of variation (CV, in parenthesis) of soil bulk density (ρb in
g cm−3), soil particle density (Pd in g cm−3), soil organic carbon content (OC g kg−1), saturated soil
hydraulic conductivity (Ks in mm h−1), microporosity (Mic in cm3 cm−3), macroporosity (Mac in
cm3 cm−3), total soil porosity (Pt in cm3 cm−3), initial volumetric soil water content (θi in cm3 cm−3)
and saturated volumetric soil water content (θs in cm3 cm−3), of the depth 0–5 cm for each land use
type. For each variable, different superscript letters denote statistically significant differences between
land use types, according to the Tukey’s test (p < 0.05). RF, Reference Forest; APR, Assisted Passive
Restoration; AR, Active Restoration; LiP, Low-intensity Pasture; HiP, High-intensity Pasture.

Land Cover ρb Pd OC Ks Mic Mac Pt θi θs

RF
1.04 b 2.66 ab 16.2 a 215 ab 0.29 ab 0.32 a 0.61 a 0.18 c 0.48 ab

(7.06) (1.17) (24.3) (90.2) (14.6) (9.82) (4.54) (12.6) (22.2)

APR
1.04 b 2.68 a 16.4 a 351 a 0.31 bc 0.29 a 0.60 a 0.24 a 0.45 b

(6.50) (1.11) (21.4) (58.4) (9.12) (9.18) (2.53) (14.1) (19.4)

AR
1.19 a 2.68 a 10.3 b 163 b 0.29 c 0.25 b 0.56 b 0.20 bc 0.38 c

(7.20) (0.49) (35.5) (135.5) (12.8) (10.1) (4.49) (13.7) (14.7)

LiP
1.14 a 2.65 ab 15.1 ab 32.6 c 0.33 ab 0.22 c 0.57 b 0.22 ab 0.54 a

(7.12) (0.82) (12.4) (155.0) (10.8) (11.7) (5.31) (10.8) (15.0)

HiP
1.18 a 2.64 b 18.6 a 10.4 d 0.34 a 0.20 c 0.55 b 0.22 ab 0.50 ab

(12.0) (0.67) (28.4) (82.9) (11.9) (9.90) (9.59) (27.0) (15.5)

Note. For ρb, Ks, Mic, Mac, Pt, θi and θs numbers of soil sample: RF = 28, APR = 28, AR = 28, LiP = 21 and HiP = 21.
For Pd and OC number of soil samples: RF = 12, APR = 12, AR = 12, LiP = 9 and HiP = 9. Different superscript
letters denote statistically significant differences between land use types, according to the Tukey’s test (p < 0.05).

Within-site plots, high variability in Ks was observed in the RF plots and within the two restored
forest classes. In contrast, smaller variations were evidenced in pasture sites. Figure 4 includes the
results of the of the Tukey’s test for all sampled plots. The grouping information highlights the
significant and non-significant comparisons for all sampled plots. In the first group, the forest plots
evidenced not significant differences due to the high Ks variability within these plots (e.g., Ks means
from 104 to 407 mm h–1). Then, the second group (RF1, RF3, RF4, AR1, AR3, LiP1 and LiP2) showed
significant differences with pasture sites, which were grouped in a third (LiP1, LiP2, LiP3, HiP1 and
HiP2) and fourth group (LiP3, HiP1, HiP2 and HiP3). In general, the LiP and HiP plots were similar,
and mean Ks values altogether (e.g., from 8 to 47 mm h–1) were very low (Figure 4).

According to the Pearson’s correlation coefficient among selected soil attributes across all study
sites, significant positive correlations were found for Pt vs. Mac (0.60) and Ks vs. Mac (0.67). In contrast,
significant negative correlations were found for ρb vs. Pt (−0.99), ρb vs. Mac (−0.58) and Ks vs. Mic
(−0.49) (Figure S1).

The first and second axis of the PCA for the soil attributes explained 43.0% and 29.3%, respectively,
of the variation among all study sites. This analysis revealed a gradient of land-cover types from
pastures to forest covers. As expected, the pasture sites were separated from the forest covers due
to the higher Mic and ρb. Similarly, the higher ρb values in AR plots contributed to separating the
study site. Then, APR plots were more similar to RF plots, and both forest covers were associated with
higher Ks, Mac, Pt, θi and OC values (Figure 5A). The PCA correlating the soil and vegetation attributes
showed a clear segregation among forest cover sites, explaining 55.2% and 16.5% of the variation in
the first and second axis, respectively. This analysis showed that RF plots were mainly related with
larger trees, evidencing higher correlation with vegetation attributes such as height of trees, density of
saplings, basal area, canopy cover and overstory richness, also it was evidenced intermediate values of
Mic. Considering the vegetation attributes in APR plots, the PCA showed positive correlation with
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total richness of species, density of trees and richness of saplings, also positive correlation and higher
values of Ks, θi, Mac and Pt were found in these plots. By contrast, the separation of AR plots was
driven by the higher ρb values and lower vegetation attributes, since AR site had a more intensive land
use history compared to RF and APR sites. In particular, among AR plots, AR3 was the most different
plot, composed by few and smaller trees growing in a compacted soil (Figure 5B).
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Figure 5. Principal component analysis (PCA) biplot based on soil attributes (A); and PCA correlating
soil and vegetation attributes (B). Symbols represent plot sites for each land-cover type: Reference
Forest (RF), Assisted Passive Restoration (APR), Active Restoration (AR), Low-intensity Pasture (LiP)
and High-intensity Pasture (HiP). The soil physical and hydraulic are indicated in the vectors as follow:
ρb, bulk density; θi, initial volumetric soil water content; Ks, saturated soil hydraulic conductivity; OC,
soil organic carbon content; Mac, soil macroporosity; Mic, soil microporosity; and Pt, total soil porosity.
The vegetation attributes are indicated in the vectors by the letters: (a) basal area; (b) canopy cover;
(c) vegetation height of trees; (d) density of trees; (e) density of saplings; (f) total richness of species;
(g) overstory richness; and (h) richness of saplings.

4. Discussion

4.1. Effects of Land-Cover Type and Land Use History on Soil Physical and Hydraulic Properties

Assessing the Ks recovery, soil physical and hydraulic properties of different forest restoration
strategies, and investigating their relationships with land use history, vegetation structure and
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composition, provided the opportunity to identify the extent to which these forest restoration strategies
contribute to supplying ecosystem functions as infiltration of rainwater. The variation of Ks among
land-cover types was not as we expected, due to the higher Ks evidenced in APR and lower in RF.
However, our results supported the first study hypothesis, namely that a more intensive land use
history in AR resulted in a lower Ks recovery compared to APR. Importantly, despite both restored
forest types being located in the same soil type and landscape position, it was not clear from our
measurements whether APR resulted in a faster recovery of Ks compared to AR, due to the high
variability in land use history. Similar situations have been reported in several tropical studies [26,29].
In addition, the Ks recovery in APR could be associated with improved soil physical and hydraulic
properties, which suggest a higher soil pore connectivity. Hassler et al. [12] found similar Ks at 0–6 cm
depth between 100-year-old and 12–15-year-old secondary forests in Panama. Similarly, Leite et al. [24],
at Brazilian Caatinga, obtained no significant differences for surface Ks between old-growth forest
(more than 55 years) and young secondary forest (7 years). This Ks recovery to pre-pasture levels was
also detected at 12.5 cm depth after 15 years of pasture abandonment for an Oxisol in the Brazilian
Amazon [11] and by other studies carried out in tropical environments [20,21]. In contrast, after 10 years
of natural regeneration in Ecuador, no significant changes of Ks were reported at 12.5 cm depth for an
Inceptisol, which was related with invasive species delaying the Ks recovery [33].

Our Ks in the RF plots can be compared with those for Lozano-Baez et al. [28], as both
investigations in the same forest biome estimated the Ks with the SSBI method, on the same soil texture
(e.g., sandy clay loam) and at the same soil depth used an identical measurement technique (e.g.,
Beerkan method) and instruments. Our mean Ks in the RF (215 mm h−1) was close to reported value
(387 mm h−1) by Lozano-Baez et al. [28] under similar soil conditions. This difference can be explained
by the more conserved soil conditions in the study area of Lozano-Baez et al. [28], for example, as their
remnant forest was never burned or cultivated. In contrast, our RF was partially cleared and was
affected by natural fire disturbances. This observation is in line with several studies, which suggest
that in old-growth tropical forests the Ks can be affected by past soil degradation and intensity of
forest use [11,15,29,57]. The Ks values obtained in RF plots (e.g., from 23 to 1122 mm h−1) showed the
high spatial variability of the infiltration process under forest cover, which can be associated with the
heterogeneous soil structure, lower ρb and higher Mac [57–59]. Another factor to consider is the spatial
heterogeneity of our RF, where different landscape conditions such as higher slope and vegetation
attributes among sample plots could have influenced the Ks variability. In this sense, we believe
that the true reference soil condition could be represented by RF plot RF2, due to observed low soil
disturbance in this plot, which is consistent with the higher tree basal area (39.4 m2 ha−1), vegetation
height (average of 12.9 m), species richness (41 trees and non-tree; Table 1 and Table S4), OC and
soil porosity (Table 3 and Table S5). Unfortunately, it was not possible to find similar forests in the
study area, but we could expect that infiltration capacity in other Brazilian Atlantic Forest patches
will be directly related with the forest age and forest conditions, which has been shown by several
studies [12,24,60]. Therefore, the Ks values in RF could be limited by the number of measurements
(n = 28), which should be increased in future studies, considering the gradient and spatial heterogeneity
of forest cover.

Our results highlight the importance of land use legacy on Ks recovery after forest restoration.
The restoration diagnosis in APR and AR based on the “Diagnostic” protocol [37], allowed evidencing
significant differences in the initial environmental situations (e.g., naturally regenerating native plants)
and land use history between both sites. In fact, the initial differences in the initial environmental
situations in each restored site allowed the restoration practitioners to identify and select at the
beginning of the restoration project the most suitable restoration strategy. Figure 3 provides a graphical
summary of these differences between APR and AR. Our findings are also in agreement with other
studies that reported lower Ks when land use was more intense prior to forest regrowth [11,21,27].
In this sense, our AR site with a more intensive land use history, resulted in significant lower Ks,
which could be attributed mainly to greater soil exposure and soil compaction during the land use
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history. Our mean Ks in the AR site (163 mm h−1) was considerably higher than the reported value
(54 mm h−1) by Lozano-Baez et al. [28] on the same soil texture (e.g., sandy clay loam). This difference
can be explained by the higher ρb values found in the actively restored forest of Lozano-Baez et al. [28].

Despite no statistically significant differences being found between AR and other forest plots,
we stress that the specific past land use intensity and management in each plot could also have played
an important role in soil degradation. Thus, we found AR plots (AR1 and AR3), where the Ks values
were below the mean of other forest plots. The lower Ks in these plots are consistent with their higher ρb
and Mic, lower Mac and OC (Table S5) and possibly a more intensive past management, suggesting that
these plots still retain the “memory” from the previous land use. Similar results have been reported
by Bonell et al. [26], for a 10-year-old Acacia plantation in India growing in Ultisols and Oxisols,
with lower Ks when compared to less disturbed forests. On the other hand, the higher Ks in restored
plots AR2 and AR4 is closer to the RF and APR plots, indicating that in some cases after 11 years
the active restoration could reach the infiltration recovery target defined by the reference conditions.
This finding agrees with recent literature reviews, which show that Ks recovery after tree planting
in the tropics occur across a wide range of soil conditions [61,62] and probably after more than one
decade [26,33]. In addition, it is important to underscore that before tree planting at AR site, trampling
pressure occurred for 13 years over abandoned agricultural terraces, causing terracing failure. Several
previous studies have reported an increase in soil loss, surface runoff, ρb and reduction of infiltration
rates after terrace abandoning [63,64]. Another important factor that might have influenced the current
Ks in AR site is the possible soil compaction during soil preparation, tree planting using bulldozers or
tractors is associated with high levels of soil disturbance, and the effects of this soil preparation can
persist long after tree planting [65]. Overall, these circumstances suggest that initial soil conditions
before forest restoration actions at AR site were more degraded than in APR. Nevertheless, in our
study the lack of soil measurements in each moment of the land use history precludes a stronger
understanding of the relative impacts of historical land management on Ks recovery, thus future studies
should consider the role of previous land use, comparing sites with a truly identical history.

The significantly lower Ks observed in pasture sites compared to forest land-cover types was
consistent with several previous studies [20,33,66], supporting the importance of preserving the forest
cover and promoting forest restoration actions in the landscape to maintain the infiltration process.
This result can be attributed to higher ρb and Mic in both pasture sites (Table 3). In the present study,
we observed a significant higher Ks in the LiP compared to HiP. The differences in Ks between LiP and
HiP are mainly related to factors such as cattle-grazing intensity and the duration of pasture cover,
which has been similarly reported in several other tropical studies [11,12,66]. Additionally, the similar
OC between pasture sites and forest covers (RF and APR) is a trend that has been previously noted by
other authors [9,22,28,67], suggesting that such similarities are linked to the accumulation of organic
matter by the root system of grasses, the animal-derived inputs and application of fertilizers.

4.2. Relationships between Soil, Vegetation and Land Use History

When evaluating vegetation attributes in forest cover sites, our study revealed the significantly
lower values in AR and higher values in RF. The higher values of vegetation attributes in the RF could
be explained as a consequence of the longer time that this old-growth forest (Figure 3) has remained
undisturbed [68,69]. It is interesting to note that basal area and vegetation height of trees in AR could
reach statistically similar values to the RF. Similarly, Garcia et al. [70] found in the same biome no
significant differences in the basal area between actively restored forests (12, 23 and 55 years old) and
the reference condition. Furthermore, it is noteworthy in AR that, while Ks, basal area and vegetation
height of trees have reached statistically similar values with the RF, other vegetation attributes, such as
canopy cover, tree density and species richness, were significantly lower than those for the RF plots.
For instance, the lower canopy cover, density and richness of saplings (e.g., lack of regenerating trees)
in AR might compromise the future forest structure [68], which could hamper the recovery of soil
hydraulic properties [62]. Although the herbaceous cover was not directly quantified, we observed a
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higher abundance of grasses (e.g., U. brizantha) in AR site, which could be related to the lower canopy
cover. The open canopy conditions in AR may have favored the persistence of grasses, hindering
the recruitment of new trees species [71]. In contrast, APR site had statistically similar Ks (Figure 4)
and vegetation attributes to the RF (Table 1). However, the vegetation attributes in APR were mainly
influenced by non-native trees, such as P. guajava, an aggressive pioneer species with allelopathic
potential [72]. For these reasons, we suggest that both restored forests need management activities
to improve soil and vegetation attributes. Canopy cover protects the soil from physical disturbance,
and higher species richness and tree density with native species can produce a higher biomass and
enhance the Ks [73,74].

One possible explanation for the different outputs between AR and APR are the initial soil
conditions at each site. As mentioned above, when the forest restoration actions began in APR, the soil
might have had better initial conditions (lower ρb, higher Ks, OC and soil porosity), and some degree of
natural regeneration, which stimulated the potential recovery of the site and facilitating the recruitment
of new trees species [3,37]. In AR site, the more intensive land use history probably led to an area
with low resilience, a more compacted soil and poor OC. In particular, the intensity of past land use
has been reported as the main factor affecting tropical forest recovery, for example, the vegetation
in pastures with a long-lasting land use will regenerate more slowly relative to pastures used less
intensively [75,76]. Both restoration approaches (APR and AR) have an important role in the process of
restoring degraded ecosystems in tropical landscapes and can be used complementary to enhance the
chances of restoration success [37,68]. To understand the soil hydraulic recovery after forest restoration,
it is important that future studies consider the role of the duration and intensity of the previous land
use, including parameters to assess the land use legacy effects [11,77] and more measurements over
time in deeper soil layers, which may reveal further differences among restoration strategies.

The correlation results for Pt vs. Mac and Ks vs. Mac are in agreement with several other studies
in the Atlantic Forest [30,58], which reported the positive influence of Mac for the pore space and
infiltration process. This finding is consistent with the inverse relationships between Ks vs. ρb, Ks vs.
Mic and Mac vs. ρb, also found by some studies [9,23,28,78]. High OC contributes to the trend of
increasing Ks, soil porosity and reducing ρb values [9]. However, the reverse occurred in the present
study, which can be attributed to the high OC and ρb in pastures sites as well as low OC in AR
but with a high Ks, suggesting that recovery of soil physical and hydraulic properties is not only
dependent on the OC. The result of the PCA indicate the importance of forest cover to promote the
infiltration and better soil physical and hydraulic properties. This could be associated with the litter
inputs, roots and higher soil faunal activity produced by the trees, which can influence positively the
aggregate stability, Mac and OC, thereby Ks increase in forest covers [79,80]. Nevertheless, there is a
need to further research the plant–soil interactions; for example, little attention has been paid to the
effects of individual trees, richness and density of species on Ks and soil hydraulic properties [80].

5. Conclusions

The Ks recovery differed between AR and APR sites. As we expected, the knowledge of the
land use history was crucial for understanding the current differences among the study sites for Ks,
soil physical and hydraulic properties. This is consistent with our previous work [28] in the same forest
restoration program. The Ks and vegetation attributes decreased when land use was more intense
prior to forest restoration actions. The influence of land use intensity on soil physical and hydraulic
properties could also be evidenced in the comparison between LiP and HiP. The present results further
illustrate the positive correlation between Ks and vegetation attributes (tree basal area, vegetation
height of trees and overstory richness) in forests undergoing restoration.
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