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Abstract: Afforestation can improve hydrological processes, such as infiltration, in basins and,
therefore, reduce the impact on human populations of floods, soil erosion, landslides, droughts, and
climate variation. The aim of this work was to analyze how afforestation and other changes in land
use influence infiltrability and the evolution of soils. Infiltration rates, soil water repellency, and
physical and chemical properties of sandy loam soils were measured in four types of land: native
holm oak forest, afforested 20-year-old pine forest, shrubs, and grasslands. Non-forest covers are
the result of the degradation of native oak forests for centuries, while the pine afforestation in this
study took place on a perennial wet mountain pasture (cervunalito). Our results show that soil
infiltration rates are much higher in pine afforestation areas (857.67 mm-h~!) than in holm oak forest
(660.67 mm-h~1), grasslands (280.00 mm-h~1), or shrubs (271.67 mm-h~1). No statistically significant
differences in fertility, organic matter content, bulk density, or effective porosity were found between
afforestation areas and other types of cover; however, pine afforestation improved the drainage of the
soil, as its infiltration rate was higher than that of the native holm oak forest.

Keywords: ecological restoration; forest restoration; global change; infiltration; soil

1. Introduction

Global change includes climate variations, as well as modification of land cover, over-
exploitation of natural resources, the effects of invasive species, habitat losses, and the
alteration of biogeochemical cycles. Changes in land use have occurred for centuries, espe-
cially from forest to agricultural usage or grasslands, and these changes have an undoubted
influence on soil erosion, hydrological processes [1], and natural water resources [2]. On the
other hand, restoration of forest ecosystems by means of afforestation can contribute to ame-
liorating the hydrological processes of soils [3], mainly by the infiltration of basins, thereby
reducing the impact of climate variations on human populations in terms of controlling
floods, soil erosion, landslides, and droughts [4].

Infiltration is a complex hydrological process that consists of the vertical entry of water
into the soil. During the process, the water potential, capillary forces, and gravitational
gradients are controlled, and they are related to soil water content and pore structure,
among other soil characteristics [5]. Infiltration is one of the main components of the
hydrological cycle. It is a main factor in the regulation and maintenance of ecological
relationships in water-dependent terrestrial ecosystems [6]. Soil infiltrability (or infiltration
capacity) is the maximum capacity of soil to infiltrate surface water in a unit of time
(L-m~2.min~!, mm-h~1), and it is estimated by the soil infiltration rate [5,7]. Quantifying
the soil infiltration capacity is necessary to understand and model the hydrological regime
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of an area, and to assess soil erosion and its stability [8], due to its close relationship with
the hydrological functioning of the soil [9] and the hydrological services of ecosystems [10].
Therefore, it is an important factor in land management and in the estimation of overland
flow or groundwater [11].

During soil infiltration, the initial infiltration rate is extremely high, and the rate de-
creases exponentially over time, gradually stabilizing [12] to a constant final infiltration rate
(i.e., a steady state infiltration rate). This final infiltration rate is very close to the saturated
hydraulic conductivity (field saturated hydraulic conductivity) [12] or the permeability
of the soil [5]. Generally, the infiltration process takes two to four hours to reach the final
infiltration rate, at which time the flow of water into the soil depends exclusively on the
gravitational gradient and not on the initial soil moisture content [7].

Soil infiltration has been extensively studied and modeled in the past and more
recently [13], and depends on various factors [5,10,12,14-17]. Such factors include pre-
cipitation characteristics (duration, intensity, droplet size), surface water characteristics
(turbidity, temperature, density), terrain relief, vegetation cover, soil properties (surface
roughness, litter cover, texture, structure, porosity, soil depth, bulk density, coarse elements
and stoniness, compaction, water content, organic matter, calcium carbonate, etc.), and
livestock. Agricultural and forest works also affect soil infiltration. It is necessary to study
and model the infiltration of different soil and land cover conditions and the management
of those conditions [5,14,18,19]. Zhang et al. [11] showed that the heterogeneity of soils
makes it very difficult to obtain representative infiltration rates at the plot or hillside scale.
They also found significant differences between measuring instruments, especially between
small soil cores and double-ring infiltrometers.

Several studies have been conducted on different types of land use, as vegetation is
one of the main factors influencing infiltration. There are numerous works on infiltration
in agricultural land in tropical [7,9,19,20], subtropical [21], temperate [22], and cold re-
gions [23]. Other studies have focused on different types of vegetation cover [3,24-28] and
showed that reforestation improves (increases) soil infiltration. Some studies [29] showed
that trees usually enhance infiltration capacity.

However, there is a lack of information on infiltration in forests, although numerous
experiments have been carried out [3,11,16,30-36]. Various researchers found that infiltra-
tion rates tend to increase after reforestation [6,25,30,37—41]. Other researchers [3,6,40,42]
reported higher infiltration rates under vegetation tree cover than in unforested sites.
The reasons for this are that forest canopy intercepts rainwater, acting as a shield against
raindrop impact, and the roots of trees form a dense network of ducts that connect the
soil surface to its deeper layers [39]. Ilstedt et al. [33] found that reforestation in tropical
areas increased infiltrability three times more than agricultural crops in such areas. Trees
increase infiltrability more than any other type of vegetation, which may be due to the
depth and length of their roots, a higher content of surficial litter, and organic matter in the
soil [22]. In addition, microtopography surrounding tree trunks, the microclimate under
tree canopies, and a large number of edaphic fauna improve the hydrological conditions
of the soil [11,40,43]. Generally, forests provide for better infiltration than old traditional
grasslands, except in some cases such as the ancient agro-pastoral systems of the Western
French Pyrenees. Leigh et al. [44] found better hydrological conditions in grassland areas
than in forest areas. Yu et al. [26] also found higher infiltration rates at the soil surface (0-20
cm) of grasslands than in the black locust forest of the Loess Plateau, but the forest had
higher infiltration rates below a depth of 20 cm. Greenwood and Buttle [25] reported that a
27-year-old Scotch pine plantation had the same infiltration rate as a 100-year-old pasture.
Habrovsky et al. [10] studied infiltration rates and water repellency in vineyards, natural
forests, and forested areas in the Little Carpathian Mountains and found that higher rates
of water repellency were related to the lower infiltration rates of the ground surface in
forested areas. The hydrophobicity associated with certain land uses [45-47], especially
forest land [48], is related to the presence of organic substances in the soil [49,50] and is
sometimes linked to the presence of certain fungi [51] or forest fires [47,52,53]. The hydro-
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logical implications of hydrophobicity are complex, depending on its degree of intensity,
but hydrophobicity generally reduces infiltration capacity and, therefore, increases surface
runoff and sediment transport [53-55]. This means that water repellency or hydrophobicity
is a soil property that can have significant hydrological consequences [45].

As Lof et al. indicated, “afforestation by artificial regeneration or by natural invasion
of trees often occurs first on those marginal sites as a consequence of land use change, shifts
in agriculture practices and depopulation of rural areas” [56]. Consequently, more scientific
evidence is required about the effects of these changes on the hydrological conditions of
different types of soil with different agricultural or forestry activities [33,43].

In addition to improving the hydrological properties of soil, forest vegetation improves
the chemical and physical properties of soil. [42]. This could be related to the thickness of
leaf litter generated by trees after forest restoration [40], which stabilizes the soil structure
and increases microbial community activity and nutrient cycling [37]. For this reason, soil
generally presents better quality in forested areas than in degraded areas [37,57]. However,
some properties of land, such as soil erodibility, vary slightly after less than a century of
reforestation, compared with degraded soils in the same area [40]. However, Medeiros
et al. found that the difference was only around 9% less when reforested areas were
compared with degraded areas [58]. The evolution of some soil properties in reforested
land, such as fertility [6,59] or the presence of communities of earthworms, can be relatively
slow [60]. Eighty years after the reforestation of gullies, Navarro et al. found no significant
changes in soil strength penetration, soil pH, electrical conductivity, or bulk density [40].
Laudicina et al. also reported that some soil properties had not changed six decades after
reforestation [61]. Other studies found that vegetation in degraded areas changed soil
properties, such as textural fractions, bulk density, porosity, electrical conductivity, pH,
some nutrient levels, cation exchange capacity, percentage of exchangeable sodium, and
organic matter [28,40,42,62]. Accordingly, vegetation seems to be a significant factor in
ameliorating soil properties.

Currently, there is a lack of information on the recovery of soil infiltration capacity
after forest restoration [29]. Several studies have reported how different factors, such as
soil texture and structure, grassland use, soil type, and vegetation, affect soil infiltration
rates [29], but the influence of these factors and forestation in the recovery of soil infiltration
capacity is still not well understood [41]. Therefore, the main objective of this work is to
compare different land uses and the results of historic land management practices in a
mountainous area in central Spain (with a focus on native holm oak forest, shrubs, and
pasture) with a recent pine afforestation area, in terms of the hydrological conditions
(infiltration, NRCS hydrologic groups, and repellency) and other physical and chemical
properties of the soil. Our hypothesis is that afforestation with Pinus species contributes to
soil improvement, recovering hydrological and edaphic properties that were lost when the
native holm oak forest was turned to grasslands or to shrub vegetation.

2. Material and Methods
2.1. Study Area

The study area was around Navalperal de Pinares, a Spanish village located in the
Tajo River basin. Specifically, it is in the small basins of the Majalayegua and Pradomolino
streams in the Alberche River sub-basin. This area is located in the eastern part of the
province of Avila (40°35/32" N, 4°2439" W), which is in the central system mountain range
in the interior of the Iberian Peninsula (Figure 1).

The climate of the study area is classified as a humid temperate climate. The average
annual temperature is 9.9 °C, the average minimum temperature in January (the coldest
month) is —0.3 °C, and the average maximum temperature in July (the warmest month) is
27.5 °C. The average annual precipitation is 459 mm, with maximum precipitation occurring
in autumn and minimum precipitation occurring in summer. The annual mean potential
evapotranspiration, according to the Thorthwaite method, is 642 mm. The duration of the
dry period is 2.7 months.
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Figure 1. (a) Location of the study area in the Tajo River basin and the location of the sampling plots
(R1, R2, E1, E2, M1, M2, P1, P2), using orthophotography PNOA 2017; (b) location of the study area
in topographic map 1915; (c) location of the study area via ortophotography OLISTAT 1997-1998,
before afforestation. Coordinates: UTM zone 30N, Datum ETRS89.

The lithology of the area is composed of igneous rocks, mainly consisting of adamellites
with megacrystals and tonalitic microaggregates, as well as leucogranites and pegmatites.
Humic and gleic cambisols are formed on these materials, as well as, to a lesser extent,
lithic and umbric leptosols. Generally, the soil is sandy loam, with more than 60% sand
(mean values: sand 67%, silt 21%, clay 12%). The soil pH is 5.4, which indicates acidic
soil conditions; CaCOjs is not detectable, and organic matter content is 8.8%. The relief is
mountainous in the northern part, with slopes descending to flatter areas in the southern
part. The altitudes of the study area range between 1217 m and 1488 m, predominantly
from the southern and southeastern orientations.

The area presents an anthropized landscape formed by grasslands for extensive live-
stock usage, including Stipa gigantea LINK, Trifolium sp. L., Poa bulbosa L., and other
herbaceous species. The area is fenced and dotted with some trees. The holm oak (Quercus
ilex ssp. ballota [Desf.] Samp.) and Pyrenean oak (Quercus pyrenaica Willd.) predominate
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in the highlands and near the village. On the map of 1915, there is evidence of an old
presence of oaks in the area, such as in the carrascal, which means an area covered with
small holm oaks (Figure 1b). However, the old presence of pinewoods is indicated by some
place names in the region, such as Pefiaelpino, Navalperal de Pinares, or Resin house. The
original vegetation of dense holm oak and Pyrenean oak was cleared over time by cropping
and fires to generate pastures for grazing sheep and cattle (which remains the majority
usage today). Since at least the fifteenth century, the area has been of great importance for
livestock, according to different historical documents. In addition, the soil evolution has
been influenced by historic land management, forestry use (firewood and timber, resin),
cropping, and cattle raising. Since the end of the past century, ancient cleared lands, with
open or non-existent trees and poor grazing, have been colonized by broom scrub (Cytisus
oromediterraneus) (Rivas Mart. et al., 1984). Afforestation and reforestation with Scots pine
(Pinus sylvestris L.) have been carried out on abandoned land. Therefore, pinewoods in
the area, as a means of recovering lost trees and their ecosystem services, are now about
20 years old. Some of these pinewoods were planted on an ancient perennial and wet
mountain pasture that was named Cervunalito on the map of 1915 (Figure 1b). Before
planting, mechanical site preparation (MSP) was carried out to avoid excessive soil mois-
ture for the roots of the pine saplings. For this purpose, ridges were made with a bulldozer
(mounding), so the soil surface shows excavated and compacted furrows between ridges of
disturbed and loose earth.

2.2. Field Sampling and Laboratory Work

Eight 10 m x 10 m sampling plots (Figure 1a) were randomly chosen in areas of four
different types of land use: (i) holm oak forest (E1, E2), (ii) afforested pinewood (R1, R2),
(iif) shrubs (M1, M2), and (iv) grasslands (P1, P2) (Figure 2). Twenty-four infiltration tests
were carried out (three in each plot) under dry soil conditions (without precipitation in the
10 days prior to the infiltration tests) using a simple ring infiltrometer (Infiltest) (Figure 3).
This infiltrometer has a millimetric methacrylate to read the measurements and a steel tube
to place the methacrylate cylinder on the ground. A little furrow surrounding the simple
ring was dug to pour water and avoid lateral infiltration. Consequently, it worked as a
double-ring infiltrometer. The tests lasted three hours, during which 17 measurements
were made to determine the initial infiltration rate (fy) and the steady-state (fc) infiltration
rate, to obtain their corresponding infiltration curves.

Repellency was determined by means of 10 tests in each plot, with the water drop
penetration time (WDPT) and molarity of an ethanol droplet (MED) methods [45,48,63].
The WDPT method consists of pouring 0.05 mL drops of distilled water (ten drops for each
plot) onto the soil from a height of 1 cm. The time until it infiltrates was recorded, and
the same process was repeated for the excavated soil (depth = 1 cm). The MED method
consists of successively placing drops with increasing concentrations of ethanol in distilled
water (0, 3, 5, 8.5, 13, 24, and 36%), timing how long the drops last to infiltrate. The test
ended when one drop took less than three seconds to infiltrate, and the same process was
repeated for the excavated soil (1 cm).
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Figure 2. Sampling plots with the different types of vegetation: pine forest (recent afforestation)
(R1,R2), holm oak forest (E1,E2), shrubs (M1,M2), and grasslands (P1,P2).
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Figure 3. Simple ring infiltrometer (Infiltest).

In addition, the slope degree (SL) and the orientation of all the plots were determined,
and a representative soil sample from 0-50 cm deep was taken for laboratory analysis. We
determined the following for all samples: texture, as a percentage of weight in relation to
the fine earth (% sand = SD, % silt = ST, and % clay = CY); coarse soil particles (>2 mm
sieve); soil bulk density (BD) by means of unaltered soil samples, extracted by cylinder
steel-rings 8 cm @ X 24 cm (three points in each plot); soil moisture content (MC) with the
Theta Probe equipment (10 points in each plot); and the effective porosity (EP), which was
determined using the modified Briggs and Shantz equation [64]:

PD—-BD  0.03-5D +0.35-ST +- 0.65-CY

EP=1—5p 100

1100 1)

where PD is the mineral particle density.

Likewise, soil organic matter (OM) was determined according to the Walkley—Black
method (which determines organic carbon using a coefficient of 1.724 to obtain the organic
matter content); soil pH (potentiometry-water solution 1:2.5); electrical conductivity (EC)
(conductivity meter-water solution 1:2.5); the contents of nitrogen, phosphorus, potassium,
calcium, sodium, and magnesium; and the macro fertility index (MFI) (sum of N, K, and
P). The sum of the bases (SB) (the sum of Ca, Mg, Na, and K) was determined. Finally, the
hydrologic soil groups (HSG) [65] were determined for each plot, as well as the related
curve number (CN) [66] and the initial abstraction (IA) [67].

2.3. Statistical Analysis

Eleven variables directly related to soil properties were analyzed by mean of a principal
component analysis (PCA). The selected data were OM, N, Ca, EP, K, Mg, P, pH, Na, BD,
and MC, with MFI and SB as complementary variables.

The differences among bulk density, porosity, soil moisture, organic matter, fertility,
sum of bases, phosphorus, potassium, calcium, magnesium, and nitrogen of the different
types of vegetation were analyzed by means of an ANOVA model of one factor (one-way
ANOVA), adjusting for different variances for each type of vegetation.

Some equations of mixed linear models were adjusted to study the effects on initial
and final infiltration, and on repellency in the types of considered vegetation:

Yijk = B+ Vi +Pjq) + My ) + &ijk )

where yj;, is the initial or final infiltration for some of the four types of soil repellency
for the k sampling point in the j plot for the i vegetation type, u is the general effect of
the mean, V; is the effect of the type of vegetation, P;(;) is the linked effect of the plot for
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each type of vegetation, and My ) is the random effect of the different measures in each
plot; M — N(0, V) with the covariance matrix V were determined by a different variance

for each type of vegetation, Var <Mk(i,j)) = o? and constant covariances for each type

of vegetation, Cov (Mk(i,j ) Mk(i,j’)) = v;, and null between different types of vegetation.

Finally, &y is the random error of the model such that &, — N(0,0?) is independent.
To attain model convergence, restricted maximum likelihood (REML) variances were
calculated. Pairwise t-tests were used to compare the estimated means for the different
levels of significant fixed effects.

In addition, we fitted some linear regression models by means of linear mixed models
with the following equation to analyze the influence of the numeric plot soil variables (bulk
density, porosity, silt, clay, sand, and organic matter) on infiltration rates and repellency:

Yi() = @+ bXij) + Migj) + &) ®)

where a and b represent the intercept and the slope of the regression line, respectively, yy(;
is the soil infiltration rate or repellency, and xy ;) is the value of the different independent
soil variables for the j-plot. The random terms for the models are the same as those of the
previous model, Mk(j) is the random effect for the three measures in each plot, and E,k(j ) is
the random error of the model, with the same REML variance and covariance structures.

Every model was adjusted by means of the PROC MIXED of SAS 9.4 statistical model,
and the variances for the restricted maximum likelihood (REML) were obtained to fit the
convergence of the models.

3. Results

Table 1 shows the results of the means for the study variables and the four types of
the analyzed land use, as well as the descriptive statistical parameters for the different
variables.

Table 1. Study variables for the four types of vegetation. Mean and (standard deviation). Soil
properties for 0 to 50 cm depth.

Variable Oak Forest Pine Forest Shrub Grassland Mean S:i Max Min n
Orientation E W N, N N, S N - - - - -
SL (%) 35 2.0 35 2.0 - - - - -
1880.00 2365.00 1435.00 1740.00
-1
fo (mm-h™") (1203.83) (967.69) (575.87) (436.12) 1855.00 935.92 4050.00 300.00 24
857.67 271.67 289.00
-1
fo (mm-h™) 660.67 (374.96) (155.89) (119.12) (71.43) 519.75 336.10 1266.00 106.00 24
401.50 33.25 —113.25
R-WDPTO (s) 229.75 (226.25) (103.50) (27.75) (109.75) 194.44 198.74 505.00 3.50 80
4.00 62.75 313.50 467.00
R-WDPTE (s) (2.00) (55.25) (312.50) (459.00) 211.81 343.48 926.00 1.00 80
o 18.00 30.00 8.00 13.50
R-MEDO (%) (18.00) (6.00) (5.00) (10.50) 17.38 14.06 36.00 0.00 80
o 2.50 22.25 6.50 13.50
R-MEDE (%) (2.50) (13.75) (6.50) (10.50) 11.19 12.23 36.00 0.00 80
HSG A-B A-B A-B A-B - - - - -
SCSCN 25-55 26-52 35-56 49-69 - - - - -
IA (mm) 76.2 79.5 60.9 353 - - - - -
Sandy-loam/
Texture Sandy-loam loamy-sand Sandy-loam Sandy-loam - - - - -
o 67.0 73.00 61.00 62.50
SD USDA (%) (3.00) (12.00) (1.00) (2.50) 65.88 8.03 85.00 60.00 8
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Variable Oak Forest Pine Forest Shrub Grassland Mean g:‘l, Max Min n
ST USDA (%) (209'9922) (}g’ﬁ) (21%6%1) (20%304) 213 517 268 1000 8
CL USDA (%) (122.608% (159'5588) (11‘%6106) (131 6106) 1200 368 1616 500 8
BD (g-cm?) ((O):Z) ((1):(1)8) ((1):(1)‘31) ((1).'% 099 017 123 056 24
MC (%) (8:88) (8_'8; (8_‘8?) (8_‘52) 0.08 0.02 0.13 0.06 80
EP (%) (5327511) ?f;gl) (359_3643; (339_'2644) $38 701 5924 3159 8
OM (%) (gigé) (‘;’:gg) (gigi) (gﬁ) 7.14 211 9.57 3.29 8
pH (8:853)) (3:??) (g.'ig) (§;§§) 540 049 608 476 8
EC (1S cm~1) (8:(1)‘;) (8:(1)‘1*) (8:(1)5) (8:82) 0.12 0.05 021 0.05 8
P (mg-kg 1) g?:g‘;’) (fgg) (122.6%5) (1;'120(; 2461 2321 7685 699 8
K (mg-kg1) (62992,'6(114) é‘f% é’zg:gg) (25%%(; 40385 22810 72228 13600 8
Ca (meq-100 g) (1494773; ((2).'2; &:gg’) (i’:fg) 480 431 1520 090 8
Mg (meg-100 g) ((2):‘113) (})';g) (8_"212) (8_‘28) 123 082 262 024 8
Na (meq-100 g) (8_'2;) (8:22) (8_}}) (8:8}) 0.41 0.68 180  0.00 8
N (%) (8:%) (gf‘f) (8:82) (8_'8’;) 0.35 0.15 0.67 0.13 8
MFI (mg kg) (fgggéz) g;‘g;:g% é’g%j% é%ii'% 387483 1692.14 740580 161754 8
SB (meq-100 g) (135.'3815) (ng) (g;i) (g;i) 7.81 571 1916 149 8

Abbreviations: W = west; S = south; N = north; E = east; f = initial infiltration rate; fc = steady-state infiltration rate;
HGS = hydrologic soil group; CN = curve number; SL = slope; SD = sand; ST = silt; CL = clay; BD = bulk density;
EP = effective porosity; R-WDPTO = repellency WDPT method original soil; R-WDPTE = repellency WDPT
method excavated soil; R-MEDO = repellency MED method original soil; R-MEDE = repellency MED method
excavated soil; OM = organic matter; MC = moisture content; EC = electric conductivity; MFI = macrofertility
index; SB = sum of bases.

The first two factors (PC1 and PC2) of the PCA with soil data explained 77.80% of
the total variation. PC1 was negatively correlated with BD (—0.83) and MC (—0.63) and
positively correlated with the rest of the variables, particularly with Mg (0.88), K (0.87), EP
(0.87), pH (0.84), Ca (0.83), P (0.83), and SB (0.94) (Table 2). PC2 was negatively correlated
with Na (—0.74) and positively correlated with N (0.87), MFI (0.80), and OM (0.70).
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Table 2. Pearson correlation matrix between soil variables and the first two factors of the PCA

(PC1, PC2).
MC  pH oM P K Ca Mg Na N EP MFS SB PC1 PC2
BD ns  —0535 0593 —0491 —0.637 —0812 —0.589 ns ~0.667 ns ~0733  —0808  —0.830 ~0.420
MC ~0.598 ns 0604  —0.624 ns —0484  —0417  ns ns ns —0486  —0.630 0.402
pH ns 0.834 0.893 0.632 0.716 ns ns ns ns 0.749 0.841 —0.254
oM ns Ns 0523 0202 ns 0753 0620 0750  0.469 0.404 0.703
P 0740 0528 ns 0.580 ns ns ns 0.689 0.829 ~0.292
K 0597 0708 0432 ns ns ns 0.742 0.874 0.182
Ca 0.688 ns 0.749 ns 0806 0958 0.832 0.433
Mg 0.693 ns ns ns 0.859 0.883 ~0.229
Na —0512  —0682  —0.419 ns 0.432 ~0.738
N 0702 0989 0575 0.425 0.87
EP 0.654 ns 0.868 0.031
MFS 0.663 0.540 0.800
SB 0.940 0.198
All coefficients are significant at p < 0.05 except those indicated as ns (non-significant). Variable description and
acronyms are explained in Table 1.

The PCA allowed us to describe the edaphic properties of the plots. The plot on these
two factorial axes revealed distinct groups of vegetation types and differences between the
plots considered for each type of vegetation (Figure 3). The first factor, PC1 (horizontal
axis), distinguished between the holm oak and the rest of the types of vegetation. The oak
plots were characterized by high values of Mg, K, Ca, and P, as well as SM and a high pH
(positive values of PC1). In addition, Figure 4 shows low values of soil moisture content
and bulk density (negative values of PC1), unlike the falues of other types of vegetation.
Moreover, PC2 (vertical axis) allowed distinguishing between (a) those plots with high
values of OM and N, with high macrofertility, and with low values of Na (positive values
of PC2) and (b) plots with the opposite trend (negative values of PC1).
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14 O «MFI
Shrub
< % M /' ~Ca
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N Grassland ' ..-+SB Oak forest
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o ¥ Mg
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Figure 4. Plot of cases and variables in the PCA plane for soil plot data. The plotted points correspond
to the centroids of cases for each plot and type of vegetation. Variable description and acronyms are
explained in Table 1.
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Therefore, PCA allowed us to describe the edaphic properties of the plots. Figure 4
shows that variability between plots in each type of land use is high (distance between
plots) and that the holm oak has better soil properties than the rest of the land uses.

The influence of the types of vegetation on the edaphic variables was also ana-
lyzed (Figure 5). According to the physical properties of the soil, only bulk density
(p-value = 0.0024) and effective porosity (p-value < 0.0001) presented significant differences.
The holm oak plots had the lowest bulk density and the highest porosity, with statistically
significant differences compared with the other three types of vegetation. Pine afforestation
areas did not show significant differences in either variable, compared with shrubs and
grasslands. Regarding the soil chemical properties, only K (p-value = 0.0052) and Mg
(p-value = 0.0101) showed significant differences. In practice, oak forests presented the
highest values of these nutrients, while pine afforestation areas did not present significant
differences compared with shrubs and grasslands. In addition, organic matter, fertility,
sum of bases, and contents of P, Ca, and N did not show statistically significant differences
among these three land uses.
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Figure 5. Mean plot of the bulk density: (a) bulk density, (b) effective porosity, (c) K content, and (d)
Mg content for the vegetation types. Error bars represent 95% confidence intervals. Different letters
denote statistically significant differences, o« = 0.05.

Figure 6 shows the infiltration curves for the different land uses. The initial soil
infiltration rate did not present significant differences for the four types of vegetation.
However, the steady-state infiltration rate presented significant differences, for a probability
of 99% (p-value < 0.0001), with pine afforestation at the highest rate, followed by native
holm oak, grasslands, and shrubs (Figure 7).
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Figure 7. Mean plot of the steady state infiltration rate for the vegetation types. Error bars represent
95% confidence intervals. Different letters denote statistically significant differences, & = 0.05.

Based on the regression analysis, the factors influencing the soil steady-state infiltration
rate were the effective porosity and the sand content. The p-values and the fitted regressions
are shown in Table 3.

The repellency or soil hydrophobicity was clearly greater in pinewood than in the rest
of the vegetation types, regardless of the methods used (p-value < 0.0001). However, there
was a significant difference between the plots within the same type of vegetation, especially
in pinewood and holm oak (Figure 8). In our opinion, these differences could be related to
historical changes in land management and land use, such as the transformation of native
forests for grasslands and livestock activities over past centuries. In contrast, the current
differences could be due to forestation or shrub invasion on abandoned land. However,
more research is needed to support this point of view. Statistical analysis also showed that
soil bulk density, effective porosity, sand, silt, clay, and organic matter content influence
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soil repellency, with different levels of significance, depending on the factors, variables,
and methods used(Table 3).

Table 3. Factors influencing soil infiltration and soil repellency.

Variable Factor p-Value AIC
Bulk density ns
Effective porosity ns
Silt ns
fo Clay ns
Sand ns

Organic matter

ns

Bulk density ns
Effective porosity fc = —186.24 + 12.1947-EP 0.0433 302.2
Silt ns
fe Clay ns
Sand fc = —1189.61 + 24.0957-SD 0.0049 297.9
Organic matter ns
Bulk density R-WDPTO =902.62 — 765.18-BD <0.0001 879.3
Effective porosity R-WDPTO = —664.19 + 18.8959-EP <0.0001 897.5
Silt R-WDPTO = 526.92 — 16.9679-ST 0.0022 907.9
R-WDPTO Clay R-WDPTO = —157.78 + 54.934-CL <0.0001 901.0
Sand ns
Organic matter R-WDPTO = —69.0776 + 25.3167-OM <0.0001 897.9
Bulk density R-WDPTE = 17.8031 — 17.6356-BD <0.0001 850.1
Effective porosity R-WDPTE = —32.9819 + 0.7075-EP <0.0001 859.8
Silt R-WDPTE = —39.572 + 2.0913-ST <0.0001 853.4
R-WDPTE Clay R-WDPTE = —7.2388 + 0.0945-CL <0.0001 854.6
Sand R-WDPTE = 47.7396 — 0.6501-SD <0.0001 856.7
Organic matter R-WDPTE = —25.2834 + 3.3404-OM 0.0001 854.4
Bulk density R-MEDO = 67.374 — 56.0803-BD <0.0001 587.4
Effective porosity R-MEDO = —42.4025 + 1.2968-EP <0.0001 600.4
Silt R-MEDO = 49.3203 — 1.5770-ST <0.0001 627.5
R-MEDO Clay R-MEDO = —26.517 + 3.5607-CL <0.0001 583.1
Sand R-MEDO = —18.9945 + 0.487-SD 0.0410 642.0
Organic matter R-MEDO = —8.6634 + 3.3989-OM <0.0001 580.3
Bulk density ns
Effective porosity ns
Silt R-MEDE = —26.4638 + 1.3860-ST <0.0001 581.5
R-MEDE Clay R-MEDE = —11.7966 + 1.2090-CL <0.0001 572.9
Sand R-MEDE = —56.8719 — 0.8101-SD <0.0001 571.7

Organic matter

ns

Abbreviations: fy = initial infiltration rate; fc = steady-state infiltration rate; SD = sand; ST = silt; CL = clay; BD =
bulk density; EP = effective porosity; R-WDPTO = repellency WDPT method original soil; R-WDPTE = repellency
WDPT method excavated soil; R-MEDO = repellency MED method original soil; R-MEDE = repellency MED
method excavated soil; OM = organic matter; ns = not significant. AIC= Akaike’s information criterion.
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Figure 8. Mean plot of the soil repellency for the vegetation types (left) and for sampling plots
(right). Error bars represent 95% confidence intervals. Different letters mean statistically significant
differences, « = 0.05, between the vegetation types in (a,c), and between plots within each vegetation
type in (b,d).

Regarding the hydrological groups of soils, we followed the criteria established by [65,66],
and all land uses were between groups A and B (Table 1). These values meant that they
had a very high to high infiltration capacity, respectively. However, there were some
differences in the related hydrologic curve numbers (CNs), which were the closer values to
100 maximum soil runoff capacity and the lower values of lower soil runoff capacity. In
addition, the oak and pine forests had a better infiltration capacity and a lower capacity to
generate runoff, because their CNs were between 25 and 55. On the other hand, shrubs had
a greater response in runoff (CN = 35-56), but the response was even greater in grasslands
(CN = 49-69).

Finally, the initial abstraction (IA) represents the rainfall interception, water infiltra-
tion, and surface depression storage during the early periods of a storm until runoff
begins [67]. Our results showed that the pine forest had the highest runoff threshold
(IA =79.5 mm), followed by the oak forest (IA = 76.2 mm). On the other hand, shrubs and
grasslands showed a much lower capacity to intercept rainfall (IA = 60.9 mm, IA = 35.3 mm,
respectively). Pine forest showed the highest capacity for retaining runoff and, therefore, it
had the greatest capacity for controlling floods and soil erosion, and enhancing groundwater.

4. Discussion
4.1. Infiltration and Runoff

Generally, soil infiltrability is closely related to the type of vegetation cover [14].
Infiltration rates are usually higher when the vegetation size and cover are larger, especially
when trees provide the cover [3,22,29,68]. Gilmour et al. [30] found improved infiltration
rates in reforested areas that were 5 and 12 years old (51 and 524 mm-h~!, respectively)
and in native forests (370 mm-h’l), compared with deforested lands or those converted
to heavily grazed grasslands (39 mm-h~!). Mapa [7] reported higher infiltration rates in
reforestations that were 12 years old (567 mm-h~1) in lands that were transformed into
pastures (259 mm-h~!) or crop areas (286 mm-h~1). Gajic et al. [69] recorded steady-state
infiltration rates in forests that were 2.5 times higher than the rates in meadows and six
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times higher than the rates in cultivated fields. Zwartendijk et al. [9] found high infiltration
rates in forests in eastern Madagascar (724 mm-h~!) compared with the rates in crop areas
(45 mm-h~1). Ahirwal et al. [20] found that infiltration rates decreased from forest to
reforested land and from forest to crop land by 89% and 45%, respectively, in tropical
Jharkhand (India).

In line with previous studies, our results show a higher steady-state soil infiltration
rate in restored areas (e.g., recent pine afforestation) and in oak forests than in grasslands
and shrubs. The more recent afforestations have steady-state infiltration rates three times
higher than those of shrubs and grasslands, and the rates of holm oaks are 2.3 times higher
than those of non-wooded lands. Some authors reported that infiltration rates increased
after forest restoration, compared to the rates of deforested areas [3,6,7,33,37,39,40,42].
Bessie et al. [68] reported improved soil infiltration rates at sites where natural vegetation
was recovering. In our study, the soil infiltration rate of oak forest is lower than that of
pinewood (660.67 mm-h~! compared to 857.67 mm-h~!). This fact could be explained by
that the native forests in pristine condition do not exist within the study area. The ancient
original oak forest was felled for different uses at different intensities over the centuries (i.e.,
for firewood, timber, cropping, and grazing). Currently, the oak forest area supports some
cattle and provides firewood to the inhabitants of the area. Some soil compaction could
be expected, as these activities are not developed in the pinewood area. Similar results
were obtained by Gilmour et al. [30], who found that native forests were altered by grazing
and human activity. Ghimire et al. [70] also observed reductions in infiltration rates due to
intensive use of the forest. Therefore, it is very probable that soil infiltration was higher in
native forest areas that were unaltered by the influence of human activities. Furthermore,
afforestation was carried out by means of mounding, to enhance infiltration capacity and
soil drainage [56,71]. Accordingly, soil infiltrability in the pine afforestation areas could
have been increased by the MSP.

Some works suggest that a long period of time is necessary for forest restoration to
affect the hydrological conditions of soil. Greenwood and Buttle [25] indicated that it took
from 25 to 40 years for pine plantations to regenerate the soil and improve infiltration rates
to the level of the rates of undisturbed mixed coniferous and broadleaved forests. Zhang
et al. [11] explained that a period of 23 years of forest restoration was necessary to have
a positive effect on the physical properties of the soil, such as porosity or bulk density,
which are directly related to infiltration. For example, oak forests have the lowest soil bulk
density (0.77 g~cm’3 ), but pinewoods, shrubs, and grasslands have similar values (1.06,
1.04, and 1.07 g-cm 3, respectively). These results show that afforestation did not change
soil bulk density when compared with the forest’s prior state, which is similar to the results
for shrubs or grasslands. All of the bulk density values of the different land uses are far
from the growth-limiting bulk density (GLBD = 1.65 g-cm ) for sandy soils [72], which
means that soils are in a good state for root development. Navarro et al. [40] found an
improvement in soil infiltration rates in 80-year-old forest restoration areas, but they also
found that soil bulk density under the forest (1.63 g-cm~3) was very close to that of barren
land (1.7 g-cm~3); Mongil-Manso et al. [3] observed a notable improvement in infiltrability
in a 50- to 60-year-old pine reforestation area area that was relatively close to the area
for this work (about 75 km in a straight line), but they also observed that the soil bulk
density of the reforested pinewood (1.48 g-cm~3) was similar to that of the degraded land
(1.51 g-em~3) and higher than that of the native oak forest (1.34 g-cm~2). In contrast, it is
important to emphasize that forestation is associated with the MSP, which aims to improve
water infiltration into the soil and better root development [71]. Therefore, the MSP could
also have a positive effect on the amelioration of soil infiltration rates in pine forestation
areas.

It is well known that soil infiltration depends on various factors in addition to the
type of vegetation, such as texture [7,29], the presence of coarse particles [3], surface
stoniness [73], bulk density, porosity [7,11,14,38], electrical conductivity [74], and soil
organic matter [14,41]. Among the factors studied in this work, only moisture content,
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porosity, and texture influenced the steady-state infiltration rate, as we did not find a
correlation between the infiltration rate and bulk density, clay content, or organic matter.
We found that soil moisture content is negatively correlated with the infiltration rate.
This content is produced when soil pores are progressively filled with water, followed
by the slowing down of the infiltration capacity [75]. On the other hand, porosity and
microporosity (effective porosity) positively influence soil infiltration [14]. Regarding
texture, our results indicate that infiltration is positively correlated with sand content
and negatively correlated with silt content. Yiiksek and Yiiksek [38] showed that forest
plantations improved the infiltration of clay soils, compared with the infiltration of bare
and degraded land in a semi-arid region of Turkey, but Mapa [7] found that clay, silt, and
sand contents showed no significant differences in reforested soils, grasslands, or farmlands
in Sri Lanka. In contrast, Cerda [14] reported that clay and silt had a negative influence on
soil infiltration, but a high sand content had a positive effect. In our area, we found that
soils were sandy in all cases, with a higher effective porosity in the holm oak followed by
the porosity of afforested pines, which in turn had the highest infiltration rates.

Accordingly, forests had the soils with the lowest curve number (CN = 25 to 55) and
the maximum initial abstraction (IA = 76.2 mm to 79.5 mm), which meant that they had a
lower capacity for generating surface runoff. Shrubs and grasslands had higher CN values
(35 to 56 and 49 to 69, respectively) and lower IA values (60.9 mm to 35.3 mm), which
meant they had a much higher capacity to generate runoff [65,66]. Therefore, we concluded
that pine afforestation has a similar effect to that of native oak forests in controlling runoff
in the basin, moderating flows and floods in response to heavy rainfall and enhancing
groundwater. On the other hand, the transformation of the forest to shrubs or grasslands
causes a greater capacity to generate runoff and, consequently, a greater impact of floods
on rivers and valleys, increasing the torrential behavior of the basins.

4.2. Water Repellency

Soil hydrophobicity is usually associated with certain land uses [46,47], especially
with forest land [48]. In our study, the afforestation processes resulted in much higher
values than the values in unforested areas. Some authors related water repellency to the
presence of organic substances in the soil [49,50], and others indicated that water repellency
is independent of the amount of organic matter [45]. Bisdom et al. [76] stated that the
appearance of soil hydrophobicity requires the presence of organic vegetal compounds
(leaves, roots, and trunks), wrapping soil particles and forming part of the interstitial
components of the soil. In addition to its relationship to organic matter content, we found
that water repellency was related to bulk density, porosity, and sand and silt content. Other
authors found a correlation between repellency and moisture content [77], or between re-
pellency and other soil characteristics, such as pH, CaCO3 content, or textural fractions [63].
Moreover, we observed that soil litter in the pine forest remains in a very low degree of
decomposition, due to the low temperatures in the area and the lack of abundant rainfall,
which probably slow down the incorporation of fresh organic matter into the soil [78] and
increase water repellency. Perhaps the recency of these afforestations could be another
factor influencing hydrophobicity, but this possibility requires a longer-term study. We also
observed notable differences between plots with the same type of vegetation (Figure 6),
especially in afforestation areas, grasslands, and oak forests. These differences in land uses
and treatments could be based on a greater or lesser livestock load, land management,
forest site preparation, and the extraction of firewood and timber over time.

The hydrological consequences of water repellency are not clear [45], as the conse-
quences depend on the amount of repellency, but repellency usually reduces infiltration
capacity and increases the generation of surface runoff and soil erosion [53-55]. However,
in our study, no relationship was found between hydrophobicity and infiltration rates. Pine
afforestation areas showed the highest infiltration rates, but also the highest repellency
amounts. These results seem inconsistent; however, the complexity of these processes and
the large number of factors that influence them, as well as the existing circumstances of
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each plot (the slow decomposition of OM and the different historical evolution of land
usage and management), could explain them. In addition, the method used to estimate
repellency (e.g., on or below the soil surface, removing or not removing organic matter
layer) can significantly change the results. It would be helpful to determine which is the
better methodology to understand how water repellency is related to runoff generation
and to draw sound conclusions about its real influence. In our study, we did not find any
problems in carrying out the field tests for soil infiltration because of soil hydrophobicity.

4.3. Chemical Soil Properties

Several authors reported that forest restoration improves soil properties, compared
with the properties of degraded land, bringing the soil closer to that of natural
forests [28,37,40,42,57]. The main improvement is usually the content of organic mat-
ter due to the accumulation of plant debris from the tree canopy [37]. Other researchers
showed a higher content of certain nutrients after forest restoration, such as N, P, K, Na, Ca,
and Mg, [37,42,57,62].

In our study, the relict patches of native holm oak presented significant differences
when compared with the rest of the vegetation types, in terms of lower soil bulk density,
greater effective porosity, and higher K and Mg content. However, our 20-year-old pine
afforestation area did not present significant differences, either in these ways or in the
other measured variables. Nevertheless, organic matter content is very high in these recent
afforestations (5.79%), compared with the content of other studied areas. For example,
Chirino et al. [79] found 5.7% organic matter content in a 30-year-old pine plantation in
southeastern Spain, Mongil & Navarro [27] reported 3.3% organic matter content in a
60-year-old pine reforestation area in the Duero basin (Spain), and Navarro et al. [40] found
1.11% organic matter content in an 80-year-old forest restoration area in Palencia (northern
Spain). In our study, the organic matter content in the pine afforestation area (5.79%) was
the lowest value, compared with that of the native oak forest (8.82%), the shrubs (7.52%)
and the grasslands (6.43%).

In view of the obtained results, it seems that a forest restoration requires much more
time to modify soil properties, such as fertility, because soil evolution in the past was
very slow [6,59]. Moreover, the pine afforestation area studied is only 20 years old while,
according to different authors, longer periods are required to establish significant changes
in soil properties. For instance, Navarro et al. [40] did not find changes in soil pH, electrical
conductivity, or bulk density after 80 years of gully reforestation, but they found changes in
the level of some nutrients and in the organic matter content. Laudicina et al. [61] reported
that some soil properties had not changed in six decades after reforestation. Likewise, in
pine restoration areas on degraded land located in central Spain more than 60 years were
required to change some of the physical and chemical properties of the soil [3,28].

In addition, the lower organic matter content in pine afforestation areas, compared
with the content in shrub and grassland areas, could be explained by the MSP that was
carried out, which caused surficial ridges, or mounding [56]. For instance, Jandl et al. [71]
reported that, in general, there was a loss of carbon from soil following the MSP. In fact,
mounding removed the surficial centimeters of the soil, which are richer in OM, which
were mixed with the deeper mineral fraction, resulting in their accumulation at the top
of the ridges. Then, the bottom of the furrows remained, without OM but with a higher
soil bulk density, while the top of the ridges became poorer in OM with a lower soil bulk
density than before the site preparation (Figure 9). For this reason, pine afforestation causes
a reduction in OM in the short term, but in the medium or long term it is expected that OM
will recover because of the permanent contribution of litter from the canopy tree.



Land 2022, 11, 1043

18 of 23

mixed layer

organic layer

mineral layer

1
3

N

MOUNDING

Variation of:

- soil bulk density
- compaction
- moisture content I

Figure 9. Profile of the disturbed soil after forest site preparation (mounding).

furrow

4.4. Global Assessment

Our initial hypothesis was that afforestation improves hydrological conditions and
soil properties, compared with the conditions and properties of grasslands and shrubs. This
hypothesis has been established by the results obtained in terms of infiltration rates, but not
by the results in terms of repellency and edaphic parameters, as no significant differences
were obtained among these land uses. However, the results are not definitive, due to the
great heterogeneity between plots of the same type of vegetation. Therefore, the sampling
intensity must be increased to reduce this level of heterogeneity or to find the main causes
of the differences. First, it should be emphasized that the plots for each type of land use
presented enough homogeneity in terms of the type of vegetation, but also presented
different historical backgrounds in terms of changes in land use, livestock density, and soil
treatments, which can influence some edaphic properties. These lands have been severely
affected by changes in agricultural works, livestock, and forest management carried out in
different historical moments over centuries.

On the other hand, forest age is a very important factor, as the afforestation processes
that were studied were relatively new (about 20 years old). Several researchers established
that forest restorations require many years to affect the properties of the soil [11,28,40]. On
the other hand, pedogenesis is a slow process, with a very slow evolution of soil organic
matter in areas of low temperature and rainfall [78], such as the studied area. In our area,
several changes have been detected in deforested and afforested land, but more years of
study are needed to definitively confirm these changes, because the heterogeneity between
plots is high. Mongil-Manso et al. [3] found much clearer differences in the chemical,
physical, and hydrological properties of the soil in different types of land uses in a 60-year-
old forest restoration in an area that was 75 km from Navalperal de Pinares. The short
distance between the two zones and the similar edaphic conditions appear to indicate that
forest age plays a significant role in the evolution of forested soils.

Nevertheless, we found a certain degree of evolution in the soils that was related to
different types of vegetation cover. Some variables presented differing changes, such as
changes in the steady-state infiltration rate, effective porosity, organic matter, the sum of
bases, fertility, the hydrological soil group, the number of curves, and IA (Figure 10). In
the study area, the original dense oak forest was cleared for centuries, mainly for livestock,
and tree cover has finally been transformed into grasslands on a large surface. In some
cases, grasslands evolved into a shrub when grazing was abandoned. In other cases,
abandoned grasslands or shrub areas were forested, generating pinewood. At the same
time, some changes in the edaphic and hydrological properties of the soil occurred, which
were connected to land transformation. Parameters such as CN [66] and IA [67] are of great
importance as indicators of the hydrological functioning of these ecosystems, as they are
directly related to runoff generation. High values of CN (and low values of IA), as found
in the grassland areas, indicate a high capacity to generate runoff, while small CNs (and
high initial abstraction), such as those found in the pine afforestation areas and the native
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oak forest, imply that tree cover operates as a water sink in which most heavy rains are
intercepted and infiltrated [80].

DENSE HOLM OAK FOREST (E1, E2)
fc =661 mm-h*; OM = 8.8 %; EP = 52.5
%; HSG = A-B; CN = 40; IA=76.2 mm;
MFI = 5453 mg-kg; SB=15.9 meq:100 g

SHRUB (M1, M2)
fc =272 mm-ht; OM = 7.5 %; EP = 39.6
%; HSG = A-B; CN = 45.5; I1A =60.9 mm;
MFI = 3357 mg-kg; SB=5.1 meq-100 g

Grazing
facilitation

]

HOLM OAK FOREST CLEARED

Abandonment
of grazing

GRASSLAND (P1, P2)
fc =289 mm-h™; OM = 6.4 %; EP = 39.6
%; HSG = A-B; CN =59; IA=35.3 mm;
MFI= 3328 mg-kg; SB=5.1 meq-100 g

Forest
restoration

PINE FOREST (R1, R2)
fc =858 mm-h'}; OM = 5.8 %; EP = 43.5
%; HSG = A-B; CN = 39; IA =79.5 mm;
MFI = 3362 mg-kg; SB = 6.6 meq-100 g

Forest
restoration

Figure 10. Diagram of anthropic evolution of the vegetation in the study area. The original dense
holm oak forest would be cleared for livestock, becoming a grassland without trees. This grassland
could become a shrub area if grazing were abandoned. Both grasslands and shrubs could be forested,
generating pinewood. At the same time, there would be changes in the edaphic and hydrological
parameters of the soil. Abbreviations: fC = steady-state infiltration rate; HGS = hydrologic soil group;
CN = curve number; IA = initial abstraction; EP = effective porosity; OM = organic matter; MFI =
macrofertility index; SB = sum of bases.
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The results obtained show the effects of forest restoration on land that was previously
degraded by the combined actions of various human actions (agricultural works, livestock
management, intense forestry use, or abandonment of land). In addition, some of these
effects and factors are related to the hydrologic response of the basins and to global change.
These observations will help land managers make environmental decisions regarding
different land uses and foster the forest restoration of degraded lands.

5. Conclusions

Our study showed that forest restoration significantly improved water infiltration
capacity in the soil. The recent pine afforestation area had significantly higher infiltration
rates than those of land without trees (shrubs and grasslands) and slightly higher infiltration
rates than that of the holm oak. Therefore, we concluded that forest restoration improved
infiltration conditions in the forested lands of this basin. However, young pine forests
presented soils with more hydrophobic conditions than oak forests, shrubs, and grasslands.
It appeared that there was no relationship between soil infiltration rates and soil repellency
in pine afforestation areas, which may be explained by the complexity of these two processes
and the specific circumstances that affected the studied plots. For example, some of
them could have been subject to different historical evolutions of land uses, the MSP
for forestation, or slow decomposition of organic matter under cold and dry weather
conditions, among other circumstances.

It was not possible to demonstrate clear differences between forestation areas and
cleared land for the other edaphic properties. This may be a consequence of the recency of
the afforestation process, as the time was still insufficient to alter the edaphic properties due
to the slow speed of the edaphogenetic processes and the inadequate weather (cold and dry)
conditions. Furthermore, the different historical conditions over these soils during centuries
influenced soil evolution in terms of changes in land use, the intensity of livestock, forestry
conditions, agricultural exploitation, and the MSP for agricultural or forestry objectives.

Ultimately, our results confirm that forest restoration plays an important role in the
ecosystem services that regulate the hydrological conditions of the basins, as well as in
the properties of the soil. However, the forest age and the historical evolution of the land,
associated with the anthropic factor, can affect soil evolution. Greater differences can be
expected if longer periods of time are studied. Work with a greater intensity of sampling
to diminish plot heterogeneity and with a greater number of study cases will clarify the
effects of forest restoration on land that was previously degraded by human activity. This
will assist land managers in decision-making on land-use changes and their impacts on soil
fertility, soil erosion, floods, carbon balance, hydrologic resources, and other environmental
issues for the basins in the current scenario of global change.
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