Pre prints.org

Review Not peer-reviewed version

Impact of Reforestation on Soil Quality
with Emphasis in Mediterranean
Mountain Habitats: A Systematic Review
and Case Studies

Jorge Mongil-Manso i , Raimundo Jiménez-Ballesta , Maria del Monte-Maiz

Posted Date: 2 March 2026
doi: 10.20944/preprints202603.0064 v1

Keywords: afforestation; agroforestry; forest ecosystem services; forest restoration; land restoration;
plantation; soil functions; soil health assessment; soil properties

Preprints.org is a free multidisciplinary platform providing preprint service
that is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0
license, which permit the free download, distribution, and reuse, provided that the author
and preprint are cited in any reuse.



https://sciprofiles.com/profile/424406
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 March 2026 d0i:10.20944/preprints202603.0064.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Review

Impact of Reforestation on Soil Quality with
Emphasis in Mediterranean Mountain Habitats: A
Systematic Review and Case Studies

Jorge Mongil-Manso *, Raimundo Jiménez-Ballesta ! and Maria del Monte-Maiz !

Catholic University of Avila, Forest, Water & Soil Research Group, 05005 Avila, Spain

* Correspondence: jorge.mongil@ucavila.es

Abstract

Ecological restoration, both active and passive, comprises forest development, forest rehabilitation,
and other activities that fall under the purview of eco-system services. To provide a formal
framework, here we were hypothesized how do reforestation (through different forestry practices)
affect the conservation of soil functionality?, that is: Reforestation/Afforestation/Forest restoration
improves soil quality?; and specifically physical properties (such as structural stability, infiltration),
chemical properties (such as CEC, soil organic matter content)?. For this purpose, here, we conducted
a meta-analysis of numerous articles in order to compiled a large database of forest restoration
studies, with emphasis on the Mediterranean region, to make robust conclusions about how it affects
soil quality. Additionally, three case studies are synthetically presented concerning the short-,
medium-, and long-term outcomes of forest restoration projects conducted in central and northern
Spain. These cases corroborate the significant role of forest restoration in the control and
enhancement of ecosystem services, particularly in relation to soil improvement, the enhancement of
hydrological regulation processes within watersheds (runoff, infiltration, erosion), landscape
amelioration, and the socio-economic aspects of rural environments. Ultimately, forest restoration is
established as a necessary and essential practice in ecological restoration efforts to counteract the
impacts of anthropogenic activities.

Keywords: afforestation; agroforestry; forest ecosystem services; forest restoration; land restoration;
plantation; soil functions; soil health assessment; soil properties

1. Introduction

The relationship between forests and healthy soils is fundamentally symbiotic, constituting the
core foundation of global environmental stability and the resilience of terrestrial ecosystems [1].
Forests function as indispensable carbon sinks, reservoirs of immense biodiversity, critical regulators
of hydrological cycles, and natural buffers against erosion [2]. However, widespread land
degradation over recent decades—driven by deforestation, unsustainable agricultural practices,
climate change, and various other anthropogenic pressures—has severely compromised both the
ecological integrity of forest ecosystems and the vitality of soils across extensive global scales [3]. This
deterioration often culminates in desertification, reduced agricultural productivity, a decline in
biodiversity, and increased vulnerability to extreme climatic events [4].

Conceptually forests are defined, assessed, and valued through different vantage points. This is
how they are understood as a source of timber and non-timber products, an ecosystem composed of
trees along with myriad forms of biological diversity, a repository for carbon storage, and especially
as a source of multiple ecosystem services. The Food and Agriculture Organization [5] defines a forest
as land that is not classified as agricultural or urban. It must cover more than 0.5 hectares and contain
trees that are more than five meters tall, with a canopy cover of at least 10%, which can be reached in
situ. Forests can be categorised as natural, primary, closed, permanent forest estate or planted [6].
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It is widely accepted that the soil is a complex system where chemical, physical, and biological
factors interact, maintaining a dynamic equilibrium. In this way, soil is a vital component of the forest
ecosystem, such that it is required for successful forest regeneration [7]. Improving and maintaining
soil quality is critical for ensuring environmental sustainability and forest recovery; And conversely,
maintaining forest health is vital to maintaining soil quality and non-degradation [8]. Forests are
essential for biodiversity conservation and climate change mitigation [9].

Today, we witness a series of natural disturbances such as wind, fire, and snow that are
occurring with increasing frequency and intensity, which have a significant impact on forest
condition. This, which affects both regional and local levels, ends with forest and soil degradation.
Thus, it is not surprising that, according to the key findings of the Millennium Ecosystem Assessment,
globally, ecosystem services are declining [10-12]. The consequence of the current challenges posed
by climate change and variability, rapid population growth, and escalating environmental
degradation, it seems necessary to implement multi-functional and sustainable land management
strategies. And of course, the conservation or rehabilitation of forests. However, for some authors
such as Mayer et al. [13] or Makipéaa et al. [14], Kocsis et al. [15], forest management practices do not
always have a positive effect on the soil; sometimes they have a negative impact.

Under the premise of taking natural forests as a benchmark to assess the impact of reforestation
on soil properties, quality and functionality, this review article aims to compile a body of information
on forests rehabilitation, to which they are added the evaluation of soil properties in selected
rehabilitated Mediterranean mountain forests.

Following the introduction, the present article is organized as follows: The research
methodology is presented in the next section, while the descriptive and thematic findings are
presented below. In addition, three synthetic research examples in Mediterranean mountain forest
are follow. Understanding that soil quality assessment refers to the monitoring and evaluation of soil
attributes, soil functions, and soil conditions essential for ecosystem functioning, based on the review
conducted, we aim to address three key questions: To what extent do
reforestation/afforestation/forest restoration practices enhance overall soil quality? Specifically, how
are physical soil properties (e.g., structural stability, infiltration capacity) and chemical soil properties
(e.g., cation exchange capacity, soil organic matter content) affected by these interventions?.
Therefore, this review explores the core concept of soil quality, tracing the impact of various factors
and advancement in technologies applied to improve soil functionality.

2. Materials and Methods

A meta-analysis of numerous articles has been carried out to gather data on forest
restoration/rehabilitation and on the impact on the soil quality of forest habitats, with special
reference to Mediterranean mountain regions.

The comprehensive search was carried out mainly across two renowned electronic databases:
Scopus, Google Scholar, and Web of Science. The literature search was conducted using the following
keywords: “ecological restoration”, “restoration strategies”, “active restoration”, “passive
restoration”, “soil quality”, “soil management”, “soil health”, “soil properties”, “forest
management”, “forest habitat”, “forest restoration”, “forest recovery”, “forest regeneration”, “forest
structure”, “forestry”, “afforestation”, “reforestation”, “Mediterranean mountain regions”. We
assume that “afforestation” and “reforestation” they could represent a form of active forest
restoration. Obviously, both the titles and the abstracts were examined based on their relevance.
Results from these databases led to an in-depth understanding of the current state of the literature.

Of  the reviewed articles, the largest ~ proportion addressed  forest
restoration/forestation/afforestation (33%, n=48) and soil health/soil properties (32%, n=46).
Categories with less representation include ecosystem services (14%, n=20), deforestation (8%, n=11),
restoration ecology (5%, n=7), and other (8%, n=11). The sum of these values exceeds the total number
of studies because some investigations reported multiple objectives or covered several thematic areas.
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3. Forests: Ecosystem Services

Forests provide critical contributions to both humanity and the planet by bolstering livelihoods,
supplying clean air and water, conserving biodiversity, and addressing climate change (Figure 1).
Quantitative data demonstrates that forests contribute to the achievement of Sustainable
Development Goals (SDGs) related to livelihoods and food security for many impoverished rural
populations, access to affordable energy, sustainable economic growth and employment, sustainable
consumption and production, climate change mitigation, and sustainable forest management.
Furthermore, forests play a role in combating land degradation [12].

In a generic way, the so-called ecosystem services can be defined as the set of benefits that people
obtain from ecosystems [10,16,17]. The concept of forest ecosystem services can be defined as a
function in a forest that directly or indirectly offers a benefit to society [18-21]. Within them four
broad types can be established:

e  Provisioning services, which provide things like food, water, pharmaceutical products, genetic
resources, timber and fibre.

e  Regulating services, which affect climate (e.g. through carbon sequestration), pollination,
biological pest control, floods, disease, waste and water quality.

e  Cultural services (non-material benefits), which provide recreational, aesthetic and spiritual
benefits.

e  Supporting services, which include soil formation, habitat provision, photosynthesis and
nutrient cycling.

~

Carbon seguestration an:

-

Soil development
Regulate water quality

Figure 1. Some examples of ecosystems services provided by healthy soils.

On a global scale there is movement to recover the forest land in such a way to improve
ecosystem services and to lessen the effects of human induced global warming and climate changes
[22]. As is known, the functioning of an ecosystem includes processes such as decomposition of
organic matter, but also the fixation of carbon, intervention in nutrient and water cycling as well as
the degradation of toxic compounds.

According to Pan et al. [23], among the main functions of forest ecosystems it is worth
mentioning carbon fixation which, evidently, is directly related to the ecosystem services carbon
sequestration, a topic so relevant today. In agreement with Jenkins and Schaap [24], the world's

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202603.0064.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 March 2026 d0i:10.20944/preprints202603.0064.v1

4 of 19

forests cover thirty percent of the earth's surface, and serve as a source of diverse values to human
society. Specifically, they point out the next ecosystem services:

e Biodiversity conservation.- Forest biological diversity encompasses a multitude of plants,
animals, and microorganisms that inhabit forested areas, along with their associated genetic
diversity, and is susceptible to loss if forests are cleared.

e  Climate regulation.- The forest cover and, generally, land uses, can function as either a carbon
source or a carbon sink, holding the potential to sequester carbon and, consequently, to reduce
net CO:z emissions. Furthermore, forests play a role in buffering the microclimate [25].

e  Soil conservation and prevention of degradation and desertification.- Forests play a crucial role
in the formation and maintenance of soil fertility. Furthermore, forest ecosystems promote soil
stability, as the complex networks of tree roots present in a healthy forest act to retain soil in
place, even on steep slopes or during intense rainfall, situations where the soil would otherwise
erode in the absence of a protective forest cover. However, when the forest is cleared, the
resulting bare land becomes vulnerable to a process of soil degradation that, in some cases, can
lead to desertification and the inability of the land to support both agriculture and forestry. In
arid, semi-arid, and dry sub-humid lands, desertification constitutes an environmental and
socioeconomic problem of paramount importance. Therefore, forest restoration—for example,
through the oasification strategy [26] —can represent a realistic and effective solution.

e  Water regulation and conservation.- Healthy forest ecosystems can filter water pollution,
regulate river flows, recharge aquifers, and provide protection against floods. Moreover,
ecosystems, including forests and wetlands, improve water quality by trapping and filtering
sediments and contaminants before they reach surface waters.

e Recreation.- For millennia, human societies have valued the aesthetic, recreational, and spiritual
offerings of forest ecosystems.

e Disaster risk reduction.- Forest ecosystems can play a fundamental role in disaster risk
reduction, acting as a natural buffer to prevent or mitigate natural catastrophes that threaten
property, infrastructure, and human life. These natural risks notably include floods, landslides
and earth movements, and snow avalanches.

However, the Millennium Ecosystem Assessment [10] report that more than 60% of ecosystem
services are being degraded, pointing out a transcendental fact that they are being degraded faster
than they can regenerate.

4, Deforestation

Globally it is understood that deforestation refers to the destruction of forests so the land can be
put to other uses, while forest degradation refers to a more gradual process related to unsustainable
harvesting that causes a loss of forests' capacity to produce wood or support biodiversity. Citing
Brown and Brown [27] and FAO [28], authors such as Rodrigues et al. [29] stated that deforestation
and forest degradation began 20,000 years ago and still persist in modern days.

Deforestation occurs due to both natural and human-induced events. The causes of deforestation
are similar in many regions of the world [30-33]: forest clearing in order to meet the demands of the
growing population specifically agriculture and urbanization, logging, mining, extensive grazing,
timber supply for the industry. Furthermore, of course, we must not forget wars and fires (Figure 2).

Deforestation refers to forest clearing for agricultural, logging or urban development purposes,
leading to altered climate, vegetation and animal ecology [34]. When a natural forest is cut down it
leads to massive soil degradation, since without a tree canopy to cover the soil, the direct impacts of
sunlight and rainfall promote soil erosion at a rapid pace [35]. Thus, for example [36,37], point out an
increase in soil compaction due to machinery decreases air and water in the soil, while inhibiting the
activities of soil organisms.

Numerous scholars mention that deforestation not only alters above-ground vegetation, but also
leads to substantial changes in soil properties and particularly in biochemical cycles of soil
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ecosystems [38—42]. Likewise, other researchers [43—45] report that deforestation in Mediterranean is
one of the most critical factor in soil degradation, since it modifies, among others, the availability of
nutrients, the carbon cycle.

Figure 2. Deforestation in the Mediterranean region. Left: A Pinus pinaster forest burned during a forest fire in
2005 (Riba de Saelices, Guadalajara, Spain); the subsequent autumn's intense rainfall led to severe erosion of the
unprotected soil. Right: Gullies in Gea de Albarracin (Teruel, Spain); the causal factors for deforestation in this
case include historical land clearing for woody crops, intensive grazing and overgrazing, and the irrational

exploitation of fuelwood and timber over centuries.

5. Afforestation and Reforestation

Globally speaking, afforestation involves converting degraded and abandoned agricultural land
into forests, including planting forests on land where they did not previously exist. Reforestation is
the conversion of deforested land (where the forest has been removed) into forests. Reforestation (or
forest restoration) refers to a set of processes that lead to, among other things, the restoration of the
soil's chemical, physical, and biological properties. Thus, reforestation improves soil through
increased organic matter, better soil structure and aggregation, increased cation exchange capacity,
and a more diverse and active microbial community. Consequently, soil health and functionality tend
to improve. However, the degree and speed of recovery depend on various factors, especially the
type of restoration and, naturally, the duration of the intervention.

In a certain way, restoration/reforestation practices have been carried out for centuries, although
only in recent decades has a certain attention focused on the so-called restoration ecology, been
perceived by scientists and also by society [46-48]. Thus, today there is a real boom internationally
[49] in this way.

As stated Kocsis et al. and Veldkamp et al. [15,50], deforestation and reforestation impact on
soils. For Le et al. [51], reforestation refers to the process by which trees are planted in areas from
which they have been previously cleared. In any case, it is a complex sequential decisions problem
involving ecological and socioeconomic factors [52]. Reforestation of forest land cover is part of the
goals of sustainable development, especially goal number 17 “life on land” [53]. Potentially,
ecological restoration has the capacity to improve and recover soil quality, and thus contribute to
mitigating soil degradation.

In general, the main objective of forest restoration is to restore the deforested area closed to its
or original state; that independently to provide a continuous supply of economically important
woody and non-woody products. Tree restoration in degraded landscapes occurs through a series of
pathways, such as ecological restoration planting (native tree species are planted for biodiversity
conservation), relatively simple plantings (selected native and exotic species for timber production
and land rehabilitation purposes), or by spontaneous regrowth of vegetation on abandoned or
marginal agricultural land [42,54,55].

Based on the growing population pressure, there is an awareness that we must not only
conserve, but also to restore forest ecosystems. Keep in mind that, although forests cover nearly one
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third of the land area and they contain over 80% of terrestrial biodiversity [56], the extent and quality
of forest continue to decrease [57]. But at the same time, deforestation alters the original forest
structure and plant communities, affecting both biodiversity and the regeneration capacity and
vitality of forests [58]. Today we see the establishment of global restoration initiatives employing a
gradient of interventions from natural regeneration to tree planting [7,59,60].

In the literature there appear numerous works aimed at investigating time series forests at
different periods (for example 5, 10, 15, 20 or more years after starting restoration by planting trees.
And, generally, a whole series of soil properties are determined (such as pH, cation exchange
capacity, infiltration), frequently including the soil C stocks. Obviously, a primary forest is used as
reference. Thus Bieluczyk et al. [61] finds that, in addition to forest restoration for 6-30 years
recovered 16-20 Mg C-ha' stored in soils, soil functions such as supporting root growth, aerating the
soil, nutrient storage capacity, and providing C energy for microbial activity were gradually
recovered; they even point out that after thirty years of active restoration was sufficient to reach the
primary forest state.

Finally, we must mention the agroforestry, which is fundamentally focused on a multifunctional
land management criterion, in order to increases biodiversity and soil health. Thus, compared to
intensive agriculture, mitigates the environmental impact. The concept of agroforestry was started
near the beginning of the 1980s, with some of its bases being that it provides economic, ecological,
and environmental benefits, services, and advantages [62]. But it also improves the physical,
biological, and chemical properties of soil.

6. Effects of Forest Restoration on Soil Properties and Soil Quality

Today, there are numerous searches for scientific bases on the positive or negative impacts of
reforestation, especially on soil quality [63-69]. Specifically, other authors, such as Carter and Ungar,
Zheng et al., North et al,, Qasha et al., van Meerveld & Seibert, [70-74] report that that vegetation
changed soil properties in degraded areas, such as textural fractions, bulk density, porosity, electric
conductivity, pH, some nutrient levels, cation exchange capacity, and organic matter (Table 1). Also,
recently, Mongil-Manso et al. [75] delve deeper into the impacts generated by afforestation on soil
properties in a Mediterranean mountain area.

Generally, reforestation positively impacts soil properties by improving soil organic matter,
nutrients, and microbial activity, although results vary based on factors like tree species and time. It
generally enhances soil carbon sequestration, and can improve soil structure and water infiltration
over time. However, reforestation can sometimes decrease soil moisture, especially in arid areas, and
long-term recovery is a slow process.

Tree species are known to influence soil properties and biota, as well as changing litter inputs,
influencing light availability [76-80]. It is therefore not surprising that there is extensive research
focused on the impact of tree species on forest soil characteristics. In fact, the accurate assessment of
the impact of tree species on soil is crucial when undertaking afforestation.

Generally, establishing forest ecosystems on degraded or marginal lands significantly improves
soil quality. This is largely because forests provide perennial ground cover, thereby contributing to
the provision of multiple ecosystem services [81-84]. Indeed, a growing body of literature reports
that forest restoration enhances soil properties relative to degraded lands, shifting soil conditions
closer to those of natural forests [63,66,85-90]. The primary improvement is typically observed in
organic matter content, driven by the accumulation of litterfall from the tree canopy [90].
Furthermore, studies such as those by Carter & Ungar, Zheng et al., BierbaB et al., and Zhang et al.
[70,86,87,90] have demonstrated increased concentrations of key nutrients—including N, P, K, Na,
Ca, and Mg—following forest restoration.

Researchers such as Sparling et al. and Kalhoro et al. [91,92] have reported that the afforestation
of arable or non-forest soils increases soil porosity and capillarity while decreasing bulk density.
These changes lead to improved hydrological properties (e.g., water-holding capacity), soil aeration,
and stability. Given that the degree of soil compaction is a determinant of plant growth success,
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compacted soils create stressful conditions for root development by impeding soil penetration [36].
Therefore, particular attention must be paid to soil bulk density and compaction, as they can constrain
vegetation recovery [93]. Notably, soil bulk density often recovers (i.e.,, decreases) following
restoration [94]. regarding chemical properties, Sidari et al. [95] investigated the influence of slope on
soil biochemical characteristics in a Pinus laricio forest to determine the soil's capacity to supply
nutrients. Furthermore, several authors have documented the acidification effect of afforestation on
various soil types [96,97]. Soil acidity is a fundamental indicator of soil quality and, as Brunet et al.
[98] point out, must be included in any land-use management evaluation.

Regarding carbon storage there is abundant literature [99-102]. Thus Czimczik et al. [103]
describe the different effects of reforestation, deforestation, and afforestation on carbon storage in
soils. In a meta-analysis of 33 recent publications, Laganieere et al. [104] conclude that the main
factors affecting soil organic carbon restoration are previous land use, tree species, soil clay content,
disturbance (plowing, mounding, trenching and/or mechanical tree planting), and climate, while
Holatko et al. [105] report that afforestation of agricultural land affects soil structural stability.

Finally, regarding the influence of different forest types on soil biological properties, it should
be noted that forests influence biological soil properties by increasing organic matter from leaf litter
and roots, which increases microbial populations and activity. Consequently, this affects enhanced
decomposition, nutrient cycling, and improved soil structure. In addition, tree roots also stabilize the
soil, while the forest canopy creates a favourable microclimate [106,107]. More specifically,
reforestation positively influences biological soil properties by increasing soil organic matter, which
boosts fertility and microbial activity [108]. This leads to a better soil structure, improved water
retention, and altered microbial community composition and function, although some soil properties
may take decades to fully recover. Naturally everything depends on the type of tree species and the
length of time since reforestation began. It has also been studied that tree planting affect soil fauna
communities and depend on former ecosystem types [109].

There is a global trend toward adopting management practices that facilitate forest restoration
[110-112], using ecological indicators such as species richness, canopy structure, and biomass to track
recovery [113]. In this context, soil health—defined as 'the continued capacity of soil to function as a
vital living ecosystem that sustains plants, animals, and humans' [114] —is paramount. As maintained
by Nolan et al. [115], ensuring healthy soil is essential for the establishment and long-term
sustainability of functional forest ecosystems. Evidence of this recovery was recently reported by
Aguilar-Garavito et al. [116], whose study revealed that, after 17 years of restoration, reforested sites
showed significant increases in key indicators such as organic matter (OM), potassium (K), cation
exchange capacity (CEC), and total nutrient content.

Table 1. Synthesis of the main potential effects of forest restoration/reforestation/afforestation on soil properties.
These effects are neither universal nor consistently realized across all scenarios; rather, they are generally
dependent on climate, the species planted, soil preparation techniques (or tillage practices), and previous land

use (e.g., agricultural land, mine spoils, degraded soils, etc.).

Physical properties Chemical properties Biological properties
o . . Increases microbial
Texture (changes) Increases capillarity Electric conductivity (changes) .
populations
. . . pH (changes) . . ..
Decreases bulk density =~ Decreases soil compaction RO Increases microbial activity
Increases acidification
Imoroves soil structure  Enhances soil air capacit Increases some nutrients levels Enhances soil fauna
P pacty (N, P, K, Na, Ca, Mg) comunities
. . e Increases cations exchange
Increases water retention Improves soil stability .
capacity (CEC)
Improves water infiltration =~ Reduces soil moisture Increases plant debris
Increases porosity Increases organic matter

Increases C sequestration
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Improves soil quality and edaphic ecosystem services

7. Three Case Studies Under Mediterranean Mountain Environments

Within the Mediterranean region, many native forests remain, but others have been converted
into agroforestry systems. There has also been a transformation of abandoned agricultural lands into
reforested soils. All of this has led to reduced soil degradation, increasing the soil organic carbon
(SOC) storage capacity. For example, Guo and Gifford [116]. Below we show three cases of forest
restoration application in the Mediterranean mountain region.

7.1. Short-Term Forest Restoration in a Mediterranean Mountain Area: Navalperal (Avila Province, Central
Spain)

A study was executed in an area situated within a Mediterranean mountain environment [75],
with the primary objective of assessing the influence of afforestation and associated land-use changes
on soil infiltration capacity and edaphic evolution. Within this research locale, four distinct vegetation
covers were analyzed: native holm oak forest, a 20-year-old pine plantation (afforestation),
shrubland, and grasslands. The non-forested covers are the product of several centuries of
progressive degradation of the native Quercus species forest.

The resulting data indicate that infiltration rates are consistently higher in the pine-afforested
areas (857.67 mm-h') when compared to the native holm oak forest (660.67 mm-h™), grasslands
(280.00 mm-h™), or shrubland (271.67 mm‘h™) (Figure 3). Notwithstanding this hydrological
disparity, no statistically significant differences were detected in key edaphic parameters such as soil
fertility, organic matter content, bulk density, or effective porosity between the afforested zones and
the other cover types. Nevertheless, pine afforestation clearly improved soil drainage, evidenced by
an infiltration rate that surpassed even that of the native holm oak stand.

Consequently, this investigation demonstrated that forest restoration significantly optimized the
soil's capacity for water infiltration. Despite the observed improvement in infiltration, the young pine
plantations derived from afforestation exhibited soils with more hydrophobic conditions than those
found under holm oak, shrubland, or grassland. Interestingly, no direct correlation was established
between soil infiltration rates and edaphic water repellency in the pine afforested plots. This
complexity is likely attributable to the inherent intricacies of both processes and the specific site
circumstances under examination. For instance, the observed heterogeneity may stem from differing
historical trajectories of land use, the specific afforestation schemes implemented, or the slow kinetics
of organic matter decomposition under the prevailing cold and dry climatic conditions, among other
factors. Similarly, it was not feasible to establish conclusive differences in the remaining edaphic
properties between the afforested areas and the cleared grounds. This suggests that the elapsed time
of 20 years remains insufficient to induce significant alterations in soil properties, given the slow pace
of pedogenetic processes and the sub-optimal climatic conditions (cold and dry).
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Figure 3. Diagram illustrating the anthropic evolution of vegetation in the study area (modified from [75]). The
native, dense holm oak forest can be cleared due to livestock grazing, potentially resulting in a treeless state.
This grassland may transition into scrubland/shrubland if grazing is abandoned. Both grassland and shrubland
can be afforested. Concurrently with the vegetation change, alterations in soil properties occur. Abbreviations:
fc: Steady state infiltration rate; Ep: Effective porosity; OM: Organic matter; MFI: Macrofertility index; SB: Sum
of bases.

7.2. Medium-Term Forest and Hydrologic Restoration in Corneja River Watershed (Avila province, Central
Spain)

A preceding study [89] focused on the edaphic evolution, vegetation dynamics, and hydrological
characteristics of a badlands area within the Corneja river basin (central Spain), a site that underwent
restoration efforts six decades ago. Subsequent work in the same locale [69] specifically highlighted
the improved infiltration capacity observed in the restored plots of this watershed. The following
sections summarize the key findings of these investigations, framing them within the objectives of
the present review article.

Historical analysis of the evolving vegetative cover demonstrated that traditional land
management —characterized by the absence of effective legal protection measures for the native holm
oak forest (Quercus ilex subsp. ballota (Desf.) Samp.) and the rebollo oak stands (Quercus pyrenaica
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Willd.) —precipitated the collapse of the original ecosystem within the study area. This significant
forest degradation resulted in a substantial increase in bare and unprotected soil, leading to the
aggravation of erosive processes. This included sheet erosion, the formation of rills, the activation of
gullies, and the subsequent development of ravines.

The restoration intervention was carried out in a unique area featuring granitic-matrix soils with
an arenaceous texture, subjected to a Mediterranean-continental climatic regime. The measures
implemented involved the construction of 123 check dams and the reforestation of 730 hectares.
Presently, the soils have embarked upon a regeneration trajectory. The thickness of the organic
mantle (litter and humus) measures 3.7 cm under the established pine plantation, in stark contrast to
the completely absent layer in degraded soil zones. The restored forest soil exhibits higher
penetration resistance and elevated concentrations of potassium (K) and phosphorus (P).
Nevertheless, no significant differences were detected in the percentage of soil organic matter (down
to 30 cm depth), nor in the concentrations of calcium (Ca), magnesium (Mg), sodium (Na), and
nitrogen (N). These findings strongly suggest that a substantially longer timeframe is required to
achieve complete edaphic evolution of the system. Regarding infiltration rates, these were found to
be markedly higher in the 60-year-old pine reforestation sites (1198.00 mm-h™) and within the
sediment wedges behind the check dams (1088.00 mm-h-'), compared to the degraded slopes (365.00
mm-h™) and the scrubland areas (420.80 mm-h"). The rates recorded in the reforested area closely
approximated those observed in the remnant patches of native holm oak forest (770.40 mm-h")
(Figure 4). The research further revealed that soil organic matter, the depth of the humus and litter
layer, and the height and coverage of vegetation are all factors that potentiate infiltration rates.
Conversely, slope gradient, the presence of coarse fragments and stoniness, clay content, bulk
density, and electrical conductivity all function as inhibitory factors.

The results confirm the crucial role of forest restoration as an ecosystem service, specifically in
regulating hydrological conditions in degraded watersheds by increasing edaphic infiltration and
controlling surface runoff and erosion. Appropriate silviculture and edaphic management of the
current pine stands are essential, as these measures will not only improve the edaphic conditions but
also facilitate the successional recovery of the former native oak forest that predated the intensive
historical degradation.
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Figure 4. Infiltration curves for different vegetation types present in the Corneja River Basin case study (Central
Spain). Adapted from Mongil-Manso et al. (2021) [69].

7.3. Long-Term Forest and Hydrological Restoration (Saldafia, Palencia Province, Northern Spain)
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A detailed study [85] analyzed the historical trajectory of badlands development in the Saldafia
region (Northern Spain), alongside the successive changes in vegetation, soil, and erosive processes
documented eight decades following the initiation of restoration efforts. The intervention consisted
of intensive afforestation complemented by the construction of over 100 check dams and numerous
wattle fences.

Currently, the dense forest cover (at 87% coverage) contrasts notably with the degraded and
highly eroded landscape recorded at the beginning of the 20th century (which presented a coverage
below 5%). The forest restoration, executed primarily using conifers, has facilitated the accumulation
of a substantial litter layer thickness that effectively protects the soil. Furthermore, the presence of
certain indicator species serves as a valuable tool for ecosystem assessment [118]. In the present study,
species such as Quercus pyrenaica, Paeonia broteroi, and the edible mushroom Lactarius deliciosus were
observed, providing clear evidence of the ecosystem's recovery and successional maturity.

Evidence exists for soil regeneration, particularly concerning the litter layer, organic matter
content, a lower soil penetration resistance, improved shear strength, and an increase in infiltration
rates, which are 43.4 times greater than the initial values. Despite these improvements, several key
soil properties (such as erodibility, bulk density, pH, and electrical conductivity) showed no
statistically significant differences relative to those in the degraded zones. This suggests that while
the soil has benefited from the protection afforded by the vegetative cover and litter, and biological
activity has increased, significant differences in the structural evolution of the soil have not yet been
attained within this study period, notwithstanding the documented enhancement of other edaphic
properties. On the restored slopes, surface runoff is negligible. This fact is complemented by the near
cessation of erosion, driven by the litter layer, the protective effect of the vegetative cover, and the
improved infiltration capacity.

The erosive processes that were documented at the beginning of the 20th century —including rill
erosion, gullying, piping, mudflows, creeping, and landslides—which characterized the area as
badlands, are currently (after 80 years) relegated to marginal areas of small surface area and steep
slope where restoration failed to establish forest cover.

The comprehensive analysis of short, medium and long-term restoration projects reveals its full
achievement of initial objectives across eight decades (Table 2 and Figure 5). The strategy effectively
controlled erosion, particularly gullying, and resulted in nearly complete forest vegetation cover,
confirming the durability and efficacy of the employed restoration techniques for comparable
degraded landscapes.

Specifically, the combination of pine reforestation and check dam construction significantly
improved forest cover and critical soil properties. This intervention mitigated soil erosion, accelerated
pedogenesis, and notably enhanced the soil's infiltration capacity, bringing the watershed's
hydrological conditions close to the native forest's baseline. The findings underscore the crucial
ecosystem service role of forest restoration in regulating hydrological processes and controlling
surface runoff in degraded areas. However, the studies suggests that the final soil evolution is
modulated by forest age and historical land use, anticipating even more pronounced differences over
longer temporal scales.

The global revision discussed here contributes to knowledge in forest restoration, providing
ideas aimed to improving soil quality through forest restoration and soil monitoring processes in
Mediterranean mountain regions.
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Figure 5. Comparative images of the case studies. Short-term forest restoration in a Mediterranean mountain

(Central Spain): (a) Shrubland, (b) Forest restoration. Medium-term forest and hydrologic restoration in the

Corneja River watershed (Central Spain): (c) Deforested terrain in 1964 (Duero Hydrographic Confederation

Archive), (d) Forest restoration, current status. Long-term forest and hydrological restoration (Northern Spain):

(e) Badlands in 1930 (Duero Hydrographic Confederation Archive), (f) Forest restoration, current status.

Table 2. Comparison of edaphic parameters across different forest restoration projects at short, medium, and

long-term. The data were sourced from [69, 75, 85, 89].

Short-term Medium-term Long-term
Navalperal Corneja River basin Saldafia
Variables [75] [69, 89] [85]
Forest Forest Gullies and Forest Bare
X Grassland ] . .
restoration restoration hillslopes restoration slopes
fc (mm-h) 858 289 2915 1560 138.9 3.2
OM (%) 5.79 6.43 0.64 0.34 1.11 0.03
P (mg-kg™) 8.35 18.20 15.71 8.13 - -
K (mg-kg™) 242.78 284.00 115.22 41.67 - -
Ca (meq-100g™) 2.67 3.85 6.18 8.77 - -
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Mg (meq-100g1) 1.10 0.93 1.26 2.64 - -
Na
(meq-100g)[69,75,85,8 0.63 0.01 0.14 0.19 0.14 0.31
9
N (%) 0.24 0.31 0.04 0.03 - -

fc=Steady state infiltration rate; OM (organic matter).

8. Conclusions

This review article aims to compile a body of information on reforestation/afforestation/forest
restoration practices aimed at establishing the impact on overall soil quality focused in
Mediterranean mountain forests. Although some criticisms exist regarding the potential negative
impact of afforestation on soil quality, there is a general consensus that afforestation contributes to
improved soil quality. For example, a significant amount of organic matter is transferred to the soil,
initially superficially, leading to increased carbon storage, reduced bulk density, and consequently,
positive implications for water retention. However, the need to carry out reforestation according to
the local context is recognized.

Studies report a higher content of certain nutrients after forest restoration, such as N, P, K, Na,
Ca, and Mg. Other authors maintain that caring for healthy soil is essential for the establishment and
long-term sustainability of functional forest ecosystems. Data from three case studies are presented,
highlighting the most relevant finding that infiltration rates are consistently higher in pine-afforested
areas compared to native holm oak forests, grasslands, and shrublands. Therefore, it is demonstrated
that forest restoration significantly optimizes the soil's capacity for water infiltration.

Finally, the potential of forests to promote sustainable landscape change should not be
overlooked. It is expected that this study contributes to knowledge in forest restoration, providing
ideas aimed at improving soil quality and soil monitoring processes in Mediterranean mountain
regions.
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