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ABSTRACT

In the context of the current climate crisis, the intensification of extreme meteorological
events necessitates a shift in hydrogeological risk-mitigation strategies, promoting a transition
toward Nature-Based Solutions (NBS). Among these, Soil and Water Bioengineering (SWBE)
represent a bioinspired solution for slope stabilisation, as it combines geotechnical safety with
the restoration of ecological functionality. However, the scientific validation of such techniques
is often caught up in disciplinary fragmentation and by the lack of long-term monitoring proto-
cols capable of assessing both the evolution of slope stability and the success of environmental
recovery. This study aims to address this gap through the development and application of an
integrated, multidisciplinary monitoring approach. The research focuses on shallow landslides
in the Northwest Tuscany (Pomezzana case study, 1996 flood events), comparing sites restored
using SWBE techniques and naturally evolved landslides.

Subsequently, the core of the research focused on a dual-phase long-term monitoring
campaign, focusing on both slope stability and ecological recovery. The first phase involved a
comparative stability analysis between a landslide restored with SWBE techniques and an ad-
jacent landslide left to natural evolution. Data acquired from the multi-approach protocol were
incorporated into slope-stability modelling to quantify the temporal evolution of the Factor of
Safety. The results demonstrate that, in the SWBE restored site, the physiological degradation
of wooden structural elements is effectively compensated by the progressive increase in soil-
root reinforcement. This dynamic equilibrium ensures that the Factor of Safety remains stable
over time, contrasting with the fluctuations observed in the natural evolution scenario.

Parallel to the mechanical assessment, the second phase expanded to a comprehensive
multi-taxon monitoring of biodiversity. This investigation evaluated the effectiveness of eco-
logical restoration by analysing three key biological factors: vegetation composition, soil
macrofauna communities, and soil microorganisms. Through the analysis of alpha-diversity in-
dices, the study assessed the capacity of SWBE interventions to reactivate ecosystem functions
and support complex biological communities comparable to those found in natural succession.
As a significant added value to the ecological investigation, the research presents preliminary
insights from an ongoing advanced analysis of beta-diversity. Utilising shotgun metagenomic
sequencing of the soil microbiome combined with phytosociological surveys, this current work
aims to explore the functional co-occurrence networks between plant communities and micro-
organisms, seeking to unveil the deeper ecological dynamics activated by Soil and Water Bio-
engineering techniques.

In conclusion, the dissertation confirms that Soil and Water Bioengineering structures

are not static infrastructures but dynamic and resilient systems. The results provide new



operational guidelines for design, species monitoring, and maintenance, offering an essential
knowledge base for planning sustainable interventions that integrate technical safety with bio-

diversity restoration.
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1. INTRODUCTION

1.1. Natural hazards and Climate change

In recent decades, the intensification of climate change has led to a significant increase in
the frequency and magnitude of extreme weather events globally, worsening the risk of natural
disasters and putting a strain on the resilience of territories (Debele et al., 2023; Lee & Romero,
2023; Ruangpan et al., 2019). In this scenario, slope instability phenomena, particularly shallow
landslides triggered by intense rainfall, represent one of the most critical threats to natural eco-
systems, infrastructure, and civil safety (Igwe & Una, 2019; Ruangpan et al., 2019; Singh,
2010). Inland areas and mountain environments are the most exposed to natural hazards. Hy-
drogeological risk management requires a deep understanding not only of current dynamics,
but also of the geological and climatic history of the sites. As highlighted by studies conducted
in vulnerable contexts, such as those of the Apennines or the Alps — for example, by analysing
catastrophic events like the 1996 Versilia flood — historical research proves to be a fundamental
tool for accurately estimating hydrogeological hazards and planning effective restoration inter-
ventions (Giannecchini & D’Amato Avanzi, 2012; Kumar et al., 2022; Su et al., 2024; Tofani
etal., 2017).

However, the traditional approach to risk mitigation, based mainly on “grey” civil engi-
neering works (rigid concrete structures), is increasingly limited in terms of economic sustain-
ability, ecological impact, and adaptability to ongoing environmental changes. Consequently,
there is an urgent need for a paradigm shift towards solutions that integrate hydraulic and ge-
otechnical safety with the restoration of ecological functions (Eggermont et al., 2015; Fer-
nandes & Guiomar, 2018; ITUCN, 2016; Moreau et al., 2022; Nehren et al., 2023; Nesshover et
al., 2017).

1.2. Nature-based Solutions (NBS) and Soil and Water Bioengineering
(SWBE)

To address these critical issues, the concept of Nature-Based Solutions (NBS) has gradu-
ally gained international recognition. NBS are defined as actions aimed at protecting, sustaina-
bly managing and restoring natural or modified ecosystems, addressing social challenges effec-
tively and adaptively (Eggermont et al., 2015; IUCN, 2016; Nesshover et al., 2017). In the
specific context of hydrogeological instability mitigation, Soil and Water Bioengineering
(SWBE) techniques gain more importance due to their vast applicability, and bio-inspired ap-
proach, well-known worldwide for its effectiveness, from urban to natural environments. This

technical discipline combines principles of hydraulic engineering, geotechnics and plant



ecology, using plants not only as “aesthetic” elements, but as actual living “building materials”,
often in combination with inert materials such as wood, stone or steel (Evette et al., 2009; Preti

et al., 2022; Rey et al., 2019; Schiechtl & Horstmann, 1980).

~

SoiL AND WATER BIOENGINEERING for Slope Stabilisation
Integrated design, implementation, and long-term performance

Figure 1: Geo-sciences involved in the Soil and Water Bioengineering approach, specifically for slope stabilisa-
tion.

The key difference compared to traditional works lies in the temporal dynamics of their
effectiveness. While “grey” structures (e.g. concrete walls) offer maximum resistance at the
time of construction and then undergo inevitable physical degradation, SWBE interventions
behave oppositely (Bischetti et al., 2021; Mickovski et al., 2022). The SWBE approach is a bio-
inspired process in which natural processes that allow slope stabilisation are observed and stud-
ied to replicate those dynamics in artificial interventions (Stokes et al., 2014; Zaimes et al.,
2019). Compared to traditional concrete structures, SWBE techniques also have a lower cost in
terms of both construction costs and carbon footprint (Rauch et al., 2022; von der Thannen et
al., 2021). In the early stages, stability is often ensured by inert or auxiliary components, but
over time, the growth of root systems and the development of the aerial part increase the me-
chanical and hydrological performance of the structure (Bischetti et al., 2021; Preti et al., 2025;
Tardio & Mickovski, 2023). This approach, now codified in technical manuals and industry
regulations (Associazione Italiana per I’Ingegneria Naturalistica - AIPIN, 2022; Regione Lazio,
2006; Zeh, 2007), thus makes it possible to transform a defence structure into an active element
of the landscape, capable of evolving and self-regenerating (Boll et al., 2009; Mickovski et al.,
2023; Tardio & Mickovski, 2023).



1.3. Slope stability and soil-root reinforcement

The technical effectiveness of SWBE is primarily based on the mechanical and hydrolog-
ical interactions between plants and soil. The main contribution to slope stability is provided by
root reinforcement: roots penetrate the substrate and act as tension fibres within a composite
matrix, increasing the apparent cohesion of the soil and its resistance to shear during potential
landslide movements (Arnone et al., 2016; Bischetti et al., 2009; Hofmann et al., 2015; Vergani
etal., 2012; Zayadi et al., 2020).

To quantify this reinforcement, scientific research has developed various modelling ap-
proaches operating at different scales, as extensively reviewed by Mao et al. (2022). Histori-
cally, the most widely used approach is the perpendicular model (Wu-Waldron model), which
assumes that all roots break simultaneously during shear. However, recent experimental evi-
dence suggests that this assumption often leads to an overestimation of stability. Consequently,
more advanced approaches, such as Wu-Waldron modified models or the Fibre Bundle Models
(FBM), have been introduced to account for the progressive failure of roots: roots break se-
quentially based on their diameter and elasticity, rather than all at once (Mao, 2022; Murgia et
al., 2022; Pollen-Bankhead & Simon, 2010; Schwarz, Preti, et al., 2010) This transition from
simple equilibrium models to dynamic mechanical models allows for a more realistic estimation
of the safety factor at the slope scale (Giadrossich et al., 2017, 2019; Schwarz, Lehmann, et al.,
2010).

Furthermore, vegetation significantly enhances slope stability by improving soil structure
through the formation of stable, water-resistant aggregates (Burri et al., 2009; Erktan et al.,
2016; Schwarz, Preti, et al., 2010). This process is driven by the combined actions of roots and
the associated microorganisms. Roots and symbiotic fungi bind soil particles and biochemical
exudates, as well as mucilage, substances that facilitate the flocculation of clay particles and
the binding of larger grains into stable clusters. The strength of soil aggregates is not only crit-
ical to the stability of slopes but also plays a key role in ecosystem functioning in general (Boll
et al., 2009; Graf et al., 2015; Graf & Frei, 2013). By enhancing aggregate stability, vegetation
improves the overall shear strength and porosity of the soil matrix, creating a more resilient
substrate that can better withstand the erosive and destabilising forces of water (Mao, 2022;
Murgia et al., 2022).

In parallel with the mechanical effect, vegetation plays a crucial but complex hydrological
role. Through precipitation interception and transpiration, plants reduce soil water content and
maintain higher matrix suction (negative interstitial pressures), generally improving slope sta-
bility conditions (DiBiagio et al., 2024; Gonzalez-Ollauri & Mickovski, 2017b, 2017a; Tardio

et al., 2016). However, discussions about the net effect of vegetation on soil water dynamics



are still ongoing. While root water uptake promotes stability, research highlights that root sys-
tems can also act as preferential flow paths (macropores) that facilitate rapid water infiltration
into the soil matrix (Delgado-Gonzalez et al., 2023; Pollen-Bankhead & Simon, 2010; Qin et
al., 2022). Under specific conditions, such as intense rainfall events, this increased permeability
may lead to a faster soil saturation or localised increase of pore water pressure, potentially trig-
gering instability (Arnone et al., 2016; Bordoni et al., 2015; Vergani et al., 2017a). Therefore,
the overall stability is the result of a dynamic trade-off between the stabilising effects of root
reinforcement and suction, and the potentially destabilising effects of increased weight and in-

filtration capacity (Lann et al., 2024; Wang et al., 2019).

1.4. Landslide ecology and Biodiversity assessment

While radical reinforcement guarantees safety, the added value of NBS lies in their ability
to restore degraded ecosystems. Landslides should not be considered solely as destructive
events, but as complex “ecological disturbances” which, by removing existing vegetation and
exposing new mineral substrate, change the ecological succession (Restrepo et al., 2009; Sidle
& Bogaard, 2016; *Walker, 2013). The discipline of “landslide ecology” highlights how these
areas, if properly managed and monitored, can evolve into biodiversity hotspots, hosting spe-
cialised pioneer species (Buma & Pawlik, 2021; Takaoka, 2024; *Walker, 2013; Walker et al.,
2009). SWBE interventions accelerate these natural processes. Unlike grey structures, which
often create ecological barriers and reduce habitat connectivity (Kettenhuber et al., 2023; Mar-
tin et al., 2021; Rauch et al., 2022), bioengineered structures provide microhabitats conducive
to the establishment of diverse flora. Recent studies emphasise the importance of assessing not
only taxonomic richness (number of species) but, above all, functional biodiversity, i.e. the
variety of biological traits that make the plant community resilient to environmental stresses
(Cavaillé et al., 2018; Janssen et al., 2019; Tisserant et al., 2021, 2024).

Ecological recovery also extends to the invisible component of the system: the soil. The
presence of living plants stimulates biological activity in the rhizosphere, promoting the return
of microbial communities (bacteria and fungi) essential for the nutrient cycle and the formation
of stable aggregates in the soil, thus closing the circle between physical stability and ecological
functionality (Bardgett & Van Der Putten, 2014; Eisenhauer et al., 2017; Izquierdo et al., 2005;
Philippot et al., 2013). Choosing the appropriate SWBE technique and plant species for resto-
ration is crucial both for technical factors like soil stability and erosion, and for plant-soil inter-
actions, ensuring the intervention improves soil stability, organic matter, and microbial com-

munities (Fagorzi et al., 2025; He et al., 2022).
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Completing this complex picture is the soil fauna, which plays a key role in the interface
between vegetation, soil and microorganisms. Soil fauna acts as a sensitive indicator of the
quality of microhabitats and the complexity of restored food chains. The presence of specific
functional groups (e.g. detritivores, predators) provides valuable information on the degree of
maturity of the ecosystem and the rate of biological interaction taking place. SWBE works
directly to influence colonisation by these organisms, whose activity is fundamental for pedo-
genesis and the maintenance of long-term fertility. Understanding these interconnected dynam-
ics necessarily requires the adoption of a multitaxon approach (Brunbjerg et al., 2017; Bur-
rascano et al., 2021; Kettenhuber et al., 2023; Yan et al., 2021). Only by simultaneously inves-
tigating the various biotic components is it possible to fully appreciate the functional relation-
ships that support habitat restoration. The application of these integrated ecological surveys to
the SWBE techniques monitoring represents the doctoral thesis objective, to provide practical
guidance for optimising the design and maintenance strategies of the works, thus ensuring the

success of the restoration in terms of both slope stability safety and biodiversity.

2. RESEARCH OBJECTIVES

This research addresses the critical intersection between hydrogeological risk mitigation
and the ecological restoration effectiveness of Soil and Water Bioengineering (SWBE) ap-
proaches, with particular emphasis on rainfall-induced shallow landslide in mountain environ-
ments. While the SWBE approach is widely recognised as a nature-based solution, its imple-
mentation in mountain environments faces a significant dual challenge. On the one hand, the
mechanical and geotechnical performance of these techniques in stabilising shallow landslides
is well-established. On the other hand, their role as drivers of ecological recovery remains
largely not explored or focused just on the vegetation development rather than on functional
biodiversity. The following knowledge gaps hinder the transition of SWBE from a purely tech-

nical stabilisation tool to an ecological restoration strategy:

e The technical-ecological issue: in steep mountain terrains, engineering requirements of-

ten dictate the choice of structures, potentially overriding ecological succession goals,
in those situations where it is possible. There is a lack of evidence on whether technical
efficiency can go alongside the restoration of ecological functionality.

e Multi-taxon data scarcity: most monitoring focuses on surface vegetation, neglecting

the complex interactions between soil fauna and microbial communities in the plant-

soil environment.
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e Ecological trajectories: it remains understudied whether SWBE restoration projects

could eventually converge with natural ecological trajectories, time-evolution differ-

ences, and whether permanent management is required.

The study is embedded within the framework of the National Biodiversity Future Centre
(NBFC), a national research initiative funded under the PNRR — NextGenerationEU program
(CNS5), which aims to enhance the knowledge, monitoring, and valorisation of biodiversity
across a wide range of terrestrial and freshwater ecosystems. NBFC promotes multidisciplinary
and integrative research strategies to investigate biodiversity patterns, ecological processes, and
their temporal dynamics, covering scales from taxonomy to genomics and including participa-
tory approaches such as citizen science. Within this context, SWBE has emerged as an effective
and nature-based approach for natural hazard mitigation, combining engineering principles with
biological components to stabilise slopes and reduce hydrogeological risk. While the mechani-
cal and geotechnical effectiveness of SWBE interventions is well documented in the literature,
an important knowledge gap persists regarding their quantitative impacts on biodiversity recov-
ery and ecological functionality, particularly when compared to natural succession processes.
This gap is especially evident in mountainous areas, where natural hazards are typically more
severe and technical—functional performance often takes precedence over ecological consider-
ations in restoration planning.

Previous studies have demonstrated that SWBE techniques can provide positive ecological
functionality and deliver valuable ecosystem services, particularly in fluvial and riparian habi-
tats. However, in upland and mountainous settings—such as shallow landslides and degraded
slopes—the extent to which technically efficient SWBE solutions that ensure slope stability can
simultaneously promote environmental and biodiversity enhancement remains insufficiently
explored. A key open question is whether the para-natural vegetation and habitats that develop
on SWBE-restored slopes can evolve towards stable, resilient, and self-sustaining ecological
systems comparable to those arising from natural recovery processes.

In this framework, the present study, developed within NBFC Spoke 3 (“Assessing and
monitoring terrestrial and freshwater biodiversity and its evolution”), aims to evaluate the ef-
fects of SWBE interventions on biodiversity in landslide-affected areas. Specifically, the re-

search pursues the following objectives:

a) Develop a multidisciplinary monitoring methodology for assessing biodiversity var-

iation in restoration works based on SWBE techniques.
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b) Quantify biodiversity changes through a multi-taxon approach, encompassing soil
fauna, vegetation, and soil microorganisms.

C) Using long-term monitoring evidence to define a practical vegetation management
framework to assess plant development within SWBE interventions and its trajec-

tory towards natural ecological succession.

Study areas were selected based on the occurrence of Soil and Water Bioengineering
(SWBE) interventions within the Mediterranean region, specifically in forested contexts and
across hilly to mountainous landscapes. Preliminary analyses revealed marked heterogeneity in
climatic conditions, vegetation patterns, and soil characteristics among the initially proposed
sites. To limit spatial and temporal variability and to ensure greater comparability of biodiver-
sity data, the research design was refined to focus on a single, well-defined geographical area:
the locality of Pomezzana, within the municipality of Stazzema (Lucca Province, Italy). This
area is characterised by numerous degraded slopes resulting from the extreme flood event of
1996, which triggered widespread landslides throughout the Versilia River catchment. Based
on cartographic data provided by the Apuan Alps Regional Park and local territorial authorities,
landslides associated with the 1996 event were identified and mapped. Subsequent cartographic
analyses and field surveys led to the selection of three representative landslides as study sites:
(1) a naturally evolved landslide with absence or few anthropological disturbances (CL land-
slide), (2) a naturally evolved unrestored landslide lacking any stabilisation measures (NL land-

slide), and (3) a landslide restored through SWBE techniques (SWBE landslide).
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Figure 2: Integrated Multi-taxon sampling design. This framework illustrates the simultaneous assessment of
above-ground (vegetation) and below-ground (microfauna and soil fauna) components. By applying this protocol
across the SWBE-restored, natural and control sites, the study quantifies the biodiversity gain of engineering
interventions against natural benchmarks.

The manuscript is structured to gradually integrate methodological development, tech-
nical performance assessment, and ecological analysis to provide a comprehensive evaluation
of SWBE interventions. The first paper presents the conceptual framework and development of
a multidisciplinary methodology for SWBE monitoring, trying to establish the tools needed to
measure technical and environmental performance. This chapter introduces the integrated mon-
itoring strategy, which combines vegetation assessment through spectral indices (e.g., NDVI),
vegetation field surveys, and root system evolution analysis through different techniques (direct
and indirect relevé), focusing on instrumental and technical application in SWBE monitoring.
The second published paper focuses on the long-term evaluation of slope stability, addressing
the technical performance of SWBE interventions through SSAP software slope stability mod-
elling, validating that ecological recovery doesn’t come at the cost of geotechnical safety. This
chapter aims to assess whether ecological restoration trajectories are supported by sustained
mechanical effectiveness over time, thereby linking bioengineering design with hydrogeologi-
cal risk reduction. The third submitted paper describes the multi-taxon sampling design adopted
to compare a landslide restored using SWBE techniques with two naturally evolved landslides.

The chapter focuses on the analysis of alpha diversity and ecosystem functionality, integrating

14



data on vegetation, soil fauna, and soil microorganisms to evaluate biodiversity patterns and
ecological processes across contrasting restoration scenarios.

Beyond the specific technical and methodological assessments, this research is concep-
tually anchored within the broader scientific field of landslide ecology. By framing landslides
as significant natural disturbances rather than mere geological hazards, this study highlights
their role in creating unique habitats and driving ecological renewal. Within this perspective,
naturally evolving landslides serve as critical ecological benchmarks. By using these undis-
turbed successional pathways as reference conditions, Soil and Water Bioengineering (SWBE)
techniques can move beyond traditional stabilisation toward a more nature-mimicking ap-
proach. This alignment with natural processes is essential for optimising design and manage-
ment strategies, ultimately increasing the effectiveness of SWBE interventions in fostering sta-
ble, resilient, and biodiverse communities that are functionally integrated into the surrounding

landscape.
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Abstract

Land degradation and soil erosion, intensified by frequent intense hydro-meteorological
events, pose significant threats to ecological processes. In response to the environmental chal-
lenges, there is a growing emphasis on employing Nature-Based Solutions (NBS), such as Soil
and Water Bioengineering (SWBE) techniques, which promote a sustainable approach and ma-
terials for the restoration of natural areas damaged by climate events, unlike traditional “grey”
engineering works. However, the effective implementation of SWBE interventions requires a
multidisciplinary monitoring approach, considering engineering, geological, ecological, bio-
logical, and landscape aspects. The success of these interventions depends on evaluating both
short-term stabilities provided by the non-living supporting structure and the long-term devel-
opment of vegetation introduced during the work. Monitoring should regard structural integrity
assessments, vegetation evolution studies, and analyses of root system efficiency (distribution,
mechanical characteristics, etc.). This study wants to fill the research gap in SWBE manage-
ment by proposing a comparison of two study techniques for a root system development eval-
uation, within a multi-approach methodology for the assessment of these interventions in terms
of soil stability and natural evolution. The paper provides insights into geotechnical analysis
within a shallow landslide, comparing two different methods for the evaluation of root system
evolution. Direct methods (RAR) and indirect methods (ERT) were used for root development
monitoring and then compared. Vegetation development was assessed by NDVI parameter by
analysing Landsat satellite images. An overall analysis of the data obtained from monitoring
the study area shows good plant development, thanks to the SWBE intervention, which in ad-
dition to the slope stability effect, contributes to better water regulation and initiates a natural
ecological succession. The findings contribute to advancing the understanding of the effective-
ness of SWBE techniques, offering valuable information for future bioengineering projects and
environmental conservation efforts, and promoting them as sustainable techniques for natural

recovery.
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1. Introduction

Land degradation and soil erosion, due to increasingly frequent extreme hydrometeorolog-
ical events, have negative consequences on ecological processes, making the environment, par-
ticularly rural and mountain areas, more susceptible to biodiversity loss [1]. Nowadays, the use
of plants as a building material transfers the plant’s multifunctionality within engineering struc-
tures and meets the demand rising from society for more environmentally friendly approaches
to structure design [2]. European strategies (EU Green Deal, EU Adaptation strategy, Biodiver-
sity strategy for 2030), research policy (Horizon Europe 21-27, European Biodiversity Partner-
ship-Biodiversa+, etc.) [3-7], and regulations promote the employment of Nature-Based Solu-
tions, such as Soil and Water Bioengineering techniques (SWBE) [8]. In contrast to conven-
tional “hard” civil engineering structures, the idea of SWBE structures is the use of biological
components in the engineering structure not just to consider a technical function but also eco-
logical and aesthetic values [9-11].

Soil and Water Bioengineering (SWBE) techniques are applied worldwide, achieving great
results for slope and streambank stabilisation, water regulation, soil reinforcement, and mitiga-
tion of environmental impacts. SWBE techniques manage natural hazard control using plants
as living material in combination with inert natural material, achieving two main goals: on the
one hand, the technical function stabilising the soil, thanks to the development of the root sys-
tems; on the other hand, the mitigation of environmental damage, initiating natural ecological
processes [12-15]. Designing SWBE structures, being multi-functionality techniques, requires
considering engineering, geological, ecological, biological, and landscape aspects, to carry out
an intervention that can respond to technical and environmental needs. Despite the increasing
importance of SWBE techniques worldwide, there is a need to reconcile natural hazard control
and ecological restoration by posing new applied research questions aimed at meeting this pur-
pose, particularly by considering a multidisciplinary approach, establishing practical guidelines
for SWBE design [16-19], implementing monitoring stages in bioengineering projects, and an-
alysing existing SWBE works in terms of performance, success, and failures [20].

To evaluate the success of soil bioengineering work, it is necessary to conduct investigations
related to all kinds of parameters considered during the design phase [21,22]. In the short and
medium term, it will be essential for the non-living supporting structure to be sufficiently stable
and ensure the stability of the slope or embankment subject to work. The stability provided by
the structure, whether made of wood, stones, or other mixed solutions, will allow for the devel-
opment of vegetation introduced through the work (seeding, cuttings, or rooted plants), which

will be responsible for the future stability of the slope, as it is expected that the initial structure
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will degrade over time. In the long term, it will be necessary to monitor the development of this
vegetation and the induced, para-natural, or natural successions that will occur. The use of
plants as a building material transfers the plant’s multifunctionality within engineering struc-
tures and meets the demand rising from society for more environmentally friendly approaches
to structure design, like Nature-Based Solutions [2,23]. The effectiveness of the soil bioengi-
neering work should be evaluated through periodic assessments of the supporting elements’
structural integrity and the slope’s overall stability. The evolution of vegetation established
within the structure and its surroundings should be analysed, in different periods, through stud-
ies and surveys related to dimensional and quantitative characteristics, the level of biodiversity,
root system development evaluation, and the physiological capacity of the existing plants.
Analysis of root system distribution allows us to understand how plant stands evolution
proceeds as a function of slope stability concerning surface movements and instabilities, those
most affected by extreme weather events, consequently understanding the susceptibility of
stands to climate change [24-27]. Given the previous considerations, the study aims to present
a field survey on root system evaluation, related to slope stability, in multi-approach monitoring
to evaluate the technical and ecological efficiency of SWBE work, giving insights into the re-
sults of vegetation monitoring methodologies. Particularly, the paper will describe and provide
an overview of our first results on comparing direct and indirect root system surveys, and how
tree root system evolution changes concerning tree position and soil characteristics, in a shallow
landslide restored by SWBE techniques. The authors of this work are applying a multi-criteria
approach to monitor a landslide in Tuscany, which occurred during one of the most catastrophic
events in Tuscany. This study brings a notable scientific contribution as it has the advantage of

being a long-term monitoring (30 years).

2. Materials and Methods

2.1. Meteorological Event Description

On 19 June 1996, a localised thunderstorm phenomenon of extreme violence (474 mm/12
h, with maximum peaks of 158 mm/1 h) struck the southern Apuan Alps, triggering in the
mountainous areas of Versilia many surface landslide phenomena. The affected area includes
the entire regional catchment area of the Versilia River, about 98 km?. The most affected areas
were, on the Garfagnana side, the built-up area of Fornovolasco, while on the Tyrrhenian side,
the towns of Pomezzana, Farnocchia, Stazzema, Cardoso, Levigliani, and Saravezza. The most
significant damage can be attributed to the numerous and extensive shallow landslides that, in
the upland part of the affected area, obstructed communication routes by interrupting power

and telephone lines and affected inhabited buildings. The landslides, mainly attributable to earth
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and debris slides, evolved into flows (soil slip—debris flows), which were very rapid in initiation
and evolution, partially or obstructed riverbeds, aggravating the effects of floods. This marked
soil collapse susceptibility is to be ascribed not only to the exceptional rainfall but also to the
geological and morphological characteristics of the area, which has a rock formation of sand-
stone and shale (called Cardoso stone) covered by a thick blanket of particularly unstable and
landslide-prone debris.

2.2. Study Area

The study area is a hillslope located in the Apuan Alps, in northern Lucca province, North-
ern Tuscany (latitude: 43°98°78.36” N, longitude: 10°31°47.41”E) affected in 1996 by a shal-
low landslide process that occurred consequent of the meteorological event described in the
previous section. The area of the landslide is approximately 12.000 m? and is located at an
elevation between 450 and 600 m.a.s.l. (Figure 1). The average gradient of the slope is around
70% with a North—West exposure.

The area of landslide (Figure 1) could be classified in the European Forest class “8- Ther-
mophilous deciduous forest” type 8.7 “Chestnut forests” [28]. The area is an abandoned sweet
chestnut forest (Castanea sativa L.), in the past managed for chestnut production and in which
some other species were present, such as Ostrya carpinifolia Scop., llex aquifolium L., Ficus
carica L., Alnus glutinosa L., Carpinus betulus L., and Acer spp. L. It can be noted that the
abandoned sweet chestnut forests have a stem density of 100 specimens per hectare, increased
by several basal suckers with different ages compared to the main stem. The landslide was
stabilised between 1998 and 1999 through Soil and Water Bioengineering techniques to prevent
further soil erosion processes and shallow landslide events. Locally available building materials
(stones, chestnut woods, and cuttings) were collected and used to build the bioengineering
structures. The engineering stabilisation interventions mainly focused on the use of live wooden
crib walls and living palisades in combination with trapezoidal wooden open channels to drain
slope water (Figure 2). In detail, the stabilisation carried out consisted of vegetated crib walls
made of chestnut wood, with the introduction of Salix species cuttings (Salix purpurea, S. eleag-
nos, S. triandra), while soil surface stabilisation was carried out employing live stakes with
cuttings, live bundles and hydroseeding of herbaceous species and, in the intermediate part,
with shrub species (mainly Cytisus scoparius L.). From the technical report, potted plants be-
longing to species with high water demand were used in areas characterised by high water per-
centage: Fraxinus excelsior, Acer pseudoplatanus, Acer platanoides, Alnus incana, Frangula al-
nus, Laburnum sp., Cornus sp.pl, Euonymus europaeus, Crataegus monogyna, and Prunus spi-

nosa.
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Figure 1. Panel (A) displays the location of the Tuscany Region within Europe. Panel (B) indicates the specific
locations of landslides within the Tuscany Region. Panel (C) presents the landslide locations overlaid on the re-
gional orthophoto acquired by the Tuscany Administration in 2016. Meanwhile, Panel (D) provides a zoomed-in
view of the landslide area. Additionally, Panel (E) exhibits a 3D Google Earth image from 2023, highlighting the
landslide perimeter in red, and it is possible to see that this landslide is situated on the mountain slope at the foot
of the village of Pomezzana (LU) —coordinates system WGS84-UTM32N.

DEFINITIVE PROJECY FOR LANDSLIDE
RESTORATION IN loc. POMEZZANA
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Figure 2. Final project plan of the forest hydraulic technique landslide restoration with different techniques of
SWBE.
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After the work was completed in 1999, no maintenance activities were conducted on the
structures, because the implementation of SWBE required no additional interventions, and al-
lowed the restored area to naturally evolve. In fact, during the recent monitoring years, none of
the artificially introduced species were found, except for sporadic maples (Acer pseudoplatanus
L.) and a few individuals of willow (Salix caprea L.). Nearly, all the cuttings were found to
have dried up due to shading and competition from other species that entered the landslide area.
Now, the forest stand consists of black alder (Alnus glutinosa L.) even-aged stand of about 23
years old that appears with high density. Additionally, others tree species not introduced by the
SBWE were found such as black locust (Robinia pseudoacacia L.), black hornbeam (Ostrya
carpinifolia Scop.), manna ash (Fraxinus ornus L.), elderberry (Sambucus nigra L.), chestnut
(Castanea sativa Mill.), holly (Ilex aquifolium L.), and white hornbeam (Carpinus betulus L.).
The undergrowth is composed of hygrophilous and nitrophilous species, the main ones being
bramble (Rubus ulmifolius Schott) and nettle (Urtica dioica L.) [29].

2.3.Sampling Design and Data Collection

A multi-parameter sampling design is set to make a comprehensive study of the landslide
evolution; in the present research, vegetation evolution rate and root system growth are ana-
lysed. The first vegetation survey was carried out in 2000, after the realisation of the SWBE
intervention was completed, evaluating the percentage number of willow cuttings rooted post-
intervention, obtaining a good result of more than 90% of the cuttings rooted. In 2013 and 2023,
field surveys were conducted to monitor vegetation development in the restored area and the
effects of the SWBE arrangement on slope stability, using a multiapproach monitoring method.
The surveys included forest dendrometric measurements, geotechnical surveys on root systems,
botanical surveys, and soil samplings. Table 1 shows the parameters collected and the year in

which they were taken.

Table 1. Collected parameters are divided into macro areas and years of sampling. Sample and data collection
in the survey years (2013 and 2023) were taken using the same techniques and methodologies for vegetation,
soil, and geotechnical surveys.

Parameters Description 2013 2023

Vegetation development Tree and shrub species X X
Tree density (n/area)
Tree breast height diameter (cm)
Tree height (m)
Tree basal area (m?)
Remote Sensing - NDVI analysis

Slope stability and SWBE durability Soil microorganism analysis
Soil characteristics analysis
RAR direct measurements
Analysis of stable soil aggregates
RAR indirect measurements - ERT

XX X X ~[X X X X X
~ = X X XX X X X X
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Resistograph analysis X X

~
P

Ecological process Botanic sampling
Braun-Blanquet sampling / X

Vegetation development survey

The most structured and comprehensive vegetation development surveys were com-
pleted 13 (2013) and 24 (2023) years after the SWBE restoration project. For both the survey
years of 2013 and 2023, traditional forest/shrub vegetation stand data, i.e., diameter at breast
height, tree height, and plant species, for each tree were collected. Field surveys were conducted
in a study area on the landslide site, roughly half of the total area (5000 m?). In addition to the
forestry data of the stand, with the use of a GPS, the position of each tree and shrub was col-
lected. Vegetation survey aims to assess the para-natural evolution of plant species in the land-
slide area. The first data collected refers to vegetation evolution observation over time, from
the front side of the mountain (near the village of Stazzema), where the entire landslide area

can be seen (Figure 3). This is useful for comparing the observed evolution with satellite data.

- -

Works start (19/05/98)  Work ends (31/05/99)

Chestnut — 1998 Willow — 2000 » 2003 » Aider 2012 — . 2016 Hormbeam 2023

Figure 3. Time series of vegetation evolution (from 19 May 1998 to 19 September 2023). Along the timeline, we
report the succession of plant species.

For that reason, a monitoring system of vegetation dynamics was conducted using the
Normalised Vegetation Index (NDVI) to evaluate the vegetation recovery after the landslide
[30]. The study of the NDVI index was completed through a script operated on the Google
Earth Engine platform (GEE), where Landsat 05 and 07 satellites were used to evaluate the
historical series of data in the landslide area. The NDVI values were subsequently processed by
averaging the NDVI values for June, the month in which the landslide occurred. Furthermore,
for the Mediterranean areas, in June, we tend to have the highest NDVI values [31], which is
why we consider the average of this month as significant data for a synthetic comparison for a
time series. NDVI calculation presents some issues, mainly because the resolution of the Land-
sat satellite is not very high about the shape and width of the landslide area. This is a long strip

of land with lateral forest cover on both sides. In each pixel of 30 x 30 m, we have the
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interference of lateral vegetation. However, at the time of the landslide, the Sentinel-2 data that
provided some bands at 10 m resolution were not available and could not be used to reconstruct
the time series.
Slope stability and root system analysis
The distribution of root systems is carried out through direct measurements by making lo-
calised excavations around the tree being measured (Figure 4). Thanks to this methodology, a

summary parameter of the distribution, the root area ratio (RAR),

Ar(z)

(1) RAR(Z) = e
Is obtained from the ratio of roots area Ar(z) at z depth and rooted soil area Ars. Through
the Ar(z) equation, other useful parameters can be derived for inclusion in slope stability esti-
mation models. The b- factor is expressed in the formula:
(2) Ar(z) = Ar0 s
Where Ar0 is the root area at z = 0 (extrapolated) and represents a scaling factor for Ar(z),
while b is the average rooting depth, the expected value of the plant’s root depths as the average
of a probability density function [26,27,32,33]. It is seen that the b factor is determined by
climatic and pedological values in a water-limited ecosystem and that, simplifying, the ratio 1/b
determines the average rooting depth. In the case study of Pomezzana, two trees were the sub-
ject of RAR measurement in 2013, and the other four trees were during this year’s surveys; the

procedure performed is the same as that applied in other works [26,34].

Pomezzana

® Alder

m ERT transect

@ Chestnut
I Footpath

SWBE techniques

[] Landslide perimeter
e

Figure 4: Outline of the 2013 surveys: location of survey points of RAR values and ERT geoelectric analysis.
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In the 2013 survey, indirect techniques, using geophysical instruments, were tested to in-
vestigate an indirect methodology that could provide indications of the distribution of the root
system in depth. The analysis of the geoelectrical tests is based on the processing of several
vertical transects of conductivity values, obtaining the distribution of values at depth, following
an exponential trend. Two geoelectrical resistivity tomographies (ERTs) were carried out, along
two transects, which were going to intercept the root systems of two black Alders for the PDP4
profile and a Chestnut tree stump in PDP6. Each transect identifies a case study (Tree and No-
Tree) and is made up of central and adjacent transects. The transect is chosen for the case study
they identify, and the analysis includes almost the entire assessment of the electrical tomogra-
phy portion. The electrical tomographies were carried out with a Polo-Dipole device, along a
4,8 m transect from 24 electrodes placed 20 cm apart. The measured apparent-resistivity data
sets have been processed with the specific software RES2DINV c, by Geotomo Ltd. (Houston,
TX, USA) [35,36]. The measured alders were part of the stand of para-natural origin, estab-
lished on the landslide after the restoration works, while the Chestnut tree stump was already
present before the landslide and was coppiced during the works. The comparison of these two
cases is useful to understand whether the alders have root system development comparable with

those of the neighbouring plants, which were not affected by the hydrogeological disruption.
3. Results

The multi-approach methodology for monitoring SWBE works presented attempts to bring
together various techniques and protocols to evaluate the technical and vegetative effectiveness
of interventions. Not having processed all the data together yet, the research focused on data
from direct (Figure 5) and indirect surveys on the RAR and ERT root systems, conducted in

2013.

Figures 5: Images of the two explored root systems: plant 7174 on the (left) and the plant 7231 on the (right).

Root investigation: RAR is described according to how it is distributed in depth. The
trend of RAR in depth follows a negative exponential curve due to its development in a semiarid

water-limited environment [19]; deviation from the curve often occurs when the root system
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encounters physical or chemical obstacles to its development, so it tends to develop an irregular
architecture or flatten out in the more superficial layers.

As can be seen in the pictures in Figure 5, the root systems of the two Alder plants
investigated have different morphology and development. Therefore, we have represented (Fig-
ure 6) a longitudinal section at the area central to the landslide body, where RAR analysis was
carried out for plants 7231 and 7174 and ERT transect at the PDP4 point. Alder 7174 is located
immediately downstream of the log crib wall, unlike 7231, which is positioned above the sec-

ond set of log crib walls.

LEGEND

? Alder tree

£——1 Vegetated soil
[T Filler earth
2] Rocky debris

/'Avarage slope gradient - 30°

f%l’;‘igure 6. Longitudinal section scheme of the ERT and RAR trees distribution.

In Figure 7, the RAR values with soil depth show an exponential negative trend. In fact,
for plant 7174, we find R? = 0,8071, while for 7231, we have R?=0,9226. From the distribution,
we find that the slope of the negative exponential is 0,054 and 0,011, respectively, which cor-
respond to an average rooting depth (MRD) of -18 c¢m for plant 7174 and -90 cm for plant 7231
(Figure 5).
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Figure 7: Percentage root area ratio for the two Alders explored.

By processing the data obtained from root system evaluation on Alder species, results
show different root development between plants 7231 and 7174; root growth is influenced by
the position of the plants (uphill and downhill) with respect to the SWBE wooden techniques
[37]. From the trend of the exponential curves of the percentage values of RAR, it is possible
to extract the values of the b-factor, with which, thanks to the correlation described in the studies
of Preti et al., 2010, the average rooting depth (MRD) is derived. Plant 7174 appears to have a
shallow root system, as it is placed at the crib wall foot where there appears to be less loose
soil. In contrast, the roots of Alder 7231, being located above the crib wall went deeper, given
a greater presence of loose filler earth. Therefore, we obtain for plant 7174 a b-factor value
equal to —0,054, which corresponds to an MRD value of 19 cm; for the plant identified with
7231, the b-factor is equal to —0,011; therefore, the average root depth is approximately 90 cm.
Also, in the ERT PDP4 analyses, the b-factor values obtained follow the value of plant 7231;
the sampled alders also being placed above the log crib wall. Terraced slope reprofiling using
SWBE techniques promotes deep-root system growth with positive effects on soil erosion and
loss of organic matter.

Geophysical investigation. The results of geoelectric investigations are represented by
a tomography for each transect, and it shows how ERT analysis can be considered a valid tool
for monitoring vegetation root development, given the values in line with those obtained by
RAR [38]. The graphical representation shows the distribution of soil resistivity in the PDP4
and the PDP6 transects (Figures 4 and 8).

Raw resistivity data collected in the field are processed (inversion); from these, it is
possible to derive the conductivity of the medium investigated (reciprocal of resistivity). As

demonstrated in another study [34], it is possible to estimate the distribution directly from
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observation of conductivity trends at depth for resistive soils under dry conditions. Graphical
data elaboration (Figures 9 and 10) shows where a tree is present (Alders and Chestnut coppice);
the exponential trend fits well with a significance coefficient (R? > 0,5). On the other hand,
where there are no trees, the exponential trend does not fit conductivity values, with low sig-
nificant coefficients for PDP4 (R* < 0,2) and medium significance coefficients for PDP6 (R? <
0,5). Inverting the raw data gives us a resistivity/conductivity data matrix with a spatial resolu-
tion of approximately 7,5 cm (vertical) x 20 cm (horizontal). Corresponding to each plant in-
vestigated, we consider the central, left, and right vertical (Vert 1, 2, and 3) conductivity values
and calculate the trend in depth to extract the angular coefficient of the exponential. It shows a
very similar exponential trend between resistivity and rooted area (Ar), so conductivity values
are considered Ar values, as seen in other research [26,39]. The same operation is carried out

for the treeless portion of the transect analysed with geoelectrics.
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Figure 8. ERT: Electrical tomography graphical results for transect PDP-4 and transect PDP-6.
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Figure 9. ERT graphical results in PDP-4: Correlation between conductivity and depth for Alder 1 (A) and Al-
der 2 (B). (C, D) The trend of conductivity values in depth in portions of the transect where there are no trees.
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Figure 10: ERT graphical results in PDP-6. Correlation between conductivity and depth in Chestnut coppice (A)
and no trees portion.

The conductivity (S/m) and depth (cm) relation can be verified from these graphs, in
vegetated and non-vegetated conditions. The distribution of conductivity, correlated with RAR
values, is well comparable with the distribution estimated by geoelectrical surveys when trees
are present. With the electrical tomographs, it is evident that the depth distribution trends are
significant and well comparable between the alders and the chestnut stump present before the
disruption; b values (so MRD values) of Alder PDP4 are in accordance with b values of Alder
7231.

Vegetation evolution: The study of satellite images, considering the variation in NDVI
values, allowed us to have an evolutionary trend recovery of the vegetation on the landslide,
after the restoration work. Through NDVI processing, vegetation development is verified to be
stopped when the landslide has occurred, and when remediation works are underway. Then, a

para-natural succession was started without interruption and grew with a significative increase
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in the highest value of the NDVI index. Plotting all NDVI data over time does not appreciate
this trend well (Figure 11). The interference of lateral vegetation to the landslide area leads to
noise, while this is shown by isolating only June data each year (Figure 12). From Figure 12, it
is possible to note that 3 years after the landslide, thanks to the restoration work, the photosyn-

thetic activities of vegetation are also higher than the one observed the years before the landslide

occurred.
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Figure 11: All NDVI data in the period observed.
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Figure 12: NDVI mean value of June of each year.
4. Discussion

The monitoring of bioengineering works for the restoration of collapsed slopes allows us to
verify the effectiveness of the choices made in the design, realisation and execution phase. The
multidisciplinary approach is necessary as these interventions are complex and involve experts
and technicians with different knowledge. The restoration of a landslide must consider numer-
ous elements such as soil characteristics, morphology, water regulation, vegetation develop-
ment, structure-material natural degradation, and ecological and economic sustainability.

With this study, we present some of the first results obtained from innovative analyses and
with an indirect approach (remote sensing and geophysical investigations) to observe the dy-
namics of vegetation evolution after the restoration works [38,40] and to verify the functionality

of the intervention from an ecological point of view. The main results concern the elaboration
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of the NDVI and the execution of geoelectrical tomography to verify the development of the
vegetation, both the epigeal portion and the hypogeal portion (root distribution). The NDVI
trend allows us to analyse the development of vegetation in terms of photosynthetic function-
ality. The results show that from the total absence of vegetation (average negative NDVI val-
ues), we quickly move to high values (0,8) with an increasing trend. This can be explained by
the fact that herbaceous plants colonise the landslide, resulting in greater photosynthetic activity
compared to the forest plants that were there before the landslide. Using indicators such as
NDVI is promising, but since most of the time it is localised interventions in disturbed areas,
the use of drones with specific sensors could be a solution for higher image resolution. Moreo-
ver, the results are consistent with what is observed in coppice-managed forests in Tuscany,
where the same trend in vegetation recovery was observed following a cutting that can be as-
similated with the para-natural landslide recovery [30].

Geoelectrical investigations prove to be a valid technique to indirectly analyse the root sys-
tem of a tree, with estimated depth distribution values very close to the control values. From
the results obtained, the root systems of the plants that have settled in the area subject to dis-
ruption are well-developed. When the thickness of the soil allows it, they are found to be even
deeper than the neighbouring chestnut trees—this happens due to conflicts between the chestnut
tree and the calcareous matrix of this territory [41]. Monitoring the evolution of root systems is
important in assessing the effectiveness of SWBE interventions, even more so in the accommo-
dation of mountain slopes with a strong propensity for falling. As we said at the beginning, the
Apuan Alps are characterised by steep slopes and unstable soils, and it is in these geomorpho-
logical situations where soil erosion and slope stability need to be kept under control. Under-
standing the evolution of root systems over time, especially in areas restored with SWBE tech-
niques, is important to understand the health of the vegetation and plan management interven-
tions to maintain the work [42,43]. It was one of the first SWBE interventions in Tuscany to
restore a large landslide; the implementation was effective and successful, without requiring
any kind of supplementary intervention, but leaving the restored area to evolve naturally.

The measurements carried out and field analysis confirm that the stand of paranatural origin
is developing normally and that the SWBE engineering intervention has made possible the
spontaneous establishment of a tree stand, accelerating the ecological succession, thus quickly
restoring the conditions before the hydrogeological disruption and ensuring a high functionality
of the vegetation formation in terms of ecosystem services (biomass, CO2 storage, soil protec-
tion, stormwater regulation, etc.). A direct technique (RAR) and an indirect technique (ERT)
were chosen based on their use in monitoring bioengineering works: The former was chosen

for its widespread use, while the latter was an already promising technique for assessing
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geotechnical aspects of soil and roots [44]. Direct and indirect field surveys were completed to
assess the technical characteristics and development of the root systems of the forest stand, both
turned out to be valid methodologies for root monitoring, on which to deepen studies on their
use depending on the various factors affecting root growth: vegetation type, soil, climate, mor-
phology, etc. Although the results of indirect ERT analysis differ in some places from the RAR
values obtained from direct surveys, we can assume that at transects, an ecohydrological anom-
aly (topsoil, plant species, adverse conditions, etc.) could influence the b-factor values, at least
in our specific research experience.

As already pointed out in the results, the value of the b-factor, which influences the trend
of exponential trend, turns out to be different for plant 7174 than for 7231, but also for the root
development data obtained from ERT processing. The values obtained for plant 7174, b-factor
0,054 and MRD 18 cm, are justified by its position on the slope, as being at the foot of the log
crib wall the loose filler earth is shallow. This results in a low average root depth value (about
20 cm) in contrast to the other plants, which all have b-factor values around 0,01, and are found
to have average root depths of about 90 cm. From initial data processing on the latest RAR tests
performed, b-factor values of about 0,035 (average root depth 30 cm) are found, which roughly
correspond to the average b-factor values found in 2013. Considering ERT processing, the anal-
ysis verifies a good correlation between conductivity and depth according to a negative expo-
nential trend; how values are distributed in depth is verified by observing the variability of the
angular coefficient (factor b in logarithmic transformation Ar(z) = e®* => In(z) = bz). In PDP4,
below the Alders, the angular coefficient of the exponential trend is found around —0,01 (Max
—0,009, Min —0,015) which is comparable with the exponential trend angular coefficient of
distribution of 7231 Alder root system, measured by direct analysis (RAR). In PDP6, similar
behaviour for the chestnut coppice is found; although in the “no-trees” case study, coefficients
are similar to the root development values obtained by RAR direct tests.

As already pointed out in other research [26,45—48], RAR values have much variability
depending on soil, depth, species, and local climatic conditions; in general, RAR decreases as
depth increases [48,49]. As general considerations on vegetation root system monitoring tech-
niques, it is also necessary to specify the limitations of these techniques, which would also need
to be applied to other case studies and for other types of SWBE interventions. It would be
interesting to evaluate the indirect ERT technique at other sites, how it varies according to the
main variables (soil, species, and local climatic conditions), and how these influence the accu-
racy of the instrument. From the comparison between the two species examined, no significant
differences, except for 7174 for microclimate differences, were seen in root system develop-

ment, which, even in the second monitoring, are fully comparable with the chestnut stump
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outside the landslide body, or anyway, the trend of b values indicates that the root system is
developing by increasing soil cohesion. The results from root system surveys emphasise the
key role played by natural vegetation development, which not only benefits the ecosystem but

also increases slope stability.

5. Conclusions and Outlook

The para-natural succession started with the SWBE works in 1998, with the introduction of
Salix alba cuttings, leading to a stable and well-developed topsoil. This is a fact that can be
observed simply by visiting the place. With this study, we wanted to adopt innovative tech-
niques for monitoring SWBE works to define and introduce analyses that could in the future
translate into good practices for professionals and companies in the sector. We believe that the
initial objectives have been achieved, as the techniques have shown the expected results, alt-
hough it is essential to deepen and improve these techniques. The use of vegetation indices,
such as NDVI, is a common practice in many sectors. Its application to the SWBE sector will
allow the evolution of interventions to be monitored with benefits for possible maintenance,
improvements, and forecasts. The use of geoelectric shows a high potential for evaluating the
development of root systems, although this application is still not widespread. Soon, research
will go into the monitoring of vegetation, and more generally the ecological processes promoted
by SWBE techniques, and the monitoring of structures made of wood. The effects of NBSs on
biodiversity and ecological evolution are still under-researched, but it is increasingly necessary
to promote them as major techniques for climate change mitigation. On the other hand, we need
to better understand the durability of the structures concerning the type of vegetation that de-
velops during the restoration intervention. In conclusion, the data and considerations made in
this research increase the knowledge on root area ratio in forest stands established on landslide
areas recovered using Soil and Water Bioengineering techniques. The study also promotes a
multi-approach monitoring methodology for forest hydraulic system interventions, which will
surely be further explored in future projects. The research aims to promote the use of innovative
techniques for monitoring bioengineering works, with the ultimate goal of helping to increase
the effectiveness and performance of these techniques. Together, these innovative techniques
have allowed us to verify the good progress of the para-natural succession and the technical

efficiency of SWBE techniques.
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Abstract

The well-known extreme flood event occurred on 19 June 1996 in Versilia, north-western Tus-
cany, Italy, causing an impressive number of landslides and debris flows, dramatic floods and
15 fatalities. The Tuscany Region financed Soil and Water Bioengineering (SWBE) interven-
tions to restore slope stability and mitigate soil erosion. The Pomezzana landslide was the great-
est one restored by such kind of Nature-Based Solutions (NBS) in 1998, applied in Tuscany for
the first time.

The study presents the 2023 landslide monitoring surveys, concerning the vegetation evolution
state and the slope stability conditions of two different situations: AdS1-SWBE restored land-
slide and AdS2-unrestored landslide. The root systems of the main tree species present (chest-
nut, alder, and hornbeam) have been characterised and used to evaluate the effects of vegetation
on slope stability according to the historical monitoring 1998-2013-2023.

The Root Area Ratio (RAR) values obtained in the field, and therefore soil cohesion values,
also considering the deterioration of the wooden crib wall, drove us to calculate the Factor of
Safety (FS) through SSAP 2010™ software. Various scenarios of slope stability were evaluated
with the infiltration depth obtained with the landslide back analysis, with the event rainfall,
obtaining the time evolution of the slope stability. The study confirms the technical effective-
ness of the slope stabilisation of the SWBE interventions, as in the restoration of superficial
landslides triggered by rainfall, the research also shows the positive effects of vegetation evo-
lution over slope stability and ecological succession, triggering natural native species succes-
sion with increasing soil reinforcement. The results show the SWBE restoration project has-
tened the slope stabilisation process through the combination of vegetation development and

SWBE techniques.
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1. Introduction

Landslides are natural phenomena of soil and/or rock movement on slopes, occurring when
instability forces exceed the stability ones. The main reason for shallow landslides is excessive
water infiltration caused by intense rainfall events, combined with soil water accumulation.
Globally, these phenomena are also considered among the main causes of soil and organic mat-
ter loss (Sidle and Bogaard, 2016; Walker and Shiels, 2013). At the same time, the actual trend
of climate change increases the occurrence of intense or extreme hydrometeorological events
that significantly damage the environment and the territory and consequently human infrastruc-
tures near the slopes or floodable areas (Igwe and Una, 2019). These phenomena cause signif-
icant damage to ecological processes and potential biodiversity, mainly affecting the first states
of the soil, rich in organic material, nutrients, and soil microorganisms. The landscape is more
susceptible to extreme events, also exacerbated by the change in land use and management
practices, especially in fragile territories such as agricultural and forestry areas; the abandon-
ment of these areas has meant the loss of widespread management of the territory, in particular,
the water and vegetation management (e.g. dry-stone walls, channels, drains, drainages, etc.)
which were of fundamental importance in areas subject to instability (Tarolli et al., 2014). Shal-
low landslide phenomena are linked to the effect of intense rainfall events on usually unsatu-
rated soils often related to hydrological conditions present, also accentuated by the almost total
absence of vegetation management and monitoring in the areas (Gonzalez-Ollauri and

Mickovski, 2017; Miele et al., 2021).

Figure 1: Landslide map of the Versilia flood event in 1996. The black circle indicates the geographical study
area between the Stazzema and Pomezzana villages (Apuan Alps Park and Toscana Region).
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Nature-based solutions (NBS) are technical solutions to reconstitute the naturalness of
places, increasing biodiversity and supporting ecosystem services (Debele et al., 2023). The use
of NBS solutions, in particular the use of plants as building material in engineering structures
meets society’s growing demand for more environmentally friendly approaches in the design
of structures; greater attention to the environment also reflects the desire for financing plans
and European practices to promote green policies, as well as at a global level with the Global
Goals for Sustainable Development (Fernandes and Guiomar, 2018; Ruangpan et al., 2019).
The greater environmental awareness and the promotion of NBS projects have also seen a
worldwide diffusion and knowledge of Soil and Water Bioengineering (SWBE) techniques,
which have been studied and applied for the restoration of landscapes and territories long before
the definition of NBS (Federico Preti et al., 2022). SWBEs are technical solutions that are part
of ecological engineering and can provide nature-based solutions as alternative or complemen-
tary measures to the traditional or hydraulic engineering approach (Bischetti et al., 2021).
SWBEs use plants as a building material in combination with inert materials (wood and stones),
to make the most of the multifunctionality of plants and in the mitigation of natural risks. These
techniques, in addition to performing a technical and landscape function, are effective in pro-
moting ecological processes, low cost of implementation and socio-cultural function, always
linked to the aspect of preservation of the natural territory. There are numerous examples of
ecological engineering techniques designed and implemented for the recovery of landslides on
slopes, but also in freshwater environments (Andreu et al., 2008; Boll et al., 2009; Burri et al.,
2009; Cavaill¢ et al., 2015). Many recent studies have focused on the design performance of
SWBE structures, trying to consider the multifunctionality of the work through an interdisci-
plinary methodology (Janssen et al., 2019; Kettenhuber et al., 2023).

Despite the growing importance of SWBE techniques worldwide, it is necessary to rec-
oncile natural hazard control and ecological restoration by posing new applied research ques-
tions and, in particular: considering a multidisciplinary approach, establishing practical guide-
lines for designing SWBEs, implementing monitoring phases in bioengineering projects, ana-
lysing existing SWBE works in terms of performance, successes and failures (Mickovski et al.,
2022; Rey et al., 2019; Stokes et al., 2014). Since SWBE techniques work with degradable and
living materials, monitoring of the two main components is necessary; the wood used for struc-
tures deteriorates and decreases its resistance over time. On the other hand, plants propagate
and increase their root system, creating favourable conditions for the growth of biodiversity in
a pseudo-natural evolution; the growth of the root system increases the resistance and cohesion
of the soil over time (DiBiagio et al., 2024; Preti et al., 2010). Eco-engineering measures are

considered nature-based technical solutions capable of providing multiple benefits for
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sustainability: from land restoration limiting soil erosion in the short term, and stabilisation due
to root systems in the long term (Mickovski and Thomson, 2017; Qin et al., 2022). The biolog-
ical and ecological aspects linked to the implementation of SWBE techniques have been studied
for a long time, particularly regarding the choice of plants, best planting periods, and the effec-
tiveness of the root systems on soil stability (Evette et al., 2011; Fattet et al., 2011; Giupponi et
al., 2017; Zaimes et al., 2019). Scientific insights into the long-term effects of vegetation de-
velopment in SWBE interventions are lacking regarding technical aspects of slope stability, as
well as environmental issues regarding ecological restoration in the intervention sites (Rauch
et al., 2022). The scientific gap addressed in this study involves demonstrating that the para-
natural succession of vegetation initiated by SWBE techniques is essential for achieving slope
stability and contributing to forest renaturalization. Additionally, this work aims to present an
investigative methodology that serves as a preparatory step for the comprehensive monitoring
of analogous cases, contingent on the boundary conditions at the initial time (to).

The present study aims to analyse the functional and ecological temporal evolution of a
SWBE-restored slope and to define a survey methodology in a specific case study. Investiga-
tions were conducted in the Versilia catchment (Pomezzana, north-western Tuscany), where an
extreme meteorological event occurred in 1996, in two different sites: AdS1 a SWBE restored
landslide and AdS2 a naturally evolved/unrestored landslide. The vegetation surveys and the
SWBE interventions were carried out in two years, 2013 and 2023 respectively, allowing us to
have a time series of 25 years (NBS intervention realised in 1998) from the restoration of the
shallow landslide. Long-term monitoring has permitted us to have historical data for an in-depth
knowledge of the area, thus compared also to a non-restored similar situation. The sampling
carried out included: forest dendrometric parameters to quantify the growth rates of the forest,
soil sampling for geotechniques characterisation, and study of the root systems of the most
significant tree species (Chestnut, Alder, and Hornbeam). The Root Area Ratio (RAR) values,
obtained from the analysis of the root systems with a simplified method together with the soil
characteristics, were used to identify the soil cohesion values at various depths.

Residual Mechanical log strength in live wooden crib walls has been used for residual efti-
ciency evaluation in the stability degree of the slope; this last was calculated by methods of the
safety factor Fs, based on the Limit Equilibrium Method (LEM) verification techniques (Deng
etal., 2017; Murgia et al., 2022).

The objective of the research is long-term monitoring and modelling of SWBE efficiency
at slope scale with a multidisciplinary approach, by 1) monitoring the present vegetation; 2)
verifying the evolution of the SWBE works carried out for the restoration of the landslide slope;

3) evaluate the temporal evolution of the slope stability factor in different scenarios. The study
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tests the slope stability of the different scenarios, assuming a rainfall event comparable to the
one that occurred in 1996 with a measured rainfall intensity of 478 mm/12 h (Tr 300 years).

Field survey data elaboration permits us to implement back analysis for slope stability analysis.

2. Materials and methods

2.1 Study site

An extreme meteorological event occurred in northwestern Tuscany in June 1996. The
extreme event particularly affected the municipalities of Stazzema and Saravezza (Lucca prov-
ince), concentrated in an area of approximately 150 km? had a maximum intensity recorded of
478 mm recorded in 12 h with a maximum rate of 158 mm/h in the Pomezzana village area
(Preti et al., 1999). The rainfall event was classified with a return time greater than 100 years,
up to 300-550 years, and was the first convective supercell (or “v-shaped” storm) recognised
in Italy. The scale of the event, in addition to causing extensive damage to inhabited areas (Car-
doso and Fornovolasco), triggered numerous shallow landslides (Fig. 1), debris flows and
flooding in various waterways (D’ Amato Avanzi and Giannecchini, 2003).

Most landslide phenomena can be traced back to linear translational flow phenomena,
which developed in partially saturated flows or waterlogged materials, to which the linear ero-
sive action of watercourses in river courses and the slope runoff action must be added. The
exceptional rainfall intensity on the ground deposits and saturated soils led to the development
of debris flows. In the Pomezzana study area, an important triggering factor for landslides was
impermeable rock outcrops (metasandstone, siltstone and phyllite) that promote hydric satura-
tion of the soil from the first layers of soil. These instabilities mainly affected less than 3 m
depths on slopes with an inclination up to 35, localized on Pseudomacigno formation soil
(D’ Amato Avanzi and Giannecchini, 2003; Giannecchini and Avanzi, 2012). The landslides in-
vestigated in the present study are in Pomezzana and are included in the municipality of
Stazzema (LU) (latitude: 43°98'78.36” N, longitude: 10°31'47.41"E). It is approximately 200
m long and 70 m wide, covering an approximate surface area of 1,3 ha; more detailed infor-
mation about the study sites in Giachi et al., 2024. The study site is located between 450 and
600 m.a.s.l. with a North-West exposure, and the slope is on average 65 %. A naturally evolved
landslide, that occurred in the same event, was identified on the same slope to have comparable

data on natural vegetation evolution compared with the restored one (Fig. 2).
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Toscana

Figure 2: Location of the study site. In red AdS1-SWBE Restored landslide, in violet-AdS2-Unrestored landslide.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)

The study site belongs to Apuan Alps Regional Natural Park. Before the landslide oc-
curred, forest type was, according to the classes of European forests: Class 8: Thermophilic
deciduous forest, typology 8.7 “Chestnut Forests" and still cultivated until the 80s in the last
century. Locally the average slope is 65 %, North-West exposure and belongs to a 0,06 km?
catchment (20 % of total area). The site is characterised by a Pseudomacigno formation, with
sandy/loamy soil (Soil cohesion Cs is 5—-15 kPa).

The slope arrangement intervention, realised in 1998-99, permits correct water runoff
management, thanks to the terracement and realisation of live crib-wall and ditches, that break
slope continuity and control the erosion process. The landslide restoration in Pomezzana was
possible due to the exceptional public financing within the natural park area and used various
Soil and Water BioEngineering (SWBE) techniques including double live wooden crib walls
with willow cuttings, live palisades, wooden and stone ditches, and hydroseeding. The SWBE
project was useful to stabilise the collapsed slope and regulate slope water runoft and in-site

naturalization (Fig. 3).
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Figure 3: SWBE techniques were implemented in 1998/99 to restore the rainfall-induced shallow landslide (from
the technical design of Arch. Bonaldi, 1997/99).

Figure 4: Live wooden crib wall during a 2023 field survey (pH. Emanuele Giachi)
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The live wooden crib walls were made with chestnut logs and filled with soil, earth, and
stones (Fig. 4); cuttings of Salix purpurea, S. eleagnos, and S. triandra, endemic plants found
locally along the streams were then used in the structure (10 plants/m) to allow a fast soil cover
and trigger a natural evolution of vegetation (mandatory requirements by the park authority).
In the years following the landslide restoration, the vegetation, mainly composed of Salix spp.,
was already fulfilling its soil-protective and stabilisation function. Monitoring surveys from the
early 2000s (Fig. 5) showed a gradual shift from willow to naturally renewed plant species
(Alder and Hornbeam). The same monitoring methodology has been applied in the naturally

evolved landslide for vegetation field survey.

Figure 5: Pomezzana landslide evolution over time.

2.2. Vegetation field survey

The surveys carried out in 2023 on the naturally evolving landslide (AdS2) also allow
us to assess how the vegetation cover of the landslide would have been if the SWBE restoration
had not been carried out. In 2023, the same vegetation analysis was then conducted in 2 study
areas: AdS1-SWBE Restored landslide, and AdS2-Unrestored/naturally evolved landslide. In
AdS1, a complete vegetation survey (arboreal and shrub component) was carried out within the
representative study area of 5000 m? (38 % of total landslide surface) same forestry survey was
conducted in 2013 (Errico et al., 2014; Giachi et al., 2024; Hofmann et al., 2015) and 2023, to
evaluate temporal evolution of ecological process and species composition. Since the landslide
was of considerable size, we conducted field surveys on 0,5 ha, considered a representative area
for the type of vegetation that ecological engineering works on; the study area was the same in

both the 2013 and 2023 field surveys (Fig. 6).
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Figure 6: Pomezzana study areas: AdS1 field survey and sampling were made in 5000 m? representative areas;
the AdS?2 field survey was conducted on the entire surface (around 500 m?) of the naturally evolved landslide.

In AdS2, the same vegetation survey was performed on the naturally evolved landslide
site at 500 m? (45 % of landslide surface) vegetation species and age have been detected in all
the area because of its smaller dimensions. (Fig. 6). AdS1 and AdS2 field surveys have been
conducted to make comprehensive forest vegetation monitoring; we derive values for the num-
ber of plants and the tree basal area per hectare, which allows us to make a feasible comparison
between the two. The main comparative parameter used is tree basal area (G), which represents
the sum of the areas occupied by the logs per unit area (ha), measured using the circle formula,
where the diameter equals the average plant diameter at 1,30 cm height (DBHm).

The breast height diameters (DBH) of all individuals and the average height of the stand
have been measured for tree and shrub species. For the arboreal and shrubby component, DBH
of all the plants present, GPS position, height and average age were measured for the three most

representative species: Alnus incana, Castanea sativa, Ostrya carpinifolia. For growth rating
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curve analysis, tree age has been measured with Pressler’s gimlet on the 3 most representative
species Alder, Hornbeam and Chestnut.

Ads2 was chosen to be comparable with Ads]1 taking into consideration the natural veg-
etation of surrounding areas. This is fundamental for the natural revegetation process: due to
the principal plant propagation system of the arboreal plant, by seeds, it is mandatory to have
surrounding vegetation, slope, exposition, quote, and comparable can suppose analogy in veg-
etation developing process. Other unrestored areas have been surveyed but with unequivocal
differences in the seedling process (e.g. areas with black locusts, are almost absent in AdS1 and
AdS2 areas).

For a complete characterisation of the slope vegetation, the growth of the root systems
was also investigated to assess root cohesion; given the conditions of the study site, surveys
were carried out on the three most prevalent species, as indicated by the tree species surveys.
The Root Area Ar(z)of the main species has been measured by excavating 60-70 cm of soil to
the tree bases (Fig. 7). Root diameters have been measured and classified at significant depth,
based on the plant characteristics in the Mediterranean area (Giachi et al., 2024; Giambastiani

et al., 2017; Giambastiani et al., 2022; Preti et al., 2010).

Figure 7: Root system field survey in AdS1-SWBE restored landslide, for Ar and RAR value detection, for the
representative tree species: Alnus incana, Castanea sativa and Ostrya carpinifolia.

Root system pictures have been taken during the 2023 field survey. These images were
processed using CAD software to measure root areas at progressive depths (Dani and Preti,
2007). The collected data were then used to calculate the RAR regression function (exponential)

and to extend the evaluation across different depth ranges (0-30 cm, 30-50 cm, 50-70 cm, 70-
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100 cm). Cr values were derived from the combination of tree basal area (G) and b factor for
root average depth (Giovanni Battista Chirico et al., 2013b).

2.3. Soil characterisation

During 2023 extensive field survey, soil samplings were detected in the AdS1 study site:
six soil samplings have been taken for soil characterisation of surface layers. Laboratory anal-
ysis identified values for bulk density (BD) and Soil texture. Data elaboration permits us to
defined geotechniques values of soil cohesion (Cs) and porosity, important for back analysis
hypothesis. Although the site-specific values are reasonable, further investigations into the ge-
ological nature of the area were carried out. Recent geotechnical research on steep slopes in
Northwestern Tuscany (Tofani et al., 2017), shows soil cohesion values for surface layers of 6
kPa < Cs < 8 kPa. Given the site-specific soil samples and insights from other studies, the
chosen value of soil cohesion Cs = 9 kPa (for soil depths between 0 and 100 cm) can be con-
sidered reliable for terrain modelling.

2.4. Slope stability data and modelling

The variation of the slope stability factor (FS) was evaluated in the 1998-2013-2023

discretised ranges, in AdS1 based on the monitoring field data. Hypothetical scenarios, through
back analysis, for the pre-landslide situation (abandoned chestnut forest of 300 years), Unre-
stored landslide in 2023 and para-natural ecological succession forest (until future 300 years)

have been considered from field data elaboration and literature data from the specific study site.

Vegetation data Roots cohesion data SSAP model
Nr. G bfac- Cv 0 Cv 0- Cv 30- Cv 50- Cv_70- Cwcr  Profile

Plants tor 30 50 70 100 type

nr/ha  (m’/ha) | kPa kPa kPa kPa kPa kPa |
Pre- 100 29.1  -0.07 43.6 243 3.0 0.7 0.1 B
Event
Y1 18178 1 -0.04 1.5 1.0 0.3 0.1 0.1 50.8 A
Y15 1592 139 -0.04 215 14.0 4.7 2.1 09 454 A
Y25 1017 174 -0.04 253 16.4 5.5 2.5 1.0 419 A
Y50 515 203 -0.04 304 19.8 6.6 3.0 1.2 343 A
Y300 100 29.1  -0.04 436 28.4 9.5 43 1.7 B
UN-Y25 2114 0.74 -0.04 1.1 0.7 0.2 0.1 0.0 B

Table 1: Schematic resume of data for AdS1 and AdS2 in different temporal scenarios used in SSAP modelling
simulations. Root cohesion values at different representative depths and wooden crib wall cohesion contribute to
SWBE restore scenarios and the 2 different slope profiles.

The methodology applied to analyse slope stability is the limit equilibrium method (LEM)
integrated with the SSAP2010™ program (release 5.2.3.- 2023), used for soil stability research.
SSAP2010 is a freeware software for stability evaluation of natural and artificial slopes, or with

reinforcing elements like eco-engineering and conventional engineering techniques. The
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software allows the input of data for specific characterisation of the studied slope, for the iden-
tification of slip surface and the safety factor (FS): morphology, geotechnical parameters, stra-
tigraphy, pre-and post-event topography, hydrological values, and slope reinforcement works.
In LEM methods, the calculation of the safety factor (FS) is carried out on a specific slip surface

defined within a slope. We therefore define Fs as:

_
(1) Fs = p—

Where tf is the average shear resistance available along the sliding surface, and tm the
average mobilised shear resistance. Among the computational methods available in SSAP, the
solution chosen to carry out the back analysis of the Pomezzana landslide was the one proposed
by Morgenstern and Price (1965); it uses an arbitrary function to define the direction of the
resultant of the interface forces. This solution represents a fully balanced method
(https://www.ssap.eu/). Morgenstern and Price (1965) developed a solution in which the rela-
tionship between vertical and horizontal interface forces is expressed through an unknown func-
tion, whose parameters are derived from the global mass balance, of the single sliding surface:
it doesn’t have a simple final formula, but a system of non-linear equations to be solved by
iterations. The solution is fully balanced and can be used to study any failure surface with any
shape (Innocenti et al., 2023). Geotechnical parameters are needed to obtain an SSAP simula-
tion of slope stability.

In the simulation, we used Morgenstern and Price, 1965 method is due for different reasons.
First, all the equilibrium conditions are satisfied in circular slip surface, it can be used with the
method of slices; second the condition that there be no rotation of the slice is satisfied if the
sum of the moments about the centre of the base of the slice is equal to zero: in the adopted
method is computed and comprehended this case and the alternative. Semicircular slip surfaces
are typical in non-foot-supported slopes, especially due to localised water accumulation due to
upslope morphology convergence and in multilayer soil configuration, since our study began
with a back analysis of an occurred landslide, it is the shape that was observed in the specific
case in 1996. Slip surface research was performed through the RANDOM algorithm by using
a numerical convergence algorithm described by A concise algorithm for computing the factor
of safety using the Morgenstern Price method (Zhu et al., 2005).

According to other studies (Lann et al., 2024; Mao, 2022; Murgia et al., 2022), the total
cohesion value of in ground with the presence of plants can be expressed as the amount of soil
cohesion Cs and the additional cohesion given by the roots Cr:

(2) C'=Cs+Cr
For stability factor calculation, the effects of the plants must be computed (Chirico et al.,

2013a): on the one hand, the development of the root systems increases the cohesion values in
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the first layers of the soil, on the other hand, overloading and overturning by wind are negative
factors for the slope’s stability. To evaluate the mechanical effects of the roots RAR values were

measured, according to the formula:

Ar(z)

(3) RAR(Z) = e
Where Ar(z) is the root area function for z depth and Ars is explored soil area. Ar(z), in
water-limited ecosystems, can be expressed as z depth function:
(4) Ars = Ar0 e
Ar0 (z = 0 depth) root area can be assumed as a scale factor and in a good approximation,
corresponding to the tree-collar area (Preti et al., 2010; Schwarz et al., 2010a). In the case of
stand forest, RARO could be estimated as G/10.000, where G (m?/ha) is the tree basal area
(Chirico et al., 2013b; Preti and Giadrossich, 2009). The b factor is sloping scaling for that
environment (soil, climate term average condition) and corresponding geometrically to the root
area average depth. RAR calculation is necessary (Schwarz et al., 2010a)(in the Wu-Waldron
Incremental cohesion scheme) for vegetation cohesion calculation as:
(5) Cv =k RARTr

(6) Cv =k Tr (RAR,) e® =kTrG e
The RAR parameter has been calculated as an average in all the slopes considering the

different species and ages of the tree species (Bischetti et al., 2009). Tr is the average (Unique
value for root diameter distribution uncertainty) maximum tensile strength considered as Tr =
30 Mpa, as a cautionary value; k = 0,5 is the reduction coefficient including geometrical root
disposition and overestimation due to uncertainty.

Tr considered is the average value considering root diameter distribution in gauged plants
and pre-landslide situations (Vergani et al., 2017; Vergani et al., 2012). For slope stability anal-
ysis specific root system distribution would be descriptive of sampled plants but does not reduce
uncertainty on overall root distribution in the analysed slope. Let’s note that this coefficient
increases confidence in FS calculation. According to discussions on various methods for root
reinforcement (Mao, 2022; Murgia et al., 2022), in SSAP simulations reference is made to the
SWWM-Wu-Preti scheme (consider k = k’k” = 0,5), which has been extensively tested and
validated.

Slope stability temporal evolution has been analysed with different scenarios (Fig. 6), re-
spectively:

e Pre-Event (1996): abandoned chestnut tree forest.

e Y1 -Year1 (1998): restored landslide with SWBE project and willows cuttings renewal.

e Y15 -Year 15 (2013): evolved slope, with alder trees.

e Y25 -Year 25 (2023): evolved slope, with alder, chestnut, and hornbeams trees.
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e Y50 - Year 50: evolved slope (restoration project’s life) from data extrapolation.

e Y300 - Year 300: evolved slope to natural vegetation — from data extrapolation

e UN-Y25(2023) — Unrestored Landslide

For SSAP simulation, two slope surface models were used: Profile A - valid for the simula-
tions of the Pre-Event, Y300 and UN-Y25 scenarios, natural soil profile without SWBE tech-
niques; Profile B - used for the Y1, Y15, Y25, and Y50 scenarios, terraced slope profile due to
the presence of live wooden crib walls. To assess the contribution of wooden crib walls to slope
stability, the cohesion values of the structures, defined as Cwcr, were associated with values
found in the literature (Uzielli et al., 2025). In Table 1, vegetation data input for Cv estimation,
CvO0 and Cv values at different depth ranges and SSAP modelling characteristics profiles have
been resumed.

In all scenarios, SSAP modelling runs considered a fully saturated zone from ground level
to critical soil saturation, equivalent to 1,2 m. The critical soil depth value of 1,2 m is consistent
with the rainfall data (more than 400 mm, considering the inflow concentration is equivalent to
the surface runoff from upstream plus the contribution of inflows to the catchment sides) rec-
orded during the 1996 event; with a soil porosity of 40 %, we obtain an average depth of 1,2 m
on the slopes. The post-flood surveys confirm, as mentioned above, that particularly in the
chestnut groves the shallow landslides did not deepen more than 2—3 m. This fact can be asso-

ciated with poor root growth beyond a depth of 50-60 cm, given the calcareous subsoil (Tos-

cana, 1998).

3. Results and discussion

3.1. Vegetation evolution

Vegetation evolution monitoring and management of shallow landslide events are very im-
portant (DiBiagio et al., 2024; Qin et al., 2022; Wang et al., 2019), especially in SWBE projects
that use plants within their biotechnical value, that replace the structural function of the wooden
crib wall (which instead degrades) over time. In addition to the increased stability of the restored
slope, evaluating the type of plant species is useful for making considerations on possible eco-
logical processes (para-natural succession triggered by SWBE) of environmental-induced self-
regeneration.

Regarding AdS1, the entire restored area has evolved into a black alder forest (Alnus gluti-
nosa, although it seems unlikely to be climax vegetation), in filled density, about 23 years old.
Other tree species found include black locust (Robinia pseudoacacia), black hornbeam (Ostrya
carpinifolia), manna ash (Fraxinus ornus), elderberry (Sambucus nigra), chestnut (Castanea sa-

tiva), and holly (Ilex agrifolium). The success of the alder in the restored area can be traced
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back to the presence of seed plants uphill, which are able to disseminate (via wind and water)
over long distances. Unlike the alder, the chestnut tree adopts gravity dissemination results in
slower regeneration. Sporadic individuals of willow have developed from cuttings along the
wooden crib walls, despite practically 100 % rooting of the cuttings, but most plants dried due
to shading after alder diffusion. A few chestnut trees grew at the landslide’s borders. In AdS2,
the same plant species as AdS1 have been found, mainly black alder, chestnut, and hornbeam.
The naturally evolved landslide shows a lower growth rate compared to the SWBE-restored

landslide, with small 13-year-old alder plants averaging a diameter of 2 cm (G = 0,74 m2/ha).

G (mq/ha)

Nr plant/ha

Figure 8: Number of plants/ha and tree basal area G (m*/ha) - time evolution in AdSI SWBE Restored landslide
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UNRESTORED LANDSLIDE SWBE RESTORED LANDSLIDE

2023 2013 2023
Trees and Shrub species Nr. Plants/ha Nr. Plants/ha Nr. Plants/ha
Acer campestre \ 2 \
Acer pseudoplatanus \ 9 29.8
Alnus glutinosa 1628.6 1345 712.8
Castanea sativa 257.1 34 40.4
Corylus avellana \ 15 4.3
Fraxinus ornus 28.6 2 8.5
llex aquifolium \ \ 6.4
Ostrya carpinifolia 171.4 62 95.7
Populus alba \ 4 \
Robinia pseudoacacia \ 45 59.6
Salix alba \ 43 4.3
Salix caprea \ 9 \
Salix cinerea \ 6 \
Sambucus nigra 28.6 15 55.3
Sorbus aria \ 2 \
TOT 2114.3 1591.5 1017
Dm (cm) 1.9 9.7 13.0
G tot (m2/ha) 0.74 13.9 17.38

Table 2: Trees and shrubs vegetation 2023 field survey in AdS1 and AdS2 - species composition, Nr. Plants/ha
and tree basal area (G).

The vegetation development (Fig. 8) survey confirmed that the SWBE technique acts
as a slope stability support and an ecological starter, promoting native plant succession. The
initial value of around 18,000 plants per hectare compares well with a number of willow cut-
tings used of around 20,000 plants in the initial phase of the project. As surveys over time have
shown (Table 2), the willow was naturally replaced by other species indigenous to the area.
These findings align with previous studies (Bischetti et al., 2021; Janssen et al., 2019; Ket-
tenhuber et al., 2023) that observed SWBE’s role in enhancing habitat quality by accelerating
native species colonisation and increasing ecological succession. The observed forest compo-
sition suggests a transition toward a more stable vegetation association, with hornbeam and
manna ash becoming dominant. In the specific case study, restoration with SWBE techniques
(water regulation and terraced profile) allowed the establishment and growth of tree vegetation,
initially also assisted by hydroseeding as an additional factor against surface soil erosion. The
presence of Robinia pseudoacacia, a competitive alien species, requires forest management ef-

forts, although native species’ shading effect is mitigating its development.

3.2. Soil analysis
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Soil sampling field survey has been conducted along the restored and un-restored land-
slide. The bulk density values are around 1 (g/cm?) with SD = 0,1. From these, the porosity of
the 40 % soil was derived, also considering the geological nature of the study area. Soil texture
formation in the study site, have a percentage contribution from the three components as fol-
lows: sand 42 %, silt 42 %, clay 17 %. The soil cohesion value used for the soil slope profile is
9 kPa, obtained by soil samplings in the area, that referring also to recent geotechnical research
(Tofani et al., 2017) can be considered reliable.

Cohesion values were also verified on regional geological maps (https://www.regione.tos-
cana.it/-/geoscopio). Bibliographic research found post-event geological studies from 1996
event (D’ Amato Avanzi and Giannecchini, 2003; D’ Amato Avanzi et al., 2004; Giannecchini
and Avanzi, 2012) conducted in Cardoso and Stazzema villages, have the same soil formation
as the Pomezzana area. The site-specific data are also valid from the comparison of other
sources mentioned above.

3.3.  Slope Stability Modelling

Based on the analysis of four excavated root systems, an exponential RAR function was

derived, and root cohesion was calculated, according to formula 6 (Fig. 9).
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Figure 9: RAR and Cr values as a function of depth for the four plants measured in field surveys in 2013 and
2023, in the landslide area
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RAR and root cohesion values follow an exponential trend, reflecting species charac-
teristics, age, and size. A comparison of two alder plants 10 years apart (2013 and 2023) shows
an increase in RAR and Cr values with vegetation growth. Analyses of the root systems allowed
us to identify parameter b, the average rooting depth, which is influenced by the species and
climate of the site; 3b approximates the maximum rooting depth (Preti et al., 2010; Tron et al.,
2014). The average b value is detected as 0,04; with variable values of G (m?/ha) according to
formula 6, it was possible to identify Cr values in different temporal scenarios for SSAP simu-
lation. According to the initial assumptions of the study conducted, the vegetation data, root
system data and soil characterisation were used to create the SSAP model for slope stability
assessment. All values taken are site-specific and cautelative. A fundamental assumption for the
SSAP simulations was the choice of the critical depth of soil saturation. Considering an event
equivalent to 478 mm rainfall, knowing soil porosity of 40 %, in the worst situation, the soil is
saturated to 1,2 m. This is a plausible condition given the effects of the 1996 event, where a
large proportion of the surface landslides occurred at tributaries. The SSAP simulations at a

critical soil saturation depth of 1,2 m yielded results for different scenarios (Figs. 10-13).
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Figure 10: SSAP simulation for Pre-Event scenarios.
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Figure 11: SSAP simulation for UN-Y25 scenarios of AdS2-unrestored landslide.
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Figure 12: SSAP simulation for Y-25 scenarios for AdS1-SWBE restored landslide.
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Figure 13: SSAP simulation for Y300 scenarios obtained from data extrapolation on vegetation evolution rate.

According to AdS1 (SWBE-restored landslide), FS values are greater than 1 already a
few years post-restoration. This correlates with a decrease in plant density and an increase in
stand size (Fig. 8), contributing to higher root cohesion over time. Conversely, wooden crib
wall cohesion follows a downward trend, as expected and as already shown in different studies
(Uzielli et al., 2025). Regarding AdS2 (naturally evolved landslide, unrestored), FS values re-
main below 1 at simulation time, highlighting the importance of SWBE techniques in stabilising
the upper soil layers. The Pre-Event scenario, assuming 100 plants per hectare (chestnut grove),
confirmed that during the 1996 flood event (>300-year return period), critical soil saturation

depth was around 1,2 m (see Fig. 14).
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Figure 14: FS value trend for AdS1-SWBE restored landslide and AdS2-Unrestored landslide.

SSAP simulations confirm that vegetation evolution contributes to slope stability by
increasing soil cohesion and reducing surface infiltration. The total plant overload in the land-
slide area (1,5 ha) was calculated as 21 kg/m?, a negligible factor in slope stability measure-
ments (Gray and Sotir, 1996; Preti, 2013). The positive effect of vegetation is not only that of
soil reinforcement but also that of water uptake, the role of vegetation on slope stability under
transient unsaturated conditions (Chirico et al., 2013a). The RAR trend was discretised for sta-
bility modelling (Dani and Preti, 2007; Preti et al., 2022; Preti, 2013). Despite a reduction in
plant numbers between 2013 and 2023 (Table 2) from around 1500 plants/ha to 1017 plants/ha,
RAR values remained high due to multi-species forest composition and tree growth. The para-
natural evolution of the vegetation has led to a decrease in the number of plants with a conse-
quent increase in the distance between individuals: since the average plant distance is greater,
lateral cohesion may not be influent (Schwarz et al., 2010b) The decrease in tree cover was
offset by increased herbaceous cover, leading to improved slope stability through para-natural
vegetation succession. The monitoring data suggest that similar trends occurred from 2003 to
2013, where willows were replaced by alder, improving spatial tree cover and increasing slope
cohesion.

For slope stability monitoring, the Wu-Waldron modified model was selected over RBM
and FBM; Wu and Waldron’s method, according to the SWWM-Wu-Preti scheme (Mao, 2022)
seemed more feasible than the RBM or FBM methods, which require knowledge of an exces-
sive number of parameters (Schwarz et al., 2010a; Preti, 2013). The approach used is to be
considered reliable (tried and tested) and consistent with the data from the field surveys (already
numerous, though challenging due to the slope and accessibility situation). Given the relevance
of cohesion values in SSAP simulations, the Morgenstern calculation method was chosen for

its reliability (Murgia et al., 2022), even in complex soil stratigraphies and reinforced slopes.
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Digital terrain and forest models have further allowed long-term management evaluations
(Errico et al., 2014; Giachi et al., 2024; Giadrossich et al., 2017; Preti, 2013). The research
conducted in the two test areas presents interesting results, even if they must be considered site-
specific. The historical data set provides an opportunity to evaluate the long-term effects of a
SWBE project for shallow landslide restoration. Cautionary values in line with the measured
data of geotechnical parameters and soil saturation levels were used in the SSAP simulations.

The FS values are therefore to be considered reliable.

4. Conclusions

The long-monitoring results show the technical and ecological efficiency of the SWBE pro-

ject realised for the rainfall-induced shallow landslide restoration. The vegetation developed
quite rapidly compared to the period of 25 years, which probably would have taken longer to
establish itself in unrestored conditions, left to natural evolution.
Comparing the 2013 and 2023 data in AdS1, the number of plants/ha has decreased by 1/3, and
tree basal area (G) increased as the soil reinforcement, thus contributes, even with crib walls
degradation over time, slope stability even in the hypothetical case of an event comparable to
that of 1996, with a critical soil saturation depth of 1,2 m.

Thanks to vegetation structural stability and development, the soil-bolstering function
of root systems in the study site has been increasing. The SSAP2010 software, which is free-
ware and proposes numerous calculation methods for Fs, can be considered a valuable tool for
slope stability assessment in this specific case study. The SWBE restoration project hastened
the slope stabilisation process through the combination of vegetation development and SWBE
techniques.

The results of vegetation monitoring and slope stability modelling result emphasize the
importance of the living component of SWBE works to increase soil cohesion, and stability
over time, improve water regulation, and initiate natural ecological succession with native spe-
cies. Further research will be performed on the study site, site-specific wooden crib wall deg-
radation rate, and ecological and biodiversity enhancement, triggered by SWBE restoration
projects. The research aims to promote the monitoring of this type of intervention for the miti-
gation of natural risks and slope instability, trying to encourage future studies on the long-term

technical and ecological effects of SWBE works.
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Abstract

Landslides, as complex geomorphological disturbances, deeply reshape landscapes and
influence ecosystem dynamics by exposing new substrates, redistributing soil and organic mat-
ter, and altering hydrological and nutrient cycles. In this context, Soil and Water Bioengineering
(SWBE) techniques represent an effective Nature-Based Solution (NBS) that combines me-
chanical slope stabilisation with ecological restoration. This study evaluated the ecological ef-
fectiveness of SWBE interventions in shallow landslide restoration within mountainous forest
environments of Central Italy. An integrated assessment of soil physicochemical properties and
biological indicators—herbaceous and tree vegetation, soil microorganisms, and soil fauna—
was carried out across three sites: a restored landslide (SWBE), a naturally recovering landslide
(natural), and an undisturbed reference site (control). Vegetation emerged as the most respon-
sive indicator of recovery, with the restored site showing significantly higher alpha diversity
compared to the natural and control sites. Different pedological conditions characterised the
three study sites, prompting us to evaluate the ecological dynamics between disturbed and un-
disturbed plots. Microbial communities' metabolic diversity and soil fauna composition showed
strong resilience, reaching values comparable to undisturbed conditions. Overall, SWBE resto-
ration effectively paired slope stability with the native ecological processes, promoting the es-
tablishment of diverse and functionally relevant plant communities. These findings highlight
the dual benefits of SWBE as a sustainable solution for erosion control, slope stabilisation and
biodiversity enhancement. Long-term multi-taxon monitoring is suggested to further clarify the
trajectories of ecological succession and ecosystem functionality in restored mountain environ-

ments.
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1. Introduction

Landslides are complex geomorphological occurrences that transform the physical config-
uration of landscapes and trigger ecological changes at various scales. Such events expose new
substrates, redistribute soil and organic matter, and alter hydrological patterns, thereby aiding
nutrient cycling and fostering ecological succession and habitat colonisation (Walker and Shiels
2013). Despite their ecological importance, landslides are excellent illustrations of the dynamic
interplay between disturbance and succession (Walker et al., 2009); nevertheless, their ecolog-
ical effects remain insufficiently investigated. Landslide colonists have adaptations that enable
them to survive on disturbed, unstable substrates and to tolerate enhanced temperature and wa-
ter stress, which mimic climate change conditions on a habitat level in a natural environment
(Walker & Shiels, 2013). Such natural disturbances create unusual vegetation gaps because
most of the soil structure is removed, especially in fast landslides caused by physical hazards
such as earthquakes, wind, or extreme rainfall.

In recent years, increasing attention has been given to ecological restoration strategies that
not only mitigate geotechnical risks but also enhance environmental resilience. Among these,
Nature-Based Solutions (NBS) have emerged as innovative approaches that harness natural
processes to restore, protect, and manage disturbed ecosystems, such as landslide areas (de
Jesus Arce-Mojica et al., 2019; Debele et al., 2023; Nehren et al., 2023; Nesshover et al., 2017).
A specific category of NBS, known as Soil and Water Bioengineering (SWBE), combines living
plant materials with structural elements such as wood and stones to stabilise slopes, control
erosion, and restore vegetation cover (IUCN, 2016; Preti et al., 2022). This approach aims to
simultaneously ensure mechanical stability and promote ecological functionality, offering a ho-
listic alternative to traditional engineering approaches (Gonzalez-Ollauri & Mickovski, 2017;
Mickovski, 2021; Moreau et al., 2022). Different ecological restoration techniques demonstrate
their positive effects in different environments for natural hazard mitigation, from coastal to
mountainous areas. The application of techniques and materials inspired by nature, which have
a lower environmental impact and performance cost, offers numerous advantages. Along wa-
tercourses and streambanks, SWBE restoration procedures have been proven to improve bank
stability and flexibility (Cavaillé et al., 2013, 2018), and from an ecological perspective, in-
crease the number of microhabitats (Cavaillé et al., 2015; Janssen et al., 2019). SWBE approach
results in better taxonomic diversity of aquatic macroinvertebrates and ground beetles (Janssen
et al., 2021), greater diversity of plant species (Cavaillé et al., 2015) and fewer invasive alien
species (Martin et al., 2021) than civil engineering techniques. In hilly and mountainous areas,
the application of SWBE techniques for shallow landslide restoration or soil erosion mitigation

emphasises the importance of soil-water-root interactions.

71



In addition to the SWBE technique design for landslide restoration, vegetation performs an
important role through various paths, including root strength, evaporation and transpiration (Si-
dle & Bogaard, 2016). Numerous studies have shown the positive effects of roots in improving
the chemical (Smith et al., 2023), biophysical (Fattet et al., 2011) and even mechanical charac-
teristics of the soil (Gray & Sotir, 1996), as is also the case for streambanks (Cavaillé et al.,
2015; Janssen et al., 2019; Rousset et al., 2025). Root system architecture is a very important
factor in shallow landslide susceptibility, determining the preferential water pathways and in-
fluencing the transpiration rate of the plants (Stokes et al., 2009). Forest canopy and litter layer
interception on effective rainfall usually plays a minor role in modifying water and pore pres-
sure propagation in shallow soil (Sidle & Bogaard, 2016). For a successful bioengineering pro-
ject, engineers and stakeholders are required to highlight all effective benefits and ecosystem
services by documenting the technical, ecological, economic, and social values (Rauch et al.,
2022; Rey et al., 2019). According to previous data, civil “grey” engineering techniques have
little environmental value, favouring invasive alien species at the expense of native species
(Tisserant et al., 2024). On the other hand, SWBE techniques ensure several ecosystem services
due to the ecological processes activated by native and alien plants (Lobmann et al., 2020;
Tisserant et al., 2021). However, further technical assessment of SWBE methods combining
engineered structures and vegetation is crucial for gaining insights into slope stability efficiency
(modelling and prediction) and for identifying technical limits for such NBS in natural hazard
mitigation and ecological restoration projects. Several studies have evaluated the technical ef-
fectiveness of natural hazards control in terms of soil erosion, torrential floods, and shallow
landslides (Takaoka, 2024), for ecological restoration in degraded areas (Kakinuma et al., 2025;
Su et al., 2024), and for stream renaturation (Herrick et al., 2006; Symmank et al., 2020; Walker
et al., 2009). The socio-economic aspects of SWBE techniques and other NBS solutions have
been addressed in many studies, highlighting their significant social value and the recovering
relationship with the landscape experienced by citizens (Nesshover et al., 2017; Punetha et al.,
2019). The naturalistic value of these techniques has consistently emerged in post-implementa-
tion monitoring (Janssen et al., 2019; Kettenhuber et al., 2023; Lu, 2014), where the choice of
suitable species facilitated the colonisation of native species. Multi-taxon monitoring proved to
be an essential tool in investigating the added value of soil and bioengineering techniques in
shallow landslide restoration, aiming to reconcile hazard control and ecological restoration
through research conducted using a multidisciplinary approach (Burrascano et al., 2021; Ket-
tenhuber et al., 2023; Rey et al., 2019).

Although recognising the value of such multidisciplinary approaches, a comprehensive un-

derstanding of how SWBE techniques influence ecological trajectories compared to natural
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succession is still required to validate their effectiveness beyond technical stabilisation. There-
fore, the primary aim of this study was to evaluate the ecological restoration dynamics of SWBE
interventions in a mountainous environment (Apuan Alps, Central Italy). To understand the
long-term ecological outcomes of these NBS approaches, the specific objectives were to: (i)
assess the recovery of biodiversity and ecosystem functionality through an integrated analysis
of soil physicochemical properties and three bio-indicators: vegetation, the community-level
physiological profile (CLPP) of soil microorganisms, and soil fauna; and (ii) compare the eco-
logical trajectories of a restored landslide (SWBE) against both a naturally recovering landslide

(natural) and an undisturbed reference site (control).

2. Materials and Methods

2.1.Site description

The study area is in Pomezzana, within the municipality of Stazzema (Lucca, Italy), on the
southwestern border of the Apuan Alps Regional Natural Park (Latitude: 43°98'78.36" N, Lon-
gitude: 10°31'47.41" E; Tuscany). The area lies between 450 and 600 m a.s.l. and is character-
ised by steep terrain. The slopes exhibit a North-West exposure with an average inclination of
65% (Giachi et al., 2024). The bedrock consists of Oligocene micaceous sandstones intercalated
with slaty schists. The overlying soils are moderately deep, with an A-Bw—BC horizon se-
quence. These soils are gravelly and pebbly, with a clay loam texture; they are non-calcareous,
moderately acidic, and exhibit moderate base saturation in the A horizon and low base saturation
in the Bw horizon. The soils are well drained and generally classified as Eutric Cambisols (in
some cases Leptic), according to the World Reference Base for soil resources (IUSS Working
Group WRB, 2022).

Before the landslide events, the slope was covered by a Thermophilic deciduous forest (Eu-
ropean forest class 8), specifically dominated by chestnut stands (typology 8.7, "Chestnut For-
ests"), which were actively cultivated until the 1980s. The local microclimate is typical of the
Apuan Alps, with the potential for high humidity, particularly at lower elevations near the local

stream network.
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LANDSLIDE AREA

Legend

Study Sites
Landslide-N
Naturally-evolved landslide
Landslide-S

Restored landslide with SWBE techniques
Landslide-C
Control landslide

Fig. 1. Location of the three landslides studied. Panel A displays the location of the three landslides: SWBE:
restored landslide (green area), natural: naturally evolved landslide (red area), control: control landslide (yel-

low area). Panel B provides a scheme of the multi-taxon sampling design applied during field trials in the three
landslides.

The geographical area was the epicentre of an extreme meteorological event in 1996 (the
"Versilia flood"). The exceptional rainfall intensity on saturated soils triggered widespread lin-
ear translational phenomena and debris flows (Preti et al., 2025). Through preliminary field
surveys and historical maps from the Tuscan Region, three comparable landslides occurring
during the same 1996 event were identified along the same slope. These sites (Fig. 1A) share
consistent pedoclimatic conditions, exposure, and pre-event vegetation, but differ in their post-
event management:

e Restored landslide (SWBE): a landslide covering approximately 1,3 ha (200 m long, 70

m wide). In 19998-99, it was stabilised using bioengineering techniques, such as double
live wooden cribwalls and live palisades to manage water runoff and control erosion.

e Naturally evolved landslide (rnatural): A landslide left to natural ecological succession,
serving as a benchmark for unassisted vegetation recovery.

e Control landslide (control): An unrestored site with no subsequent anthropogenic dis-
turbance, located at a slightly lower elevation closer to the stream, providing a baseline
for undisturbed environmental conditions.

To evaluate ecological dynamics, field surveys were conducted at each of the three sites,

both within the disturbed landslide area (SWBEI, naturall, controll) and in the immediately

74




adjacent, undisturbed forest (SWBE2, natural2, control2), as shown in the sampling design
(Fig.1B).

2.2.Sampling design for biodiversity assessment

A multi-disciplinary sampling design was assessed to investigate the ecological effect of the
SWBE restoration project (Fig. 1B), through alpha-diversity assessment using a multi-taxon
approach.

In the three landslides, we identified an indicative transect cutting across the study area;
along the transect, 12 sampling stations were marked with wooden pickets at fixed intervals,
numbered from right to left respectively: 6 inside the landslide area and 6 outside (three on
either side). Each of the 12 pickets served as the centre of a circular plot (3 m diameter). Within
each plot, a vegetation survey was conducted on a 1 m? area. In this area, soil samples were
taken for physicochemical and microbiological analyses. Arthropod biodiversity has been as-
sessed using pitfall traps, being a well-established method for soil fauna survey (Latella &
Gobbi, 2015). Nine traps were used at each site: 3 inside the landslide (1) area and 6 outside (3
on each side) (2). Soil microorganisms, herbaceous species, and macro-arthropods have been
identified as the three best-fit bio-indicators for biodiversity quality evaluation, for quantifying
SWBE restoration projects' evolution on ecological processes (Di Nuzzo et al., 2021; Kettenhu-

ber et al., 2023).

2.3.Herbaceous plants survey

In June 2024, we conducted a field survey on the herbaceous component in a 1 m? area
(Kent, 2012), repeated for 12 pickets at each study site. To minimise subjective errors, the sam-
pler positioned themselves at each picket and then randomly threw the square within a virtual
area of 3 m in diameter. The surveys included vascular flora (herbaceous species and woody
species regeneration), estimating the percentage coverage of the aerial part of each species as a
metric of abundance for calculating alpha-diversity indices, such as taxa richness and Shannon
index (Eq. 1). From a technical perspective, as demonstrated in various studies within SWBE
projects (Bischetti et al., 2021; Giupponi et al., 2019), the herbaceous component, in addition
to tree and shrub components, is vital for evaluating slope stability. Furthermore, it plays a
crucial role in assessing soil surface erosion before and after restoration projects. From an eco-
logical standpoint, herbaceous species are particularly sensitive to natural or anthropogenic
changes and disturbances. They serve as indicators of habitat quality and help in the assessment
of potential vegetation. The species richness and abundance indices have been measured

through floristic analysis conducted in the field.
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2.4.80il sampling for physicochemical and microbiological analyses

Undisturbed soil cores were collected using standardised stainless-steel cylinders
(V=174.18 cm3, H=12) to determine bulk density; these were inserted (6 per landslide, 3 inside
and 3 outside as reference) from the soil surface after removal of the litter layer. For the analysis
of soil microorganisms and other physicochemical variables, samples were collected at each
plot at a depth of 5-20 cm. This depth corresponds to the "active zone," where root exudates
and high organic matter content maximise microbial activity while remaining buffered from the
stochastic environmental fluctuations of the surface layer (Philippot et al., 2013). In the labor-
atory, the soil samples were sieved (<2 mm) to remove rock fragments and coarse particulate
organic matter. An aliquot of each sample was dried at 105 °C to constant weight for measuring
pH, on a 1:2.5 (w/v) soil-to-deionised water suspension using an XS PC8 pH meter, and organic
matter content, as loss-on-ignition after four hours at 460 °C in a muffle furnace. Particle-size
distribution was determined in a composite sample for each treatment by the “hydrometer
method” (Gee and Bauder, 1986).

For microbiological analysis, 5 g aliquots of fresh soil were suspended in 50 mL of distilled
water and homogenised in a Waring blender 8010ES (Christison, Newcastle upon Tyne, UK)
three times for 1 min each at low speed with intermittent cooling on ice after each minute to
detach bacteria from soil particles. The supernatants obtained this way were serially diluted up
to 10-5 in sterile 0.8% NaCl solution. 100 pL of the dilutions 10-3, 10-4, 10-5 was spread over
the surface of Tryptic Soy Agar medium (Pancreatic digest of casein 15,0 g/L, peptic digest of
soybean meal 5 g/L, sodium chloride 5,0 g/L, bacteriological agar 16 g/L). The plates were
incubated at 30°C for 7 days. The number of colony-forming units (CFU) was evaluated for
each dilution, and the CFU/g expressed with respect to the dry weight of the soil was calculated.

Community level physiological profile (CLPP) of the soils was evaluated using 100 pL of
a thousandfold diluted soil to inoculate Ecoplates (Biolog ™, Hayward, CA, USA). Ecoplates
are 96 well microplates containing 31 different carbon sources and one negative control in trip-
licate (https://www.biolog.com/products/community-analysis-microplates/ecoplate/). The
wells of the microplates also contain a redox potential indicator that changes from uncoloured
to violet in the presence of metabolically active cells. Wells containing carbon sources that can
be metabolised by the inoculated microbial community become gradually violet. The inoculated
Ecoplates were incubated in an Omnilog (Biolog) for 7 days at 30°C. Readings of the colour
development in the wells of the Ecoplates were recorded, and the data were analysed using the
Omilog-PM System software (Biolog), which generated a time course curve of violet dye for-

mation. The kinetic data of the curves were exported, and the maximum height of the curves
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was used as a parameter to calculate the biodiversity indices. Substrate richness (T) and Shan-
non’s diversity (H’) were determined as follows:

T = sum species richness (for soil fauna and vegetation species) and the number of sub-
strates used by the microbial community; to discriminate between used and unused substrates,
a cut-off calculated as the average maximum height detected in the negative controls (no carbon
source added) was used.

(Equation 1) H' = — ) pi=xlnpi
where (for microbial community) pi is the ratio of the maximum height recorded for a particular
substrate to the sum of the maximum heights of all substrates; for soil fauna and vegetation,

pi=ni/N; ni=density of each group, N=sum of the density of all groups.

2.5.80il fauna monitoring

Pitfall traps consisted of transparent plastic glasses (400 mL capacity, 9 cm diameter) filled
with approximately 200 mL of apple vinegar, supplied with a drop of surfactant to capture and
preserve the arthropods (Latella & Gobbi, 2015). The monitoring was conducted during 2024,
from June to November, when macroinvertebrates are most active in terms of foraging and
reproduction. Traps have been serviced every 15 days, and caught specimens have been trans-
ferred to the laboratory for further identification. Sometimes non-target taxa were incidentally
collected; however, they have been recorded due to their conservation concern. Soil arthropods
have been identified at the order or family taxonomic level. Taxonomic richness has been eval-

uated for alpha diversity comparisons between study sites.

2.6.Statistical analysis

Statistical analyses were conducted using R software version 4.4.1 (R Core Team). Data
exploration followed the ecological statistics guidelines proposed by Zuur et al. (2010). For the
herbaceous vegetation, soil fauna, and soil microbiota, alpha diversity was assessed by calcu-
lating taxa or substrate Richness (T) and the Shannon diversity index (H'). For each alpha di-
versity index, assumptions of normality and homoscedasticity were verified using the Shapiro-
Wilk test and Levene’s test, respectively, using the function ‘shapiro.test()’ of the ‘stats’ package
(R Core Team, 2024), and the ‘leveneTest()’ function of the car package (Fox & Weisberg,
2019). Based on these results, ANOVA tests or non-parametric Kruskal-Wallis tests were per-
formed to evaluate the main effects of "Site" (SWBE, control, natural), "Position" (internal vs.
external), and their interaction, using the function ‘aov’ and ‘kruskal.test()’ of the package stats
(R Core Team, 2024), followed by post hoc Tukey’s HSD test or by Dunn’s post hoc test. Box-
plots were prepared with ggplot2 (Wickham, 2016). A Non-Metric Multidimensional Scaling
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(NMDS) ordination, based on Bray-Curtis’s distance, was used to visualise community com-
position patterns between disturbed (internal plots) and undisturbed (external plots). Statistical
differences in soil variables were evaluated using a multivariate approach to account for envi-
ronmental heterogeneity. A PCA was performed on standardised soil parameters. Both compo-
sitional differences in biological communities and shifts in soil physical-chemical profiles be-
tween external and internal plots were statistically tested at each site using a one-way PER-

MANOVA via the ‘adonis2()’ function of the ‘vegan’ package (Oksanen et al., 2001).

3. Results

3.1.80il properties

While individual edaphic parameters exhibited specific trends—such as overall textures
ranging from loam to sandy loam (Table S1) and pH following a site-specific baseline gradi-
ent—a multivariate approach provided a comprehensive understanding of the environmental
heterogeneity. Principal Component Analysis (PCA) and PERMANOVA testing were em-
ployed to evaluate the overall shifts in the soil physical-chemical profiles between the three
sites.

First, a preliminary comparison of only the undisturbed external plots confirmed that the
three study areas are different from each other (Fig. S2). Baseline pedological characteristics
exhibited significant differences between SWBE, control, and natural sites (pairwise compari-
sons: p<0,05). The main PCA components that contribute to site differences are soil pH, texture
fraction and bulk density.

Multivariate analysis records significant differences between the internal (disturbed) and
external (undisturbed) positions at all sites: SWBE (p = 0.001), control (p = 0.003), and natural
(p = 0.004). The PCA biplots (Fig. 2, panels A-C) visually show these distinctions between
disturbed and undisturbed areas. In the SWBE site (Fig.2A), the first axis explained 53,3% of
the total variance, driven mainly by silt, clay, sand and bulk density; the second axis explained
25,7%. In the control site (Fig.2B), the first axis explains 58,7% of the total variance, driven by
the same variables of SWBE, showing how the disturbance affects soil texture and bulk density.
The second axis explains 22,8% of the variance. In the natural site (Fig.2C), the first axis ex-
plains 59,3% of the total variance and shows that clay rate describes the differences between
internal and external plots.

The ordination vectors in the respective panels indicate that soil pH and texture fractions
(sand, clay and silt) are the driving variables in site different conditions. This multivariate evi-
dence confirms that the geomorphological event causes an ecological disturbance in the three

sites.
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Figure 2: PCA biplot analyses for each study site. A SWBE site restored landslide (green); B Control site (yel-
low); C Natural site (red). The solid symbols represent the internal plot, while the empty symbols represent the
external plot. The axes indicate the explained percentage of the total variance.

3.2.Composition and alpha diversity for herbaceous vegetation

For the forest component, field surveys revealed the same vegetation typology (Castanea
sativa, Acer spp., Corylus avellana, Ostrya carpinifolia) at the three study sites, except for the
landslide area, where a neoformation forest was observed. Unlike the other two sites, the
SWBE-restored site presents a well-developed alder and hornbeam thicket mainly composed
of shrubs and young tree plants (Preti et al., 2025). Considering the differences in the tree and

shrub components between study sites, we decided to conduct in-depth floristic surveys.
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Multivariate analyses (NMDS and PERMANOVA) confirmed floristic composition differences
between the internal and external plots within each site (Fig. 3A-C). Floristic species commu-
nities of internal and external plots result in significant differences in SWBE (p=0,004), control
(p=0,015) and natural (p=0,013). The SWBE site (Fig.3A) showed the highest differences in
composition between internal and external plots. By comparing the diversity indices between
internal and external plots, different responses were observed for each of the sites, although
these were not significant. In the SWBE internal plots, taxa richness and Shannon index, re-
spectively, increased on average by 2.5 and 0,25 than external ones. Differently, in the natural
internal plots, the alpha diversity indices decreased on average by 2 taxa and 0,4 in the Shannon
index than in external plots. Instead, in the control site, alpha diversity indices displayed similar
averages between internal and external plots.

Anova analysis and Tukey test were conducted for both alpha-diversity indices. For the
taxa richness index (Fig.3D), no significant difference is detected, except for the SWBE1 and
naturall comparison (p=0,006). In Shannon index analysis (Fig.3E), results highlight statisti-
cally significant differences in three site/position comparisons. At the control site, both internal
(controll, p=0,009) and external (control2, p=0,035) displayed higher values of the Shannon
index than the natural internal plot (naturall). In the restored site, the internal plot (SWBE1)
showed higher Shannon diversity index values (p=0.001), indicating different recovery dynam-
ics between the SWBE and natural sites in the disturbed area. The external plots of the three
study sites display comparable mean values of the Shannon index, with no significant differ-

ence. The control site maintained intermediate and stable values across both positions.
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Figure 3: NMDS analyses and boxplot distribution of alpha-diversity indices of herbaceous component. A.
NMDS analyses in SWBE site; B. NMDS analyses in control site; C. NMDS analyses in natural site; D. Boxplot
for taxa richness (T) index; E. Boxplot for Shannon index (H’). Boxplot boxes represent the first quartile to the
third quartile of observations, with the median indicated by a black horizontal line. The solid symbols represent
the internal plot, while the empty symbols represent the external plot. The axes in the NMDS graph indicate the

explained total variance percentage.

3.3.Alpha-diversity of soil microbial communities based on CLPP

Due to the intensive logistical and analytical requirements of the sampling and laboratory
procedures, investigations into the below-ground biological compartments (soil microbiota and
soil fauna) were specifically focused on the SWBE-restored and control sites. Community-
Level Physiological Profiling (CLPP) via Biolog EcoPlates was employed, as it is highly effec-
tive at distinguishing spatial and temporal shifts in the metabolic functions of microbial com-
munities.

In contrast to the above-ground vegetation, multivariate analyses of the carbon-source uti-
lisation profiles highlighted a functional stability within the soil microbial community. NMDS
ordinations displayed highly overlapping clusters between the internal and external plots. PER-
MANOVA tests formally confirmed that the overall metabolic profiles did not significantly
differ between disturbed and undisturbed areas within either the SWBE site (p = 0.778) or the

control site (p = 0.244). This functional stability was mirrored by the alpha diversity metrics
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(Fig. 4). The Kruskal-Wallis rank-sum tests revealed no significant spatial variations in meta-
bolic richness (number of utilised C-sources, p = 0.288) or metabolic diversity (Shannon index,
p = 0.832) across the different disturbance regimes. Pairwise comparisons confirmed that the
internal landslide bodies exhibited comparable substrate utilisation to their respective undis-
turbed external sites. These findings indicate a post-disturbance metabolic recovery in both the

actively restored (SWBE) and the control sites.
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Figure 4: NMDS analyses and boxplot distribution of alpha-diversity indices based on carbon substrate utili-
sation by microbial communities. A. NMDS analyses in SWBE site; B. NMDS analyses in control site; C. Box-
plot for Shannon index (H’); D. Boxplot representing the number of c-sources substrates used by microbial com-
munities (T). Boxplot boxes represent the first quartile to the third quartile of observations, with the median indi-
cated by a black horizontal line. The solid symbols represent the internal plot, while the empty symbols represent
the external plot. The axes in the NMDS graph indicate the explained total variance percentage.

3.4.80il fauna alpha diversity

Consistent with the microbial investigations, the study of soil fauna communities was con-
ducted at the SWBE and control sites. Multivariate and univariate analyses demonstrated soil
fauna resilience to the landslide event. NMDS ordinations and PERMANOVA testing showed
no significant compositional divergence between disturbed and undisturbed plots.

The community composition results were supported by alpha-diversity indices investiga-
tions (Fig.5D-E). Species richness exhibited no statistical differences between sites and inter-
nal/external positions. Similarly, for the Shannon diversity index, the ANOVA revealed no sig-
nificant effect of site and position (SWBE site, p=0,539; control site, p=0,99). The boxplot

trends (Fig. SE) revealed subtle site-specific dynamics: the control site showed a slight decrease
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in diversity within the landslide, and the SWBE site exhibited marginally higher internal Shan-

non values than those of its external plot.
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Figure 5: NMDS analyses and boxplot distribution of alpha-diversity indices of soil fauna communities. A.
NMDS analyses in SWBE site; B. NMDS analyses in control site; C. Boxplot for Shannon index (H’); D. Boxplot
for taxa richness (T). Boxplot boxes represent the first quartile to the third quartile of observations, with the me-
dian indicated by a black horizontal line. The solid symbols represent the internal plot, while the empty symbols

represent the external plot. The axes in the NMDS graph indicate the explained total variance percentage.

4. Discussion

The integrated evaluation of soil properties and biological indicators provides complemen-
tary insights into the ecological conditions of the three study sites. Our findings showed that
herbaceous vegetation is the biological indicator that reveals interesting ecological dynamics in
the SWBE restored, control, and natural sites (Fig.6); soil microorganisms and soil fauna
showed interesting trends that deserve further investigation. We recognise that pseudoreplicates
present an issue in the broader comparisons of our analyses. To mitigate this and engage in
reliable statistical analyses, we analysed each site separately, keeping comparisons between
sites strictly qualitative. Moreover, external samples served as a reference point, accounting for
intrinsic site variabilities. These findings support the idea that the SWBE restoration project
activated an ecological process that led to a different species composition, mitigating environ-
mental stress features, specifically through soil erosion control and hydrological regulation
(Preti et al., 2025).

Landslide disturbance effect and sites’ pedological differences
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The multivariate analysis revealed that soil physicochemical profiles were not uniform
across the study areas, reflecting environmental heterogeneity. While individual parameters
might suggest localised similarities in soil structure, the PERMANOVA and PCA results con-
firm significant baseline pedological divergence between the SWBE, control, and natural sites
(p <0,05). This divergence is primarily driven by gradients in pH, texture fractions, and bulk
density, which define the unique environmental identity of each site. However, this edaphic
variability is balanced by the arboreal vegetation homogeneity across the external reference
plots (Preti et al., 2025). The clear separation between internal (disturbed) and external (undis-
turbed) plots across all sites - accounting for over 50% of the variance in the first PCA axis -
underscores the impact of the geomorphological event on soil structure. Specifically, the strong
influence of silt, clay, and bulk density in the ordination space suggests that the disturbance
reshaped the physical matrix of the soil. The consistent multivariate response to disturbance
across the three locations allows for a comparative assessment of recovery dynamics between

disturbed and undisturbed plots.

Figure 6: Representative pictures of the three study sites (disturbed areas): SWBE site (left), control site (cen-
tre), and natural site (vight). The dashed red lines indicate the spatial positioning of the sampling transects
within each study area.

Different ecological dynamics in species community recovery and alpha diversity
Herbaceous vegetation emerged as the most responsive bioindicator, with the main al-

pha-diversity indices (taxa richness and Shannon) showing different trends within the three

studied landslides. The restored site (SWBE) showed an increase in alpha diversity indices in

the internal plots compared to the external ones, while there was a decrease in these in the
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naturally evolved site (natural) and non-significant differences at the control site (control),
which maintained intermediate values.

In the control site, herbaceous vegetation diversity appeared to have returned to pre-
disturbance values after 30 years, even if NMDS analyses showed different floristic composi-
tion between internal and external plots. Differently, the naturally evolved site (natural) dis-
played a decrease in alpha diversity indices compared to its external plots. In the natural site,
the post-landslide regeneration of deeper-rooted trees and shrubs proceeds slowly (Buma &
Pawlik, 2021; Preti et al., 2025), leading to conditions of environmental stress that exercise a
strong natural selection pressure, reducing both specific richness and overall slope stability (Ata
Ollah Hosseini et al., 2019; Bischetti et al., 2021). These differences were most pronounced in
internal plots of SWBE, suggesting that vegetation (trees, shrubs and grasses) has adapted well
to disturbance and restoration dynamics. Furthermore, the differences in floristic composition
between internal and external plots of the restored site were also more pronounced than those
shown for the other two sites, suggesting that the increase in alpha diversity indices is due to
vegetation fragmented into more communities compared to the lateral areas, similar to what
was observed in other landslide vegetation monitoring (Gomes et al., 2020; Walker & Shiels,
2013). This result can be interpreted as the vegetation's adaptation to conditions of greater avail-
ability of trophic resources for plants (water and nutrients) because of the bioengineering res-
toration project, compared to conditions of marked environmental stress in the lateral areas,
which determine greater natural selection for species richness. According to other ecological
studies (Moi et al., 2020; Sheil & Burslem, 2013), the visible effect on the determined environ-
ment of the bioengineering work could be like conditions of moderate disturbance (Grime,
1998). This condition would favour the entry of new species more than the exclusion of those
pre-existing to the disturbing event, increasing specific richness, as pointed out by the compar-
ison between the diversity indices trends and that of the specific composition between internal
and external plots, of the three sites.

In addition to ensuring slope stability, the restoration project has promoted a different
ecological dynamic that brings about a different vegetation composition. The type of vegetation
(chestnut grove) still widely present in the area was considered very susceptible to extreme
weather events because of the shallow chestnut tree's root system. The type of vegetation and
ground cover that is developing on the SWBE restored site is composed of species (alder and
hornbeam) with better geotechnical characteristics (Bischetti et al., 2009), to ensure slope sta-
bility in the Apuan Alps environment. As already highlighted in other research on the ecological
impacts of SWBE techniques, in addition to slope stability improvement (Gonzalez-Ollauri &

Mickovski, 2017; Gray & Sotir, 1996, Lobmann et al., 2020; Stokes et al., 2014), there is also
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an increase in biodiversity (Cavaill¢é et al., 2015; Janssen et al., 2019, 2021) and a lower pres-
ence of invasive species compared to traditional techniques (Tisserant et al., 2024). The studies
mentioned above refer to riparian environments for bank restoration or stream renaturalisation.
In mountain forest environments, studies on the ecological effects of SWBE are limited (Bis-
chetti et al., 2021; Rey et al., 2024). Restoration projects using SWBE techniques were shown
to improve the herbaceous species diversity, while also allowing the development of tree vege-
tation.

Ecological recovery of soil fauna and microbial communities

Microbial communities and soil fauna exhibited resilience and functional stability be-
tween disturbed and undisturbed areas, both in SWBE and control sites. Given the importance
of soil microorganisms in terrestrial ecosystems and their symbiotic relationship with plants
(Fagorzi et al., 2025; Philippot et al., 2013, 2021), it is worthwhile to investigate this further
through additional analyses. The microbial physiology analyses (CLPP) revealed no significant
differences in carbon source utilisation between disturbed and undisturbed plots at both sites.
Research on the plant-soil-microorganism relationship has shown that greater plant diversity
enhances soil microbial biomass, particularly soil fungi, by increasing root-derived organic in-
puts (Eisenhauer et al., 2017; He et al., 2022; Izquierdo et al., 2005; Pérez-Valera et al., 2020).
This convergence indicates that microbial communities have fully recovered pre-landslide met-
abolic diversity, despite the same past disturbances.

Soil fauna displayed a similar response. NMDS ordinations and alpha-diversity metrics
confirmed the absence of significant species composition between the internal and external
plots in each site. In accordance with our results, previous evidence indicated the effectiveness
of the SWBE technique on soil fauna in riparian environments (Calle et al., 2013; Cavaillé et
al., 2013). Particularly in SWBE interventions involving the use of live wooden crib walls
(Janssen et al., 2019) insects are indicators in terms of soil development and the degradation of
wooden structures. The use of SWBE techniques is a low-invasive restoration method for local
arthropod fauna, providing greater opportunities for certain species (xylophagous and saprox-
ylic beetles) due to the addition of shelters and microhabitats, with positive implications for the
entire food chain. Overall, these results indicate that the soil fauna community managed to re-
store pre-disturbance conditions at both the restored and control sites, indicating that soil fauna
possess effective ecological strategies, adapting even to changes in the composition of plant

communities.
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5. Conclusions

The integrated assessment of soil physicochemical parameters and biological indicators
demonstrated that the Soil and Water Bioengineering SWBE restoration technique effectively
promoted both slope stability and ecological recovery. Among the investigated components,
herbaceous vegetation proved to be the most sensitive and responsive indicator of ecosystem
restoration. The dynamics observed in our case study indicated that SWBE interventions not
only mitigate erosion processes but also enhance habitat quality by fostering the establishment
of native tree communities with improved geotechnical traits, such as alder and hornbeam.
SWBE restoration reduces environmental stress, increasing the availability of trophic resources
for plants, subsequently promoting an adaptation of species composition with the possibility of
new species establishing. It would be interesting to study the temporal dynamics of plant com-
munities in the future. Soil microorganisms and fauna exhibited a moderate response, reflecting
the resilience of belowground communities after disturbance. Microbial metabolic diversity at
both restored and control sites reached levels comparable to undisturbed reference conditions,
suggesting a full recovery of soil functional potential. Soil fauna communities successfully re-
stored pre-disturbance conditions at both the SWBE and control sites, indicating their effective
ecological adaptation.

Collectively, these findings highlight the ecological benefits of the application of SWBE
techniques on shallow landslides, which couple structural stability with the reactivation of eco-
logical dynamics. It would be useful to extend the study to other landslides, covering different
climatic and geologic conditions, but also different SWBE techniques. Additionally, to better
understand the ecological succession in shallow landslide restoration projects, long-term multi-
taxon monitoring data on different biological indicators should be collected and shared. Further
investigations into plant—soil-microorganism interactions will be crucial to understand long-

term dynamics of ecosystem recovery in restored mountain environments.
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5. CONCLUSIONS

This research provides an integrated assessment of Soil and Water Bioengineering (SWBE)
interventions applied to shallow landslide restoration, combining long-term slope stability anal-
ysis, multidisciplinary monitoring methodologies, and multi-taxon biodiversity assessment. By
jointly addressing technical performance and ecological dynamics, the study contributes to
bridging the persistent gap between bioengineering hazard mitigation and ecosystem-based res-

toration approaches.

5.1. Main Findings

The results demonstrate that Soil and Water Bioengineering (SWBE) interventions can
effectively promote both hydrogeological stability and ecological recovery over medium to
long temporal scales. By jointly addressing technical performance and biological dynamics, the
findings indicate that SWBE interventions can reactivate native ecological processes while sim-
ultaneously ensuring sustainable slope stabilisation in a landslide-affected area.

Empirical evidence for long-term slope stability

The para-natural succession initiated by the SWBE works implemented in 1998 led to the
development of a stable and well-structured topsoil, supporting the establishment of native veg-
etation communities and the progressive enhancement of root-mediated soil reinforcement.
Vegetation monitoring revealed structural dynamics consistent with forest maturation pro-
cesses, including a reduction in stem density accompanied by an increase in basal area, ulti-
mately contributing to improved slope stability.

Slope stability modelling performed using SSAP freeware confirmed that the combined
effects of vegetation development and bioengineering structures increased the factor of safety
(Fs), even under critical soil saturation scenarios comparable to extreme rainfall events. Cru-
cially, as detailed in Figures 10—13 of Manuscript 3, the quantitative analysis of soil-root rein-
forcement provides the mechanical evidence for these claims. While structural elements such
as wooden crib walls provided immediate post-event stabilisation, they naturally undergo grad-
ual degradation. The data highlight a critical transfer phase: as the inert timber elements decay,
the living component—specifically the enhanced root cohesion provided by matured Salix and
native forest species—progressively assumes the mechanical load. This confirms the funda-
mental role of vegetation in sustaining long-term mechanical effectiveness, successfully transi-
tioning the slope from an engineered structure to a self-sustaining, reinforced soil-root matrix.

Ecological trajectories and multi-taxon biodiversity
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From an ecological perspective, the application of SWBE techniques resulted in en-
hanced alpha diversity and ecosystem functionality, especially within the herbaceous vegetation
layer, which proved to be a sensitive indicator of restoration success. However, a pivotal finding
of this research concerns the divergence in successional trajectories between assisted restoration
and natural evolution. Non-Metric Multidimensional Scaling (NMDS) ordination, based on
Bray—Curtis dissimilarity, revealed a structured compositional separation between the herba-
ceous communities of the SWBE-restored plots and those of plots undergoing natural succes-
sion. The engineered sites exhibited higher internal similarity. Rather than simply accelerating
natural succession, bioengineering interventions promote a distinct "para-natural" trajectory,
leading to plant assemblages specifically structured for and adapted to the stabilised soil con-
ditions.

Despite this divergence in aboveground beta-diversity, soil microbial communities ex-
hibited a high degree of functional recovery, reaching alpha-diversity levels comparable to un-
disturbed conditions. This highlights a profound synergistic plant—soil-microbe interaction
within the restored sites. The specific root systems of selected pioneering species drive the rhi-
zosphere microbiome, promoting the establishment of functional microbial guilds. These mi-
croorganisms play a critical role in producing extracellular polymeric substances that enhance
soil aggregation, thereby improving the soil's shear strength and hydraulic conductivity beyond
mere mechanical root anchoring (Bardgett & van der Putten, 2014; Fattet et al., 2011).

This functional complementarity indicates that, while the taxonomic composition of the
plant communities differs from naturally evolving landslides, the SWBE-restored slope has
successfully re-established the belowground machinery necessary for nutrient cycling and or-
ganic matter decomposition. While soil fauna displayed intermediate responses influenced by
ongoing habitat heterogeneity and microclimatic factors, the integration of aboveground vege-
tation patterns with belowground microbial profiles reveals that SWBE techniques engineer a
highly resilient ecological state. Ultimately, this validates their role as authentic Nature-Based
Solutions (NBS) capable of delivering multiple ecosystem services alongside primary hazard
mitigation. Overall, the results indicate that SWBE interventions can reactivate native ecologi-

cal processes while simultaneously ensuring slope stabilisation in a landslide-affected area.

5.2. Methodological Innovation
A key contribution of this research lies in the development and application of a multidis-
ciplinary, long-term monitoring framework adapted to SWBE interventions. The main innova-

tive aspect of this methodology concerns the adoption of a comprehensive sampling design,
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developed through collaboration with experts in pedology, microbiology, entomology, and
botany. The primary objective was to maximise the correlations between soil characteristics and
selected biodiversity indicators: vegetation (arboreal, shrubby, and herbaceous), soil microor-
ganisms, and soil fauna. To ensure replicability even in hilly and mountainous environments
characterised by steep slopes and complex accessibility, a specific field protocol was estab-
lished: transects were traced along the slope contour, with stakes placed at regular intervals to
mark the centre of virtual circular test areas for sampling and surveys.

While this holistic integration of various disciplines provided a deep understanding of
ecosystem recovery, a critical procedural insight emerged regarding the efficiency of the bio-
logical indicators. Our field surveys demonstrated that monitoring the herbaceous layer is the
most functional and cost-effective approach in terms of survey time and resource allocation,
particularly when compared to the demanding sampling protocols required for microbial com-
munities and soil fauna. To identify habitat evolutionary trajectories, herbaceous species proved
to be the most highly responsive and sensitive indicators. Due to their rapid life cycles, they
reflect environmental shifts and successional dynamics much faster than arboreal species,
whose extended growth periods tend to mask short-to-medium-term ecological changes. Con-
sequently, the findings suggest that implementing a standardised, multi-seasonal, and multi-
year monitoring protocol focused primarily on herbaceous vegetation dynamics can provide
valid, actionable insights into the ecological evolution and overall success of SWBE-restored
sites.

Complementing this field-based ecological approach, the integration of remote sensing
techniques (e.g., NDVI-based vegetation indices), geoelectrical investigations, and geotech-
nical modelling provides a robust methodology for assessing both technical performance and
vegetation monitoring over time. The use of vegetation indices demonstrated strong potential
for monitoring the spatial and temporal evolution of SWBE works, offering an additional cost-
effective tool to support maintenance planning and performance forecasting. Similarly, geoe-
lectrical methods, although still underutilised in SWBE monitoring, proved valuable for indi-
rectly assessing root system development and subsurface structure. Together, these approaches
move beyond traditional assessments focused solely on structural integrity, aiming to maximise
the effects on biodiversity and enabling a more comprehensive evaluation of SWBE effective-

ness.
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5.3. Implications for SWBE Design and Management

The findings of this study have important implications for the design, implementation,
and long-term management of SWBE works. The demonstrated synergy between vegetation
development and slope stability underscores the necessity of integrating ecological considera-
tions into the very early design phases of bioengineering interventions. Because the long-term
safety of these works relies on the critical "handover" phase—where decaying structural ele-
ments, such as wooden crib walls, transfer the mechanical load to biological root reinforce-
ment—vegetation cannot be treated as a secondary or merely aesthetic component. Conse-
quently, species selection, planting density, and vegetation management strategies must be ex-
plicitly aligned with both strict geotechnical requirements and the desired "para-natural" eco-
logical succession trajectories.

Furthermore, the adoption of the integrated monitoring protocols proposed in this research
can significantly enhance the technical performance, functional efficiency, and overall durabil-
ity of SWBE systems. By employing targeted and cost-effective monitoring strategies—such
as tracking the highly responsive herbaceous layer alongside the use of remote sensing indices
(e.g., NDVI)—practitioners can efficiently evaluate both ecological health and structural integ-
rity. Continuous, multi-seasonal monitoring allows for the early detection of structural vulner-
abilities or ecological stagnation, facilitating timely, adaptive management interventions before
critical slope failures occur.

Ultimately, the methodological framework and empirical evidence provided in this thesis
offer a practical foundation for developing evidence-based guidelines and best practices. For
stakeholders, land managers, and public authorities operating in landslide-prone environments,
this research demonstrates how to effectively translate ecological outcomes into quantifiable
Ecosystem Services, particularly regulating services such as erosion control, slope stabilisation,
and water regulation. By formally recognising and managing SWBE interventions as multi-
functional Nature-Based Solutions (NBS), policymakers can promote more resilient and sus-
tainable land management strategies that transcend the limitations of traditional hard-engineer-

ing paradigms.

5.4. Limitations of the study

Despite the robustness and the multidisciplinary nature of the results obtained, this study
is subject to certain genuine limitations, primarily related to its spatial scale, site-specific con-
ditions, and temporal framework. While the findings yield highly interesting and detailed in-

sights into post-disturbance ecological trajectories, they remain inherently case-specific. A

99



major methodological constraint encountered during the research design was the extreme lo-
gistical and geographical difficulty in identifying multiple, strictly comparable paired study
sites. Specifically, it proved highly challenging to locate landslides left to natural evolution in
close spatial proximity to equivalent landslides restored with SWBE techniques that also shared
identical baseline climatic, geological, and geomorphological conditions. Consequently, this
scarcity of perfectly paired sites restricted the current investigation to a focused, although in-
depth, site comparison. Furthermore, the evaluation is constrained to a specific range of bioen-
gineering techniques (e.g., wooden crib walls).

Equally important is the limitation regarding the temporal scope of the ecological surveys.
While the established sampling design is highly structured and replicable, time and resource
constraints precluded the repetition of the field campaigns across multiple consecutive years.
Relying on contemporary temporal "snapshots" of the ecological communities, rather than a
continuous, multi-year monitoring dataset based on the same sampling grid, restricts the ability
to precisely track interannual successional shifts and trace the exact timeline of the evolutionary
trajectories.

Additionally, although this research successfully initiated a much-needed multi-taxon as-
sessment—addressing an explicitly identified gap in SWBE restoration ecology—the simulta-
neous and exhaustive collection of data across all biological compartments (vegetation, soil
microbiome, and soil fauna) proved to be highly resource- and time-intensive. As a result, the
overall volume of the multi-taxon dataset collected was inherently limited. A more extensive
and temporally repeated multi-taxon data collection would be required to perform more com-
plex statistical cross-correlations between different trophic levels and to fully unravel the intri-

cate web of plant-soil-microbe interactions.

5.5. Future Research

To build upon the foundation established in this thesis and address the limitations, future
research should aim to extend the proposed monitoring framework to multiple landslide sites
characterised by different climatic, geological, and geomorphological settings, as well as to a
broader spectrum of SWBE solutions. Long-term and multi-site monitoring is particularly
needed to statistically validate beta-diversity patterns and community assembly processes
across contrasting restoration trajectories, including various SWBE-restored and naturally
evolving landslides.

Furthermore, deeper investigations into synergistic plant—soil-microorganism interac-

tions (such as functional metagenomic mapping), continuous root system dynamics, and the
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exact degradation rates of structural bioengineering elements would provide critical insights
into the precise mechanisms underpinning both ecological resilience and mechanical stability.
Finally, the development and refinement of standardised ecological and functional indicators
would significantly facilitate the comparison of SWBE effectiveness across different independ-
ent studies. Translating these ecological metrics into quantifiable Ecosystem Services will ulti-
mately support the wider policy integration and broader adoption of SWBE techniques as scal-
able Nature-Based Solutions for climate change adaptation and hydrogeological risk mitigation.

In the context of increasing hydrogeological instability driven by climate change, SWBE
techniques represent a strategic and multifunctional approach for slope stabilisation and envi-
ronmental restoration. This research demonstrates that technically efficient SWBE solutions
can be compatible with, and even promote, biodiversity enhancement and the establishment of
stable and resilient ecosystems. By integrating engineering performance with ecological eval-
uation, the study contributes to advancing SWBE from a primarily technical intervention to-
wards a holistic, ecosystem-based strategy for sustainable land management. The outcomes of
this thesis not only advance scientific understanding of SWBE processes but also provide con-
crete tools and insights for improving the design, monitoring, and management of bioengineer-
ing works. Ultimately, such integrative approaches are essential for maximising the technical,
ecological, and socio-environmental benefits of Nature-Based Solutions in mountainous and

landslide-prone regions.
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