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Abstract

The Nature Restoration Law not only promotes environmental restoration but also introduces specific
obligations for EU Member States to address biodiversity loss and the resulting decline in ecosystem
services. However, its regulatory framework leaves Member States considerable discretion in
implementation, making operational guidelines, planning procedures, and a clear decision-making
methodology necessary to guide interventions. From an operational perspective, two major
challenges emerge: 1) the need for an accurate description of the current state of habitats, which is
essential for identifying appropriate restoration interventions, and 2) the correct definition of
restoration objectives, particularly through the establishment of a reference state, i.e., the expected
trajectory of the ecosystem. To characterise the current ecological conditions, we used indicators and
indices commonly used for biodiversity assessment, based on vegetation data. Afterward, beta
diversity analysis was used to quantify the ecological dissimilarity of the existing habitats from the
defined reference state. The approach was tested in an area adjacent to a disused quarry in the
municipality of Longare (VI). The integration of conventional biodiversity metrics with beta diversity
analysis proved effective in providing information to guide the planning and implementation of

restoration interventions and best practices across different habitats.
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Chapter 1. Introduction

Biodiversity loss represents one of the major environmental challenges of our time, with significant
implications for ecosystem functioning and human well-being (Cardinale et al., 2012). Evidence
suggests that extinction rates have accelerated dramatically due to anthropogenic activities,
prompting concerns about a potential sixth mass extinction event (Barnosky et al., 2011; Ceballos et
al., 2015). Human technological development has generated impacts on Earth systems comparable in
magnitude to geological processes, driving a dramatic acceleration in global extinction rates (Pimm

etal., 2014).

Biodiversity loss stems from multiple, synergistic anthropogenic drivers: 1) land use change and soil
sealing, which destroy habitats, reduce natural area extent, and intensify fragmentation (Foley et al.,
2005); 2) overexploitation of natural resources through unsustainable extraction (Goswami, 2024);
3) introduction of invasive alien species that disrupt ecosystem structure and function (Gentili et al.,
2021); 4) pollution-related impacts (Kolawole & lyiola, 2023); and 5) climate change, which alters
abiotic conditions and shifts species distributions (Johnson et al., 2017; CBD, 2020). These combined
drivers can destroy and damage ecosystems, diminishing their capacity to provide essential goods
and services underpinning economic prosperity and human well-being (Cardinale et al., 2012). The
European Central Bank estimates that 75% of bank lending depends on at least one ecosystem service
(European Central Bank, 2023). Consequently, habitat conservation and protection represent

economic and social imperatives, and not only ecological.

The European Union has long pursued biodiversity conservation through foundational legislative
instruments including the Habitats Directive (92/43/EEC) and the Birds Directive (2009/147/EC),
which established the Natura 2000 protected area network (Hering et al., 2023). However, ongoing
land use changes create conditions where conservation measures cannot address existing damage
(Foley etal., 2005): approximately 81% of EU habitats are in poor condition and 36% exhibit negative
trajectories with no anticipated improvement (European Environment Agency, 2025). In this context,
ecosystem restoration, defined as "the process of assisting the recovery of an ecosystem that has been
degraded, damaged, or destroyed" (Gann et al., 2019), becomes the necessary intervention to actively

rebuild ecosystem integrity, representing an urgent priority for recovering lost ecological services.

Europe retains the smallest area of original vegetation cover globally (Pereira & Navarro, 2015), as
economic development from the Second Industrial Revolution through the 20th century drove
extensive conversion of natural and seminatural areas into intensive cropland as well as residential,

industrial and extractive facilities (i.e., houses, factories, quarries, etc.), all served by grey



infrastructure (i.e., streets, parking lots, etc.). This transition has engendered landscape fragmentation,
widespread ecosystem destruction and degradation, and marked declines in species diversity (Kaplan
et al., 2009). Today, remnant natural and semi-natural habitats persist as discrete, isolated patches
within an extensively modified anthropogenic landscape matrix, effectively functioning as ecological
islands (Jongman et al., 2004). Thus, restoring degraded sites within the matrix is essential to establish
new habitats and improve connectivity between protected areas and create a functional network across

Europe (Fahrig & Merriam, 1985).

In Europe, habitat restoration can potentially be undertaken at numerous sites across the territory
since many have been destroyed or damaged and are now abandoned, representing a great opportunity
to improve ecosystem functioning across Europe. Among them, disused quarries stand out as
particularly significant. Although mineral extraction activities cover less than 1% of land worldwide
(Walker, 1999), they have dramatic environmental impacts (Prach & Tolvaven, 2016). Once
extraction ceases, quarries frequently undergo spontaneous habitat reclamation driven by natural
vegetation succession: their heterogeneity in topography, substrate composition, and moisture
regimes can facilitate the development of complex plant communities, enabling these sites to act as
biodiversity sink and source of ecosystem services (Prach et al., 2013; Salgueiro et al., 2020;
Schwesig et al., 2025). However, they remain vulnerable to pressures from the surrounding landscape

which can halt progression to functioning ecosystems (Prach & Pysek, 2001).

In this context, the European  Parliament adopted  Regulation  2024/1991
(http://data.europa.eu/eli/reg/2024/1991/0]), known as the Nature Restoration Law (NRL), to address

biodiversity and ecosystem restoration beyond protected areas. This legislative action responds to
alarming conservation trends and moves beyond passive conservation by establishing ecosystem
restoration as a legally binding obligation with quantifiable targets. The Regulation mandates
restoration interventions covering at least 20% of EU land and marine areas by 2030, advancing
toward comprehensive restoration of all degraded ecosystems by 2050. To achieve these objectives,
NRL sets specific targets across multiple sectors: grasslands, forest ecosystems but also pollinator

populations, urban green spaces, marine habitats, and river connectivity.

NRL assigns Member States a proactive role through Article 14, which mandates the development of
National Restoration Plans (Hering et al., 2023; Carone, 2025). National Restoration Plans should
describe the total habitat area and its distribution and condition, quantify restoration areas, identify
recovery measures, establish implementation timelines, and define monitoring protocols. The
Regulation further requires continuous monitoring of habitats and species populations, with National

Plans subject to submission to the European Commission.


http://data.europa.eu/eli/reg/2024/1991/oj

Clear and standardized procedures and methodologies for assessment, planning, and restoration are
thus essential, along with a unified reference framework to guide implementation. However, while
NRL establishes specific objectives and targets, it grants Member States considerable flexibility in
fulfilling their obligations and operationalizing the Regulation (Lees & Pedersen, 2025). Although
regional tools for assessing habitat status do currently exist, they focus primarily on identifying
optimal management and restorative actions rather than providing actionable guidance for improving
degraded habitats, revealing a critical need for more operationally useful methodologies (Wright et
al., 2020). From an operational perspective, NRL lacks guidance on characterizing current habitat
conditions (despite this being a Plan requirement) and does not specify methods for defining
restoration objectives (Carone, 2025). This limitation stems partly from the lack of practical insights
for the application of a fundamental restoration ecology principle: establishing a reference state that
defines the ecological conditions a system would have in the absence of anthropogenic damage or

disturbance (Lees & Pedersen, 2025; Gann et al., 2019).

Reference state can be derived from historical data documenting pre-degradation conditions,
contemporary analogue ecosystems in good ecological condition, or intact remnants within the
degraded system itself (Toma et al., 2023). The reference state is essential not only for habitat
condition assessment but also for establishing clear restoration targets and defining expected
ecological trajectories to be monitored throughout implementation (Gann et al., 2019; Holl, 2020).
Its importance is strongly emphasized by the Society for Ecological Restoration (SER), an
international organization dedicated to advancing the science and practice of ecological restoration,
in their International Principles and Standards (Gann et al., 2019). These documents offer a broad,
internationally applicable framework, but they remain theoretical in nature and therefore require
contextual adaptation to each specific ecological and social setting (Voicescu et al., 2023). Moreover,
the framework does not provide operational guidance for planning restoration interventions,
supporting decision-making processes, or implementing actions on the site (Salguiero et al., 2020;

Voicescu et al., 2023; Schwesig et al., 2025).

Once habitats targeted for restoration have been identified and mapped, their conservation status and
implementation with respect to a reference state can be assessed using ecological attributes that follow
rigorous methodological criteria, ensuring reliable and reproducible results (Noss, 1990). These
analytical tools focus on key aspects of the vegetation component to generate objective, quantifiable
information on habitat conditions (Gibbons & Freudenberger, 2006). As a result, restoration projects
face a dual challenge: selecting the most relevant attributes and determining the appropriate

methodologies for their evaluation.



Vegetation is a key attribute, as it determines the ecosystem structure and function, forming the basis
of habitat classification systems and analytical methods (Young et al., 2005; Angelini et al., 2016).
Consequently, phytosociological analysis (the qualitative and quantitative study of plant species
assemblages) represents a widely adopted approach to define reference state and support habitat

characterization and monitoring (Pignatti, 1994; Rivas-Martinez, 2005).

Among the vegetation attributes relevant to site assessment, the biological diversity of habitats is
particularly important. Within the hierarchical framework of biological diversity proposed by
Whittaker (1960), diversity is commonly described at three levels: 1) alpha diversity, defined as the
number of species present in a sampling unit (Cingolani et al., 2010); 2) beta diversity, which refers
to the variation in species composition across sampling units, arising from differences in the species
assemblages (Cingolani et al., 2010; Socolar et al., 2015); 3) gamma diversity, which represents the
overall taxonomic richness of a site or region, encompassing all species recorded across the individual

sampling units within them (Cingolani et al., 2010).

Among these attributes, beta diversity analysis revealed to be fundamental in analysing habitat
dynamics as it allows to capture the compositional differentiation of plant communities, including
assembly mechanisms and responses to human influence (Socolar et al., 2016). This approach is
particularly valuable for conservation as it shows how sample unit changes cascade to site or regional
scales (Gering et al., 2003; Barton et al., 2013). In ecosystem restoration, beta diversity has been
applied to evaluate intervention effectiveness post-implementation (Beauchamp & Shafroth, 2011;
Qin et al., 2019; Rother et al., 2019; Wu et al., 2024), yet its potential as a planning tool to guide
restoration design remains unexplored, especially when considering the amount of insights that it can
reveal to support ecological restoration. In addition, it can be expected that by providing
complementary information, beta diversity partitioning can not only help define the current state of a
restoration site but also enable practitioners to evaluate how specific interventions, such as
introducing typical species of a habitat, can facilitate habitat convergence toward reference state and

improve its conservation status.

Within this framework, this thesis aims to:1) evaluate whether current regional assessment tools and
phytosociological approach outcomes support restoration planning; 2) assess habitat conservation
status by comparing existing conditions with a reference state; 3) determine whether beta diversity

can provide actionable guidance for habitat-specific restoration.



Chapter 2. Materials & methods

2.1. Study area

The study area corresponded to the disused quarry of Costozza, located within the municipality of
Longare in the province of Vicenza (Veneto Region, Northeastern Italy; Fig. 1). The site, once
exploited for industrial limestone extraction, was decommissioned in 1979 (Regione Veneto, 2025).
Since then, it has remained unused and spontaneous vegetation gradually recolonized the area,
initiating a process of natural ecological succession. At present, the disused quarry is the focus of an
ecological restoration project financed by Fondazione Cariverona

( https://www.fondazionecariverona.org/), which requires both an evaluation of its conservation status

and the planning of targeted restoration measures.
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Figure 1: Location of the study area. (Left) Aerial photograph showing the study area (highlighted in yellow) and the municipality of
Longare (red line). (Right) Regional context within Veneto and Italy.

The Costozza disused quarry lies on the eastern slope of the Colli Berici, a hilly complex situated on
the Venetian Plain to the south of the city of Vicenza. Lithology is predominantly composed of
carbonate rocks dating from the Upper Cretaceous to the Lower Miocene, with localized and sporadic

basaltic and tuffaceous intrusions (Bassi et al., 2000; Tasinazzo, 2001). The area experiences a


https://www.fondazionecariverona.org/

temperate sub-continental climate, though the Colli Berici exhibits considerable microclimatic
variability due to diverse slope exposures and topographic relief, with a precipitation regime
intermediate between maritime and continental patterns (Tasinazzo & Fiorentin, 2000; Tasinazzo,
2001). Annual rainfall displays a bimodal distribution with maxima in spring and autumn, and minima

in summer and winter (Tasinazzo & Fiorentin, 2000).

The study area lies within the ‘Colli Berici’ (IT3220037) Special Area of Conservation (SAC), at its
eastern margin and contiguous with the urban area of the municipality of Longare, making it a key
case study for ecological restoration in transitional zones between natural and anthropogenic
environments. The SAC contains habitat types listed in Annex I of the Habitats Directive (92/43/EEC)
such as ‘Lowland hay meadows’ (habitat code 6510), ‘Semi-natural dry grasslands and scrubland
facies on calcareous substrates’ (habitat code 6210*) and ‘Pannonian woods with Quercus pubescens’
(habitat code 91HO*), as well as animal and plant species of Community interest with significant
conservation value (Veneto Region, 2022). The flora is distinguished by marked ecological and
chorological diversity, where xerophytic species coexist with hydrophytic taxa, and Mediterranean

elements occur alongside species characteristic of the pre-Alpine belt (Veneto Region, 2022).

To safeguard biodiversity from multiple threats, the SAC was the focus of the Life project “Colli
Berici Natura 2000 (LIFEO8 NAT/IT/000362), which aimed to restore and enhance habitats while
protecting plant and animal species affected by adverse ecological dynamics and promoting
sustainable recreational use of the area (Province of Vicenza, 2014a). Among the interventions
undertaken, degraded dry grasslands (habitat type 6210*) were restored through cutting pioneer
shrubs and planting focal herbaceous species such as Artemisia alba Turra and Pulsatilla montana
(Hoppe) Rchb. (Cariolato et al., 2014; Province of Vicenza, 2014a). Forest improvement measures
were also implemented to counter the invasion of exotic species, such as Robinia pseudoacacia L.
and Ailanthus altissima (Mill.) Swingle, through replanting of native trees (Cariolato et al., 2014;
Province of Vicenza, 2014a). Additionally, pilot actions were implemented within the disused quarry
of Costozza (Province of Vicenza, 2014a), including the establishment of pedestrian paths, the
creation of a small water body and the ecological restoration of grasslands. Specifically, restoration
actions on grasslands included the sowing of focal species (about 5 kg of mixed seeds of Bromopsis
erecta (Huds.) Fourr., Melica ciliata L. and other supplementary species) followed by periodic
mowings (Cariolato et al., 2014; Province of Vicenza, 2014a; 2014b). Forest habitats were not

included in these pilot measures.



2.2. Data collection

2.2.1. Categorical mapping and vegetation sampling

To assess the conservation status of the study area, two methods of the phytosociological approach
were employed: 1) categorical mapping of the surrounding landscape to describe the spatial mosaic
in which the study area is embedded; 2) phytosociological surveys within the study area that enabled
accurate description of the floristic composition and vegetation characteristics of the study area

(Ubaldi, 1997).

Cartographic mapping covered the study area and its surroundings in a 3 x 3 km surface. Through
photointerpretation of regional technical cartography, specifically orthophotography (Veneto Region,
2021) and Google Satellite imagery accessed via QGIS (version 3.40.7), the area was mapped, and
its landscape mosaic was decomposed into individual patches (spatially homogeneous units) at an
operating scale of 1:500. The mapping followed physiognomic-structural criteria, differentiating land
use and land cover types by identifying discontinuities created by physical barriers like roads,
pathways, and fencings as well as changes in vegetation structure. Afterwards, patches were

preliminarily classified based on EUNIS classification system at the third level of resolution

(https://eunis.eea.europa.cu/), which allowed the construction of the categorical map that provided a

qualitative and spatial understanding of environmental heterogeneity (Blasi, 2011).

Within the study area, a stratified random sampling approach based on the categorical map was
adopted conducting one representative phytosociological survey for each identified habitat patch (Fig.
2). Sampling area dimensions varied according to vegetation type (wooded vs. herbaceous patches)
to adequately capture compositional and structural variability: 10 %X 10 m square plots were
established for forest communities, while smaller 4 x 4 m plots were used for grassland communities.

Field surveys were conducted in June 2025.


https://eunis.eea.europa.eu/

Figure 2: Location of sampling plot within the study area

In each plot, we recorded topographical features (i.e., location, altitude, slope and exposition) and
community structure characteristics (i.e., total plant cover in percent, vascular plant cover, bryophyte
cover, mean vegetation height). In forest patches, vascular plant cover and mean vegetation height
were assessed by distinguishing tree (plant height > 5m), shrub (plant height between 1 and 5m), and
herbaceous (plant height < 1m) layers to describe the vertical stratification and structural
characteristics of each patch. Following, species list and relative abundances were recorded using the
Braun-Blanquet phytosociological scale (Westhoft & Van Der Maarel,1978), also distinguishing tree,
shrub, and herbaceous layers in forest patches. When species identification was uncertain, specimens

were collected to enable definitive taxonomic identification in laboratory.



2.2.2. Assessment of ecological vulnerability, anthropogenic
pressure and natural value

Concurrently to categorical mapping and vegetation data collection, and to address the study
objectives, patches identified and assessed were first evaluated using the methodology described by
Buffa et al. (2005), an established and regionally adopted approach used for the management of
habitats within the SAC of the Veneto Region (Buffa et al., 2007). This method allows to identify the
management strategies needed for each habitat patch within SAC in order to promote their good
conservation status. Through the calculation and combination of 18 indicators (Tab. 1) that consider
both biotic and abiotic components of the habitats, three indices were assessed: 1) ecological
vulnerability, defined as the predisposition of a habitat patch to incur damage that may alter its identity
and integrity (Ratcliffe, 1977; Buffa et al., 2005); 2) anthropogenic pressure, assessed by evaluating
proximity of the habitat patch to urban settlements, road networks, agricultural areas, airports,
extractive sites and zones designated for hunting and fishing activities; 3) natural value, accounting
a set of characteristics determining conservation priority of the habitat patch (Buffa et al., 2005),
including patch size, rugosity, conservation status, phytogeographic value, representativeness, and

proximity to ecological climax.

Indicators requiring geospatial analysis, such as the degree of compactness and the degree of
fragmentation, were calculated in QGIS using the EUNIS map of the study area. Additional spatial

data were obtained from the Veneto Region geoportal (https://idt2.regione.veneto.it/), while the

Digital Elevation Model (DEM) was sourced from the National Institute of Geophysics and
Volcanology (Tarquini et al., 2023). Values for indicators including habitat naturalness, conservation
status, and representativity were derived by comparing phytosociological surveys from the study area
with the corresponding SAC standard datasets and National Interpretation Manual of European Union
Habitats (Biondi et al., 2010). As part of this assessment, the presence and abundance of focal species
recorded in the field-collected surveys were also considered. Focal species were defined as the
characteristic and diagnostic species of a given habitat (Fleishman et al., 2000) and were identified
based on the physiognomic species compositions reported in the National Interpretation Manual of
European Union Habitats (Biondi et al., 2010). In calculating anthropogenic pressure indicators, the

precautionary approach was adopted by selecting the highest feasible values.


https://idt2.regione.veneto.it/

Table 1: Indicators used to assess ecological vulnerability, anthropogenic pressure, and natural value of habitats of the study area
(Buffa et al., 2005). For each indicator, the measurement unit and corresponding data source are reported, including phytosociological
field-collected surveys in this study, regional thematic datasets, and digital elevation model.

Index Indicator Measlllllfietment Data source
inclusion in Amex Lof| )| PG R o Retton,
Directive 92/43/EEC glof,
2022)
Degree of compactness [-] Categorical map
Ecologi?zfl Degree of [-] Categorical ma
vulnerability fragmentation & P
Local rarity [-] Categorical map
Digital Elevation Model (Tarquini et al.,
Landslide risk [-] 2023); Lithologies (Veneto Region,
2016)
Presence of focal . . .
species [-] Phytosociological surveys (this study)
Proximity to road [%] Road network (Veneto Region, 2011)
network ° and categorical map
Proximity to .
agricultural activities [m] Categorical map
Proxmzletr}lltzc; urban [%] Categorical map
Proximity to quarrying %] Active quarries (Veneto Region, 2025b)
« e, 0 .
activities and categorical map
Proximity to airports %] Airports (Veneto Reglon, 2020) and
categorical map
Inclusion to hunting or %] Limits of hunting grounds (Veneto
fishing areas ° Region, 2021a) and categorical map
Patch size [m?] Categorical map
Geomorphological ] Field mapping (this study); Digital
complexity Elevation Model (Tarquini et al., 2023)
Habitat naturalness [-] Phytosociological surveys (this study)
Phytosociological surveys (this study);
Natural value | Conservation status [-] Standard data f;l(‘)t;lz()\/eneto Region,
Phytosociological surveys (this study);
Phytogeographic value [-] Standard data form (Veneto Region,
2022)
Phytosociological surveys (this study);
Representativeness [-] Standard data form (Veneto Region,

2022)
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2.2.3. Reference state identification

The identification of the reference state, necessary for establishing restoration targets and planning
interventions, was based on phytosociological data retrieved from the scientific literature, specifically
from studies that have extensively analysed and described the different vegetation types of the Colli
Berici. Specifically, surveys from Tasinazzo & Fiorentin (2000) and Tasinazzo (2001) were selected,
since the papers provide a detailed characterization of the floristic composition and ecological
differentiation of the plant communities occurring in the area. These surveys were considered
representative of the natural vegetation conditions of the Colli Berici and were therefore used to
define the reference state, against which the phytosociological surveys collected in the study area
were subsequently compared. In total, 20 surveys from the cited studies were included in the analysis,

ten per vegetation type (i.e., forests and grasslands).

From Tasinazzo & Fiorentin (2000), 10 surveys (T _49 — T 58; hereafter referred to as the “forest
reference state”) were selected as reference data for the forest association Buglossoido—Ostryetum
pistacietosum terebinthi Poldini 1988 (All. Carpinion orientalis Horvat 1958). This association
corresponds to the priority habitat ‘Pannonian woods with Quercus pubescens’ (91HO*), and
represents the potential natural vegetation, defined as the vegetation that might be present without
human impact (Tiixen 1956), of the study area, characteristic of thermophilous forest association

developing on calcareous substrates under sub-Mediterranean climatic influence.

For the grassland communities, 10 surveys were selected from Tasinazzo (2001) to define the
“grassland reference state”. The surveys refer to hay meadow communities belonging to the Alliance
Arrhenatherion elatioris Koch 1926, which corresponds to the habitat ‘Lowland hay meadows’
(6510). Within the SAC ‘Colli Berici’, hay meadows occur in different variants depending on
topographic position (i.e., slope), and related soil moisture conditions, and on the successional stage.
To account for this variability, different hay meadow communities were selected, encompassing a
moisture gradient from meso-hygrophilous to meso-xerophilous conditions. Specifically: four
lowland surveys belonging the Carex gracilis community (T 4 — T 7), two surveys of the
subassociation Anthoxantho—Brometum erecti holcetosum lanati Poldini 1986 (T 9 and T_15), and
four surveys of the subassociation Anthoxantho—Brometum erecti brometosum erecti Poldini 1989
(T 21 —T 24). The Carex gracilis community marks the wettest end of the gradient, characterized
by indicator species of higher soil moisture such as Ranunculus repens L. and Alopecurus rendlei
Eig. The subassociation Anthoxantho—Brometum holcetosum lanati reflects intermediate moisture
levels, while the subassociation Anthoxantho—Brometum erecti brometosum erecti Poldini 1989
occupies the driest extreme of the gradient, with species typical of more xeric environments such as

Poterium sanguisorba L. and Brachypodium rupestre (Host) Roem. & Schult.
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Afterwards, species names in the field-collected surveys from the study area, as well as those retrieved
from Tasinazzo & Fiorentin (2000) and Tasinazzo (2001) were updated following Bartolucci et al.

(2024) to ensure nomenclatural consistency for the statistical analysis.

2.3. Data analysis

2.3.1. Categorical map and vegetation surveys analysis

Based on the categorical map derived from the EUNIS classification system, spatial analyses were
conducted to evaluate and quantify the environmental spatial heterogeneity. Summary statistics were
computed in QGIS for each EUNIS class occurring within both the broader 3 x 3 km square and the
study area itself. These included the total number of patches, the mean and standard deviation of patch

size and the total cover of each class.

Within the study area, additional spatial metrics were calculated to further characterize the spatial

characteristics of the patches. Three metrics were computed:

1. patch size (in square meters),

2. degree of compactness using the circularity ratio index: the index was calculated as the ratio
between the polygon area and the area of its minimum circumscribed circle). The indicator ranges
from O to 1. Values approaching 1 indicate a high degree of habitat compactness, whereas
elongated and spatially irregular (i.e., less compact) patches exhibit values close to 0.

3. degree of fragmentation: the degree of fragmentation was calculated using the McGarigal and
Marks index (McGarigal & Marks, 1995). For each patch, the ratio between its area (in square
meters) and its squared distance (in meters) from other polygons of the same vegetation type
occurring within both the study area and the SAC was computed. The fragmentation index was
then obtained by summing these ratio values across all patches belonging to that vegetation type.
Values close to 0 reflect a high degree of polygon isolation, i.e., patches of the same class are
small and located at great distances. Conversely, high values indicate that the patch is embedded

within a context characterized by large, adjacent patches of the same type.

To assess floristic differences and relationships among the plant associations identified through the
field-collected surveys, hierarchical agglomerative cluster analysis was performed. This multivariate
technique enabled investigation of how individual surveys group together according to their floristic
similarity, revealing compositional similarity patterns (Ubaldi, 1997). The analysis was conducted
using the vegan package (Dixon, 2003), using the Jaccard index to quantify compositional

dissimilarity and applying Ward’s agglomerative method (ward.D2) as the clustering algorithm.
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2.3.2. Management category assignment
According to the methodology proposed by Buffa et al., (2005), continuous indicators of ecological

vulnerability, natural value and anthropogenic pressure (e.g. degree of compactness and
geomorphological complexity) were transformed using a ranking procedure. For each indicator, the
minimum and maximum values of the dataset were first identified and used to calculate the range,
which was then divided into equal-width classes. Five classes were used for ecological vulnerability
and natural value indicators, whereas indicators of anthropogenic pressure were classified into four
categories, following Buffa et al. (2005). Class width was obtained by dividing the range by the
number of classes, with rounding applied where necessary for practical implementation. Starting from
the minimum value, consecutive classes of equal width were constructed, and each observation was
assigned the score corresponding to its class. The three indices were then calculated by summing the
scores of their respective indicators and normalizing the results against the maximum value
potentially achievable for each index (Buffa et al., 2005). Ecological risk was subsequently derived
as the product of the ecological vulnerability and anthropogenic pressure indices. Finally, the
percentages of ecological risk and natural value were combined using the matrix proposed by Buffa
et al. (2005) (Fig. 3) to assign each habitat patch to a management category corresponding to one of

three conservation strategies.

Ecological risk %

0% 33% 50%

33%
50%
\ ' '

Figure 3: Classification matrix for management category assessment based on ecological risk and natural value as proposed by Buffa
et al. (2005)

Natural value %

Category A includes patches with the highest natural value that therefore require the most stringent
conservation measures, with interventions aimed at maintaining or restoring characteristic species

and habitat features. Category B requires active management to recover or recreate habitats of high
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natural value, alongside species-specific actions to protect rare taxa and to control or eradicate
invasive species. Category C comprises patches that do not currently support habitats of high
conservation value, but where targeted rehabilitation and active restoration could enable their

re-establishment.

2.3.3. Reference state analysis

2.3.3.1. Hierarchical cluster analysis

To achieve the study objectives, forest and grassland reference states were compared with field-
collected surveys to assess the conservation status of the study area relative to restoration targets.
Hierarchical cluster analysis was performed on the phytosociological surveys to evaluate
compositional patterns and relationships between the plant communities, highlighting how surveys
group according to floristic similarity. The analysis included both field-collected surveys and
reference surveys, enabling direct comparison between current vegetation and target communities.
The analysis was conducted using the vegan package (Dixon, 2003), employing the Jaccard distance

index as the dissimilarity measure, while Ward's method (ward.D2) served as the clustering algorithm.

An initial comprehensive analysis was conducted to evaluate the clustering of all surveys in relation
to reference states. This analysis jointly considered forest and grassland surveys, including both field-
collected surveys and those from Tasinazzo (2001) and Tasinazzo & Fiorentin (2000). Then, separate
cluster analyses were conducted for each vegetation type (i.e., forest and grassland communities
independently) to specifically assess similarity between field-collected surveys and respective
reference state. In this second step, shrub surveys dominated by Rubus sp. were not included as they

were not considered target communities for site assessment or restoration purposes.

2.3.3.2. Beta diversity partitioning

To compare field-collected surveys and quantify the compositional distance of habitats in the study
area from their respective reference states, beta diversity partitioning was applied following Baselga
(2010). Beta diversity partitioning represents one of the most widely adopted methodological
frameworks for beta diversity analysis (Soininen et al., 2018). Beta diversity can be decomposed into
two complementary components that reflect distinct ecological processes: nestedness and turnover
(Baselga, 2010). Nestedness describes the progressive, non-random loss of species from one sampling
plot to another typically associated with community disassembly processes and deviations from an
optimal state. Conversely, turnover captures species replacement among sites, generally driven by

dispersal limitations and environmental filtering processes (Legendre, 2014; Socolar et al., 2016).
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Beta diversity and its components were calculated for each survey. Specifically: 1) the total beta
diversity was computed through the Serensen dissimilarity to account for variation in species
composition across the surveys; 2) the turnover component was quantified by the Simpson
dissimilarity to quantify species replacement independent of richness gradients; 3) the nestedness
component was finally derived as the difference between Serensen and Simpson coefficients,

revealing compositional differences resulting from nested species loss relative to the reference state.

These indices are pairwise by definition; beta diversity and component values for each field-collected
survey were obtained by averaging the dissimilarity values computed across all pairwise comparisons
with the surveys representing the reference state. Comparisons were restricted to reference state
surveys belonging to the same vegetation type (i.e. grassland field-based surveys were compared only
with the grassland reference state, and forest field-based surveys only with the forest reference state),
thereby ensuring ecologically and methodologically consistent comparisons (Baselga, 2012). Beta
diversity and its components were also computed for each reference state survey (by comparing it
with other reference surveys of the same vegetation type) to estimate the natural range of variation
expected under undisturbed conditions, thereby providing ecological benchmarks for restoration

actions. All analyses were carried out in R using the betapart package (Baselga & Orme, 2012).

2.3.3.3. Evaluating restoration scenarios

Finally, different restoration scenarios were simulated to assess the effectiveness of introducing
species characteristic of the reference state such as Galium album Mill. and Leucanthemum vulgare
(Vaill.) Lam. for the grassland reference state and Quercus pubescens Willd. for the forest reference
state, with the aim of evaluating whether this approach could provide practical guidance for
restoration planning and implementation. Four intervention scenarios were defined, in which 5, 10,
15, and finally 20 species were added to each patch (hereafter referred to as scenario 5, 10, 15 and 20
respectively). In addition, two benchmark scenarios were considered: scenario 0, representing the
current state of the study area (i.e., field-collected surveys), and the ideal target scenario, representing

the reference state (i.e., reference surveys).

Beta diversity and its components were then calculated using the methodology described above. The
results obtained across the different restoration scenarios were statistically compared using a
Kruskal-Wallis test, namely a non-parametric alternative to one-way ANOVA that assesses whether
samples originate from the same distribution by comparing ranks rather than means. This approach
is appropriate for data that do not meet parametric assumptions (McKight & Najab, 2010). When at
least one statistically significant difference was detected, post-hoc Dunn test was applied to identify
which pairs of restoration scenarios differed significantly from each other, with p-values adjusted

using Holm correction method. The analysis was applied to four metrics: total beta diversity, the
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turnover component, the nestedness component, and the ratio between nestedness and turnover.

Differences were considered statistically significant at p < 0.05.
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Chapter 3. Results

3.1. Categorical map and vegetation surveys
analysis

3.1.1. Categorical map analysis

Categorical mapping based on the EUNIS classification system enabled the spatial characterization
of the landscape mosaic in which the study area is embedded. The mapping of the 3 x 3 km square
surrounding the study area identified 38 EUNIS III level classes (Fig. 4). The western portion of the
area was dominated by extensive semi-natural vegetation of the SAC ‘Colli Berici’ (red outline), with
large continuous patches of forest communities (EUNIS classes T) interspersed with grassland
formations (EUNIS classes R). In contrast, the eastern portion exhibited a predominantly
anthropogenic matrix, typical of European floodplain, extensively occupied by agricultural lands

(EUNIS classes V) interwoven with urban settlements and associated infrastructures (EUNIS classes

n.
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Figure 4: Categorical map of the study area and surrounding 3 x 3 km square according to EUNIS classification system at the 111 level.
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Limiting the analysis of the landscape composition at the EUNIS first level of classification, man-
made vegetated areas (V - agricultural lands) were the most abundant, accounting for 45.53% of the
total area (Fig. 5). Natural forests (EUNIS class T) represented the second most extensive category,
covering the 35.72% of the map due to its presence within the SAC ‘Colli Berici’. Artificial structures
(EUNIS class J - buildings, roads, and other constructed features) comprised 12.4% of the landscape,
reflecting the degree of urbanization in the area. Grasslands (EUNIS class R) accounted for 3.48% of
the total area, while habitat complexes (EUNIS class X), inland surface waters (EUNIS class C), and
heathland (EUNIS class S) were present in minor proportions (1.05%, 0.98%, and 0.84%

respectively).
0.98%
0.84%1.05% 3 480,
EUNIS Classes
V - Man-made vegetated areas
45.53% —__ . T - Forest

B . - Adificial Structures
R - Grasslands
X - Habitat complexes
. C - Inland surface waters
S - Heathland

Figure 5: Relative abundance of EUNIS I level classes in the study area. The pie chart shows the percentage coverage of different
EUNIS habitat types within the 3 x 3 km square surrounding the study area

EUNIS classes exhibited high variability in mean patch size within the mapped area, with standard
deviation exceeding the mean in more than half of the cases (20 out of 38 classes, Table Al - Annex
A). Considering the EUNIS third level of classification (Fig. 6), the class '"Temperate and
submediterranean thermophilous deciduous forest' (EUNIS class T19) was the prevalent, occupying
the 33.9% of the total surface area, represented by forests within the SAC ‘Colli Berici’. For
agricultural land uses, 'Intensive unmixed crops' (EUNIS class V11) and 'Vineyards' (EUNIS class
V54) collectively covered 32.4% of the mapped area. Among artificial structures, 'Road networks'
(EUNIS class J42) and 'Scattered residential buildings' (EUNIS class J21) were the most represented,

with principal and secondary roads and 1277 residential buildings.
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EUNIS Classes

. T19 - Temperate and submediterranean thermophilous deciduous forest
V11 - Intensive unmixed crops
V&4 - Vineyards

. J42 - Road networks

J21 - Scattered residential buildings

V3T - Annual anthropogenic herbaceous vegetation

R22 - Low and medium altitude hay meadow

W22 - Small-scale ornamental and domestic garden areas
J46 - Pavements and recreation areas

W21 - Large-scale ornamental garden areas

. W38 - Dry perennial anthropogenic herbaceous vegetation
V13 - Arable land with unmixed crops grown by low-intensity agricultural methods

. J23 - Rural industrial and commercial sites still in active use

. Other - Other classes

Figure 6: Relative abundance of EUNIS IlI level classes in the study area. The pie chart shows the percentage coverage of different

EUNIS class within the 3 x 3 km square surrounding the study area

In the study area (i.e., the disused quarry; Fig. 7), more than half of the surface was occupied by

EUNIS class T19 (‘'Temperate and submediterranean termophilous deciduous forest'), which covered

60.2% of the area. Open habitats were also present, including ‘Low and medium altitude hay

meadows’ (EUNIS class R22), which were locally interrupted along their edges by ‘Lowland moist
or wet tall-herb and fern fringe’ (EUNIS class R55). A small water body (EUNIS class C13), created

as part of the LIFE Colli Berici project, was located within the study area. An abandoned path was

also present and has been recolonised by herbaceous vegetation (EUNIS class R57). Finally,

anthropogenic features (EUNIS class J) included a concrete road leading to a paved surface with two

abandoned buildings, and a parking area situated in the south-eastern sector of the study area.
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Figure 7: Categorical map of the study area and relative abundance of EUNIS IlI level classes of the study area. The pie chart shows
the percentage coverage of different EUNIS class within the study area.

Regarding the spatial characteristics of patches composing the study area (Tab. 2), forest patches were
on average larger than grassland and shrub patches (mean patch area 4485.89 + 3499.74 m?, 1509.46
+ 762.64 m?, and 480.20 m? respectively). Compared to grasslands, forests showed lower
compactness (mean 0.37 = 0.20 vs 0.67 = 0.12, respectively), where values closer to 1 indicate more
circular shapes, and lower fragmentation (mean 25.47 + 13.32 vs 4.29 + 3.08, respectively), where
lower values indicate greater spatial isolation from other patches of the same vegetation type. Taken
together, these differences highlight that forest patches were generally larger and characterized by
more complex shapes that deviated from compact circular forms, while grassland patches were
smaller and presented more regular shapes, yet experienced higher fragmentation due to their spatial
isolation. Shrub patches exhibited intermediate characteristics between the two (mean compactness

0.47; mean fragmentation 0.16),
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Table 2: Spatial characteristics of habitat patches in the study area. Patch size, degree of compactness (ranging from 0 to 1, where
values closer to 1 indicate more circular shapes), and degree of fragmentation (lower values indicate greater isolation) are reported
for each surveyed patch, grouped by vegetation type (Grassland, Forest, Shrub).

Patch size Degree of Degree of
Plot_id | Vegetation
[m?] compactness [-] fragmentation [-]
Gl 420.54 0.59 8.19
G2 1308.24 0.86 3.27
G3 Grassland 1860.38 0.68 2.20
G4 1461.36 0.60 1.00
G5 2496.76 0.60 6.80
F1 3831.81 0.37 2441
F2 10344.49 0.19 26.66
F3 Forest 3947.29 0.18 46.65
F4 3391.11 0.47 18.81
F5 914.76 0.64 10.83
S1 127.94 0.53 0.23
Shrub
S2 832.45 0.41 0.08

3.1.2. Vegetation surveys analysis

Within the study area, a total of 12 patches were selected, each of which were surveyed enabling the
description and the characterization of the vegetation (Tab. B1 - Annex B). Specifically, surveys
interested: five in grasslands patches (G1, G2, G3, G4 and G5), five in forested patches (F1, F2, F3,
F4 and F5) and two shrub patches (S1 and S2). A total 87 vascular species have been recorded across

all the surveys, with an average species richness of 15.33 4+ 4.27 species per survey.

The five surveys conducted within grassland patches recorded 50 species (with an average species
richness of 15.40 + 2.07 species per survey), including focal species of the habitat 6510 ‘Lowland
hay meadows’, such as Arrhenatherum elatius (L.) P. Beauv. ex J. Presl & C. Presl. and Poa pratensis
L.. Focal species characteristic of ‘Semi-natural dry grasslands and scrubland facies on calcareous
substrates’ (Habitat 6210*) were likewise detected, including Brachypodium rupestre (Host) Roem.
& Schult. and Bromopsis erecta (Huds.) Fourr.. At the same time, the grassland surveys revealed the
presence of ruderal (e.g., Picris hieracioides L., Xanthium orientale L., Potentilla reptans L.) and
exotic species, some of which are known as exotic invasive species (e.g., Erigeron annuus (L.) Desf.,

Sorghum halepense (L.) Pers. and Helianthus tuberosus L.).
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The five surveyed forests presented 46 species (on average there was 17.08 + 4.02 species per plot)
and were predominantly dominated by black locust (Robinia pseudoacacia L.) along with, albeit less
abundant, native species like Tilia platyphyllos Scop., Populus nigra L. and Celtis australis L..
Despite the dominance of R. pseudoacacia, the understory showed focal species of the habitat 91HO*
documented within the SAC ‘Colli Berici’, such as Quercus pubescens Willd., Quercus cerris L.,

Fraxinus ornus L. and Lonicera xylosteum L..

The shrub patches surveyed showed a total of 17 species. Shrub patches were dominated by Rubus
ulmifolius Schott, but also hosted species focal to meadow habitats, such as A4. elatius and B. erecta.
These patches reflected the discontinuous mowing that allowed R. ulmifolius to colonize and

gradually transform grassland patches into shrub patches.

Hierarchical cluster analysis conducted on field-collected surveys highlighted the three distinct
groups, mainly corresponding to the vegetation types identified in the study area (Fig. 8): Group 1
comprised all grassland surveys together with one forest survey (F5). Group 2 consisted of the two
shrub patches, while Group 3 included the remaining forest surveys (CL03, CL08, CL09, and CL10).
This separation highlighted the distinct floristic composition and vegetation structure among the
patches. The clustering of F5 with grassland communities, despite being a forest patch, suggests a

floristic composition enriched by focal species of open habitats, especially grassland.
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Figure 8: Hierarchical cluster analysis dendrogram showing the similarity among field-collected surveys.
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3.2. Management category assignment
3.2.1. Ecological vulnerability

The ecological vulnerability index showed an average value of 59.2 + 8.9% across the surveyed
patches, indicating an intermediate level of overall habitat vulnerability within the study area (Tab.
3). This result suggests that patches exhibit an intermediate predisposition to incur damage that may

compromise their ecological identity and integrity.

Among the ecological vulnerability indicators (Tab. C1 — Annex C), those with the highest values
were inclusion in Annex [ of the Habitats Directive (mean 4.3 out of 5), presence of focal species

(mean 4.16 out of 5), and degree of compactness (mean 3.33 out of 5).

Higher ecological vulnerability index values were observed in patches located along the outer edge
of the study area, particularly those closer to the road network and nearby settlements, compared to

those situated at greater distance from anthropogenic disturbances (Fig. 9).

Ecological vulnerability [%)] [¥#:8
CJ0-35.1

[ 35.1-56
[ 56 - 61.3

Figure 9: Spatial distribution of Ecological vulnerability index across habitat patches in the study area
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3.2.2. Anthropogenic pressure

The anthropogenic pressure revealed to be low, with an average index value of 18.75 + 4.87% (Tab.
3 and Fig. 10). This result was primarily due to three out of six indicators (i.e., proximity to airports,
ongoing extractive activities, and inclusion within hunting and fishing zones) having zero values,

thereby reducing the overall index score (Tab. C2 — Annex C).

Grassland and forest patches showed comparable values for all indicators except for proximity to
urban area, where forest patches averaged 1 compared to 0.2 for grassland patches, resulting as more
exposed to human settlements. Consistent with the ecological vulnerability, patches located in closest
proximity to residential areas, agricultural lands, and the road network exhibited the highest
anthropogenic pressure index values, while those situated at greater distance from these
anthropogenic features showed correspondingly lower pressure, reflecting a spatial gradient of human

influence across the study area.

Legend

Anthropogenic pressure [%]
CJo-125
[ 12.5-16.7

Figure 10: Spatial distribution of Anthropogenic pressure index across habitat patches in the study area
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3.2.3. Natural value

The natural value index showed intermediate average values, with a mean of 51.11 + 11.22% (Tab. 3
and Fig. 11). Forest patches consistently showed higher index values compared to grassland patches
(mean 58.68 £ 12.60% versus 48.00 + 6.55%, respectively) (Tab. C3 — Annex C). This difference is
attributable to higher scores across all component indicators, reflecting their larger patch size, higher
geomorphological complexity, better conservation status and higher phytogeographic value due to
the presence of a greater number of focal species characteristic of the priority habitat 91HO* such as
Q. cerris, Q. pubescens and F. ornus. Unlike ecological vulnerability and anthropogenic pressure, the
natural value index exhibited an opposite spatial pattern, with lower values in patches located in
proximity to anthropogenic disturbance sources and progressively higher values in patches situated

at greater distance from these features.

Natural value [%] |
[10-373

[137.3-46.7

Figure 11: Spatial distribution of Natural value index across habitat patches in the study area

25



3.2.4. Ecological risk

Ecological risk index, calculated as the product of ecological vulnerability and anthropogenic
pressure indices, showed relatively low values across the study area, averaging 11.09 £ 3.74% (Tab
3 and Fig. 12). These low values largely reflected the low anthropogenic pressure scores, which
seemed to indicate limited direct human influence despite the site's proximity to urban and

agricultural areas. As a result, ecological risk across the patches remained comparatively low.

Forest patches exhibited slightly higher ecological risk value compared to grassland patches (mean
12.91£5.18% versus 9.97+2.50% respectively), primarily due to their greater proximity to urban
settlements as indicated by the anthropogenic pressure index. The spatial distribution of ecological
risk mirrored the patterns observed for anthropogenic pressure, with the highest values in patches
located along the eastern and southern part of the study area, particularly those adjacent to the road
network and residential areas. Conversely, patches situated in the western portion of the study area
showed the lowest risk values, benefiting from greater distance from disturbance sources. This spatial
gradient suggested that proximity to anthropogenic settlements remained the primary driver of

ecological risk.

[l 7.81-8.81
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Figure 12: Spatial distribution of Ecological risk index across habitat patches in the study area
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3.2.5. Management category assignment

The management category, assigned using the classification matrix (Fig. 3), revealed different
outcomes across vegetation types and patches (Tab. 3 and Fig. 13). For grasslands, patches located
closer to the urban settlements and road network were assigned to category C (patches requiring
rehabilitation interventions to restore the system and increase natural value), while the remaining
grasslands fell within category B (patches requiring active management to recover habitats of high
natural value, including essential maintenance practices and focal species action plans). Forest
patches were all classified as category B. Finally, shrub patches fell within management category C,
meaning that shrub patches need rehabilitation interventions to restore the system and increase its
natural value as for some of the surveyed grasslands. This management category assignment revealed
a consistent pattern with the previously discussed indices, showing a disturbance gradient where
patches near human settlements and activities experience greater impact compared to those that are

more distant to human settlements, which remain less disturbed.

Table 3: Ecological vulnerability, Anthropogenic pressure, Ecological risk and Naturalistic value index and Management Category for
each patch calculated using Buffa et al., (2005) methodology

Ecological . | Natural .
Plot_id | Vegetation Vulneragbility Anthropogenic value Ec-ologlcal Management

o pressure [%] o risk [%] Category
[%o] [%o]

Gl 56,67 20,83 40,00 11,81 C

G2 56,67 12,50 46,67 7,08 C

G3 Grassland 63,33 20,83 50,00 13,19 B

G4 66,67 12,50 56,67 8,33 B

G5 56,67 16,67 46,67 9,44 C

F1 63,33 20,83 50,00 13,19 B

F2 70,00 12,50 80,00 8,75 B

F3 Forest 73,33 29,17 50,00 21,39 B

F4 60,00 16,67 60,00 10,00 B

F5 46,67 20,83 53,33 9,72 B

Sl Shrubs 43,33 20,83 36,67 9,03 C

S2 53,33 20,83 43,33 11,11 C
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Figure 13: Spatial distribution and management category of patches across the study site.

3.3. Reference state comparison

3.3.1. Hierarchical cluster analysis

3.3.1.1. Overall cluster analysis
The cluster analysis conducted considering all surveys (i.e., both field-collected and reference surveys

without distinguish on vegetation type) revealed three distinct groups, distinguishing: forest reference
surveys (Group 1; Fig. 14), field-collected surveys from the study area (Group 2; Fig. 14) and
grassland reference surveys (Group 3; Fig. 14). Specifically, field-collected surveys of study area
were more similar to the grassland reference state as they fall within the same branch that excludes
the forest references. Notably, even the field-collected forest surveys of the study area grouped with
the grassland refence surveys, indicating a species composition more similar to grassland references

than to forest references.

Although field-collected surveys of the study area formed a unique group more similar to grassland
references than to other reference types, they could be further distinguished into distinct subgroups.

Forest surveys formed one subgroup, except for F1. Shrub surveys, together with grassland survey
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G1, formed another distinct subgroup, while the remaining grassland surveys cluster formed a third

separate subgroup.
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Figure 14: Hierarchical cluster analysis showing the similarity among surveys of the study area and of the reference state.

3.3.1.2. Forest cluster analysis
The cluster analysis conducted on forest surveys revealed two different groups: forest reference

surveys (Group 1; Fig. 15) and field-collected forest surveys (Group 2; Fig. 15). This separation was
due to the higher species richness of reference surveys (i.e. on average 49.1 & 7.28 species per survey),
which included several species not found in the field-collected forest surveys of the study area.
Moreover, as emerged through the overall cluster analysis, the dominance of R. pseudoacacia within
field-collected forest surveys from the study area was coupled with species found in the nearby
grassland patches like A. elatius and Dactylis glomerata L., highlighting vegetation dynamics linked

to different conditions compared to those of the reference forest.
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Figure 15: Hierarchical cluster analysis dendrogram showing the similarity among forest surveys of the study area and of the reference
state

3.3.1.3. Grassland cluster analysis
The cluster analysis conducted on grassland surveys distinguished two main groups (Fig. 16): Group

1, which clustered the reference surveys from the subass. Anthoxantho—Brometum holcetosum lanati
and Anthoxantho—Brometum erecti brometosum erecti, and Group 2, which included the field-
collected grassland surveys together with the reference state surveys related to the Carex gracilis
community. The clustering reflected the distinct floristic composition associated with different soil
moisture regimes. The field-collected surveys of the study area showed greater floristic similarity to
the lowland reference grasslands than to the slope and doline ones. Notably, survey G4 exhibited the
highest compositional similarity to the lowland reference grasslands, being nested within the same

branch of cluster, thus presenting a species composition closely resembling the Carex gracilis

community.
‘q:_ ) 1
- 1 2
|
o
T o
] — ’_l_‘iT—‘—‘
o
Q
(1]
- © ™ wn
9 S < o R O O
c (U]
1]
j]
o © _|
) 1 a8 @
NI NI
< ’7 < - -
o'_ o
|-

T 22

(s}
-
[
|_
ql l'r’l
| | - -

uw
=

Figure 16: Hierarchical cluster analysis showing the similarity among grassland surveys of the study area and of the reference state.
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3.3.2. Beta diversity partitioning

Beta diversity partitioning allowed to quantify the compositional distance between field-collected
surveys and the respective reference state, showing that both grassland and forest communities of the
study area differed from their reference state (Tab. 4), with a mean total beta diversity value of 0.83
+ 0.05. In all cases, turnover contributed to the total beta diversity more than nestedness, with mean
values of 0.65 + 0.09 and 0.18 = 0.06, respectively. This indicated that the primary differences
between field-collected surveys and the reference state stem from species replacement rather than
species loss; in other words, they differed due to partially alternative floristic compositions rather
than being floristically impoverished compared to reference state communities. Among grassland
surveys, G4 exhibited the highest nestedness value, consistent with its position in the cluster analysis
as the most floristically similar to the lowland reference grasslands, indicating that this patch retains
a nested subset of reference species with limited turnover. Conversely, forest survey F5 showed the
highest turnover value and turnover-to-nestedness ratio. This result is consistent with the previous
cluster analysis (Fig. 8), where F5 grouped with grassland surveys rather than with other forest
patches, indicating that a species turnover has occurred, with many grassland species characterizing

its species composition like P. hieracioides, D. glomerata and A. elatius.

Table 4: Beta diversity: Beta diversity components for each survey. Total beta diversity (SOR), turnover (SIM), and nestedness (NES)
values calculated between each plot and the reference state

Plot_id | Vegetation Total Turnover Nestedness SIM / NES
(SOR) (SIM) (NES)
Gl 0,82 0,59 0,23 2,53
G2 0,86 0,70 0,16 4,31
G3 Grassland 0,88 0,72 0,16 4,52
G4 0,80 0,54 0,26 2,09
G5 0,89 0,78 0,10 7,70
F1 0,75 0,60 0,15 3,91
F2 0,78 0,58 0,20 2,90
F3 Forest 0,87 0,70 0,17 4,24
F4 0,79 0,53 0,26 2,03
F5 0,84 0,75 0,10 7,69
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Field-collected surveys with higher total beta diversity relative to the reference state were those
located closer to human settlements and activities (Fig. 17). This was particularly evident in patches
G2, G3, G5, and F5 which had an average beta total diversity value of 0.87 + 0.02. This pattern was
primarily driven by the turnover component, which showed the highest values (on average 0.73 +
0.04 for the same field-collected surveys) when located near to human settlements and activities, and
relatively lower values when distant from anthropogenic disturbance, such as G4, F2 and F4 which

were in average 0.55 + 0.03 (Fig. 18, left panel).

These results indicates that proximity to human activities is associated with enhanced species
replacement dynamics, whereby focal species were substituted by species better adapted to disturbed
conditions, such as ruderals and exotic species. Conversely, patches situated the western positions,

buffered from direct anthropogenic influence, exhibited reduced turnover.

Interestingly, the nestedness component exhibited an opposite spatial pattern (Fig. 18, right panel): it
was higher in surveys more distant from the human activities (averaging 0.24 £+ 0.08 in G4, F2, and
F4) and progressively lower in surveys near anthropogenic disturbance sources (averaging 0.14 +
0.03), with patches like F1, G2, G3, and G5 showing lower nestedness values. This pattern suggests
that areas more distant from anthropogenic disturbance experienced selective species loss relative to
the reference state, resulting in floristically impoverished communities that represented nested subsets
of the reference assemblage. In contrast, the low nestedness values observed in edge patches indicated
that compositional differences from the reference state are not due to simple species loss, but rather
to the replacement of focal species with ruderal and exotic species, as reflected by the high turnover

component.
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Figure 18: Spatial distribution of beta diversity turnover (left panel) and nestedness (right panel) indices across habitat patches in the
study area
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3.3.3. Evaluating restoration scenarios

Restoration scenarios were created by progressively introducing species identified in the reference
state surveys into each field survey, with four scenarios defined by an increasing number of species
added: 5, 10, 15, and 20 species per patch, respectively. The species selected from the reference state

surveys for introduction in each restoration scenario are listed in Table D1 - Annex D.

Kruskal-Wallis test revealed that all beta diversity indices differed significantly across scenarios, with
total beta diversity and its components decreasing as the number of species introduced increased (Tab.

El - Annex E).

3.3.3.1. Beta diversity scenarios
Overall, total beta diversity decreased progressively with increasing numbers of focal species of the

reference state introduced, indicating a gradual convergence toward the reference state (Fig. 19).
Specifically, the post-hoc Dunn test showed that the addition of 15 species (Scenario 15) represented
the first restoration scenario where the beta diversity significantly differed from the current scenario
(i.e., Scenario 0; p < 0.001). Conversely, the addition of 20 species (Scenario 20) was the scenario
that ensured comparable values of total beta diversity to the reference state (Scenario I; Fig. 19).
These results indicated that introducing 15 species (Scenario 15) is the minimum number of species
to be introduced to achieve a significant improvement from the current state. On the other end, 20
species (Scenario 20) is the necessary number of species to be accounted for restoration intervention

in order to equal the reference state.
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Figure 19: Beta diversity across restoration scenarios. Boxplots show the distribution of Sorensen value for each scenario, from the
current state (Scenario _0) to the ideal reference state (Scenario_lI). Pairwise comparisons with Holm-adjusted p-values are shown
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3.3.3.2. Turnover component scenarios
The turnover component exhibited a pattern consistent with total beta diversity, displaying the same

trend characterized by a more than proportional decrease with increasing focal species of the
reference state introduced (Fig. 20). Analogously to total beta diversity, the post-hoc Dunn test
revealed that the addition of 15 species (Scenario 15) was the first intervention scenario significantly
differing from the current state (Scenario 0; p = 0.05), meaning that 15 species are necessary to
significantly diminish the contribution of turnover species of Scenario 0. On the other end, the
addition of 20 species (Scenario 20) was the scenario that no longer significantly differed from the

values of reference state, representing the intervention needed to achieve the desired goal.
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Figure 20: Beta diversity (turnover component) across restoration scenarios. Boxplots show the distribution of Simpson value for each
scenario, from the current state (Scenario _0) to the ideal reference state (Scenario _I). Pairwise comparisons with Holm-adjusted p-
values are shown above brackets.

3.3.3.3. Nestedness component scenarios
The nestedness component displayed a distinct downward parabolic pattern compared to beta

diversity and the turnover component (Fig. 21): an initial increase following the addition of five
species (Scenario 5), followed by a more than proportional decrease. This initial increase can be
attributed to the fact that the addition of focal species of reference state initially filled existing gaps
in species composition, thereby making the species of field-collected surveys an impoverished subsets
relative to the reference state. This means that the introduction of 5 species can increase the nestedness

component that then will decrease by introducing other focal species of the reference state. By
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introducing 20 species (Scenario 20) the system is no longer significantly different from the reference

state.
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Figure 21: Beta diversity (nestedness component) across restoration scenarios. Boxplots show the distribution of beta nestedness values
for each scenario, from the current state (Scenario_0) to the reference system (Scenario_l). Pairwise comparisons with Holm-adjusted
p-values are shown above brackets.

3.3.3.4. Turnover/nestedness ratio scenarios
The turnover/nestedness ratio exhibited a clear upward parabolic pattern, reflecting a non-linear

change of the two components across restoration scenarios (Fig.22). Adding 5 and 10 species
(Scenarios 5 and 10) initially reduced turnover while increasing nestedness, thereby increasing the
relative contribution of nestedness to overall beta diversity. In other words, up to Scenario 10, species
additions primarily modified the number of additional and alternative species, while pool species of
surveys became a more impoverished subset of the reference system. Beyond this point, the ratio rose
more than proportionally, as the introduction of species in Scenarios 15 and 20 decreased the
nestedness component more than turnover. In these cases, the addition of species not only diminished
the contribution of additive and alternative species, but also contributed to diminish the

impoverishment of surveys compared to the reference state.
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Chapter 4. Discussion

The study proved that the tested approaches can effectively assist practitioners in evaluating current

habitat conditions and guiding their ecological restoration.

The phytosociological approach and the indicators and indices commonly used for biodiversity
assessment (i.e., Buffa et al., 2005) were applied complementarily. This approach allowed to carefully
describe the current conservation status of habitats and to provide preliminary insights for habitat
restoration and management. The comparison with the reference states through cluster and beta
diversity analyses conducted on phytosociological data further contributed to explain the current
conditions, and also provided detailed insights to guide ecological restoration. Particularly, the study
highlighted how beta diversity analysis can translate into practical foundations for habitat-specific

interventions, supporting both planning and implementation of restoration projects.

The categorical mapping showed the distinctive transitional position of the study area, located at the
interface between the natural and seminatural protected areas of the SAC 'Colli Berici' and the human-
dominated matrix of agricultural lands and urban settlements. This first outcome highlighted a
location that may simultaneously facilitate restoration processes through proximity to propagule
sources and expose the site to multiple anthropogenic pressures from adjacent land uses, ultimately

creating a disturbance gradient reflected by vegetation (Ries et al., 2004; Harper et al., 2005).

The vegetation surveys revealed that the habitats within the study area partially overlap the
communities documented within the SAC ‘Colli Berici’ by Tasinazzo & Fiorentin (2000) and
Tasinazzo (2001); however, it also highlighted compositional differences due to both the lack of focal
species and the presence of ruderal and exotic species. This pattern can occur during spontaneous
habitat dynamics following habitat destruction or degradation; unmanaged successional processes
and nearby anthropogenic pressures have been proved to facilitate colonization by ruderal and exotic
species (Boscutti et al., 2017), and to potentially lead to community homogenization while also
deviating natural succession from more natural trajectories (Simberloft et al., 2013; Fantinato et al.,

2023).

The composite indices of the regional indicator framework (Buffa et al., 2005) revealed coherent
spatial patterns: increasing distance from sources of anthropogenic disturbance was associated with
decreasing ecological vulnerability and anthropogenic pressure (and consequently ecological risk),
alongside increasing natural value of habitats. This spatial gradient corresponded to the disturbance

pattern evidenced by the categorical mapping. This is consistent with previous studies that highlighted
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the negative influence of anthropogenic pressures on the natural value of habitats and the increase of

their ecological vulnerability (Rossi et al., 2008; Smiraglia et al., 2016; Richiardi et al., 2023).

Even if the phytosociological approach provided essential for evaluating the current conservation
state of habitats, its standalone application for restoration interventions remains primarily descriptive
when not integrated with other tools or frameworks. Indeed, it reflect the current conditions by
defining what is present and where, locating potential disturbance sources and characterizing patch

composition (Biondi, 2011; Azzella et al., 2013; Velazquez et al., 2021).

The regional indicator framework (Buffa et al., 2005) offered several advantages in supporting
restoration guidance: it integrates biotic and abiotic ecosystem components, which are often
interdependent and complementary (e.g. the degree of compactness and fragmentation with the
natural value), through the calculation of 18 indicators, enabling a quantitative and spatial approach
grounded in objective metrics. Nevertheless, this methodology exhibits limitations in providing
detailed guidance on concrete actions to be implemented, as the management indications remain
broad and operationally non-specific. For instance, assignment to Category B indicates that patches
require active management to recover or recreate habitats of high natural value, but it does not specify
what ecological trajectory the study area should exhibit (and how to monitor it), or which species
should be prioritized for species-specific actions. Therefore, it must be complemented with additional

tools capable of supporting fine-scale, implementation-oriented decision-making.

The phytosociological approach thus emerged as a baseline for subsequent approaches to support
restoration planning in an operational sense. The comparison to a reference state through standardized
metrics on phytosociological data objectively quantified the distance from restoration targets and

helped the understanding of a clear ecological restoration trajectory.

The reference state represented the targeted habitat, characterised through phytosociological data
collected in nearby undisturbed areas and thus representing the habitat at its best conservation status.
Comparing field-collected surveys with the reference state allowed a clearer characterization of
current conditions of the habitats within the study areas and provide a first sight on restoration
trajectories to be considered. Cluster analysis revealed a marked floristic divergence between the
field-collected surveys and reference states, reflecting the human impacts due to both quarry use and

abandonment (Murphy & Romanuk, 2014; Fazliuoglu et al., 2021).

Forest patches showed a floristic composition markedly divergent from the forest reference state:
field-collected surveys clustered with grasslands rather than with surveys of the forest reference state,
despite harboring some species of reference state. This clustering reflects reduced occurrence of

dominant reference species such as F. ornus and Ostrya carpinifolia Scop.. On the contrary, field-
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collected surveys were dominated by the exotic invasive R. pseudoacacia, already widespread across
the Venetian Plain and historically used to stabilize slopes of disused quarries (Vitkova et al., 2017;
Nicolescu et al., 2020; Kato-Noguchi & Kato, 2024). This species can impact habitat structure and
function by modifying microclimatic conditions: by increasing light penetration to the forest floor, it
generates warmer and drier understory conditions, driving the floristic shifts observed in the study
area, where the understory hosts species typical of open ecosystems (Boring et al., 1984; Sadlo et al.,

2017; Nicolescu et al., 2020).

On the other hand, grassland patches exhibited greater similarity to reference state, and particularly
to lowland surveys of the Carex gracilis community (Tasinazzo, 2001). The high abundance of
ruderal and exotic species limits the establishment of species of the reference state and reflects the
disturbance affecting these habitats at the early stages of secondary succession (Pignatti, 1994).
Moreover, the lack of mowing practices risks shifting patches toward shrublands dominated by R.
ulmifolius rather than allowing convergence toward the reference state, highlighting the crucial role

of habitat management (Sutherland, 2002; Vassilev et al., 2011).

These ecological aspects are also highlighted by beta diversity analysis and partitioning: in addition
to quantifying the observed compositional dissimilarity between field-collected surveys and reference
states, the predominance of the turnover component indicates that current communities are not simply
impoverished versions of the reference states, but rather alternative assemblages shaped by ruderal
and exotic species (Baselga, 2010; Socolar et al., 2016). Such patterns are typical of systems subjected
to anthropogenic pressures and suggest successional trajectories that diverge from those of the
reference state (Amici et al., 2015). In the absence of targeted restoration measures, these trajectories

are unlikely to converge spontaneously toward the desired conditions (Legendre, 2014).

Beta diversity partitioning also contributed to identify the spatial gradient of disturbance affecting
patches by confirming the same pattern emerged through the indices computed using the Buffa et al.
(2005) framework within the study area. Total beta diversity decreased progressively with increasing
distance from anthropogenic pressure sources, driven by contrasting pattern in its components: the
turnover component decreased while the nestedness component increased. This pattern indicates that
in patches distant from anthropogenic pressures, missing species were not replaced by ruderals or
exotics, suggesting that these communities represent an impoverished subset of the reference state

(Baselga, 2010; Soininen et al., 2017).

The comparison of field-collected surveys with reference state through the combined use of cluster
analysis and beta diversity analysis thus proved particularly effective for the characterization of
current state of the habitats in the study area: together, they clarified how surveys group in relation to

reference state, quantified their compositional distance, and, through beta diversity partitioning,
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revealed the underlying processes driving divergence. In this way, the reference state framework,
supported by these complementary analytical tools, provided both a precise measure of deviation and

an explanation of the ecological mechanisms responsible of the current state.

Concerning restoration, the beta diversity approach also unveiled crucial actionable habitat-specific
guidance. Beta diversity has already been applied to address both theoretical and applied issues, such
as assessing the effectiveness of beta diversity indices in measuring actual species turnover (Vellend,
2001), evaluating the performance of different partitioning frameworks (Baselga & Leprieur, 2015),
and predicting changes in landscape structure in response to disturbances (Sokol et al., 2017; Guo et
al., 2024). Our study broadened the application of beta diversity to ecological restoration by focusing
on different scenarios of improvements based on the introduction of species of the reference state into
the current community. In this context, we showed how beta diversity can be used as a practical tool
to guide restoration actions and to provide a structured framework for monitoring progress toward

habitat-specific targets.

The scenario analyses are in line with existing studies documenting temporal variation in beta
diversity during ecological succession (Dalmaso et al., 2020) and restoration projects (Qin et al.,
2019; Jaeger et al., 2022), demonstrating that progressive introduction of species of the reference

state produced increasing convergence toward the reference state.

Examining the dynamics of individual indices, we observed that turnover and nestedness contributed
differentially across scenarios, consistent with Wu et al. (2024), though overall change was primarily
driven by turnover, which decreased more than proportionally, analogous to total beta diversity (Wu
et al., 2024). The nestedness component exhibited a more distinctive downward parabolic pattern,
also observed by Dalmaso et al. (2020). This occurred because the addition of only five species began
shifting the vegetation of the surveyed habitats toward the reference state but, with an incomplete
species pool, resulted in temporarily increased nestedness as patches became impoverished subsets
of the reference state. As more species of the reference state were progressively introduced, the system
transitioned from a nested, species-poor subset to a compositionally complete community resembling
the reference state, thereby reducing nestedness but also the proportion of turnover species (Wu et al.,

2024).

Additionally, although forest and grassland patches exhibited similar dissimilarity values relative to
their respective reference state, grassland patches demonstrated a slower beta diversity decline. This
contrasting pattern reflects differences in community structure across the reference surveys of the two
vegetation types. The surveys of the forest reference states are relatively homogeneous and generally
dominated by the same set of species due to the typical stable conditions (Fiihrer, 2000; Clark &

McLachlan, 2003): this ultimately facilitates more rapid and direct convergence between current and
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reference states when introducing species of the reference state. In contrast, surveys of the grassland
reference state display greater compositional variability. Grasslands are inherently more dynamic and
structurally heterogeneous ecosystems shaped by environmental variability and disturbance regimes
(Hobbs et al., 2007; Fraterrigo & Rusak, 2008).

Although representing the same habitat (‘Lowland hay meadows’, habitat 6510), the grassland
reference state considered in this study embedded different plant associations reflecting the variability
of environmental factors across the SAC ‘Colli Berici’, like soil water content (Tasinazzo, 2001).
This variability was considered in its entirety to capture all the plant associations characterising the
grasslands within the study area. On the other hand, this variability inherently leads to slower
compositional convergence for grasslands, a pattern consistent with theoretical expectations showing
slower rates of ecological reorganisation in grassland patches (Suding et al., 2004). This result
highlights that coupling the evaluation of environmental conditions (e.g., soil moisture, slope
position) with the beta diversity scenario approach can provide more precise operational guidance,
moving from habitat-specific to habitat-site-specific interventions by filtering the reference state also
on environmental conditions, selecting for each patch the most appropriate species subset of the

reference state and thereby accelerating convergence toward restoration targets.

However, this quantitative approach, which used the predictive capacity of beta diversity calculation
and partitioning, allowed to assess the effectiveness of introducing species of the reference stare and
identify the minimum intervention effort, expressed in terms of species to be introduced. This
recovery dynamic is partly consistent with the interpretation of Suding & Hobbs (2009), who argued
that in systems that have crossed an ecological threshold and shifted into an alternative state, the
introduction of key structural species can trigger a response by pushing the system out of the degraded
state. In this regard, the application of beta diversity partitioning on the restoration scenarios
permitted explicit definition of the anticipated ecological trajectory and establishment of
compositional benchmarks, also verifiable during intervention implementation and subsequent
monitoring, thereby addressing the need for tools that support both restoration planning and adaptive

management (Gann et al., 2019; Holl, 2020).
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Chapter 5. Conclusions

To develop operational guidelines for conservation assessment and restoration planning in line with
NRL targets, this study combined complementary methodologies and tested their effectiveness and

capacity to support practitioners in a disused quarry.

From a restoration perspective, the findings of this study are crucial to inform intervention planning,
because they provide operational guidance for prioritizing and calibrating interventions, while also
identifying the minimum species thresholds for achieving compositional change and quantitative

benchmarks for adaptive management.

Despite its methodological value, some limitations need to be addressed in future research.The
simulated restoration scenarios assumed complete establishment success, thereby overlooking
implementation timing and sequencing, stochastic processes, abiotic constraints, and biotic
interactions (including competition, facilitation, and allelopathy) that may cause failure of species
introduction. Moreover, the presence/absence framework did not account for abundance thresholds
necessary for introduced populations to persist and fulfill their functional roles as observed in the
reference state. The simulated scenarios also considered only the introduction of species of the
reference state and did not incorporate the eradication of ruderal and exotic species, an indispensable
intervention to guarantee restoration effectiveness and prevent competitive exclusion of newly

introduced native species.

In addition, the proposed scenario-based approach did not explicitly incorporate the spatial dimension
that clearly emerged from the characterization of the current conditions of the study area. In particular,
the restoration scenarios were based on the introduction of the same number of species of the
reference state across all patches, despite the spatial gradients detected by the beta diversity
components, that indicated differentiated intervention priorities depending on patch location along
the disturbance gradient. Indeed, patches farther from disturbance sources, dominated by nestedness,
would mainly require targeted reintroduction of missing species of the reference state, while patches
closer to anthropogenic pressures, driven by turnover processes, would require combined
interventions including eradication of ruderal and invasive species and subsequent reintroduction of
taxa of the reference state to redirect successional trajectories and restore stable, resilient

communities.

Overall, while this approach provides a valuable foundation for implementing Nature Restoration
Law objectives by characterizing current conditions and informing restoration strategies, its

successful application requires adaptation to site-specific conditions and reference states. Such
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adaptation should be supported by ecological expertise to guide implementation timing and
sequencing, define proper species abundance thresholds, and integrate spatially differentiated

priorities into restoration planning.
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Annex A

Table A1: EUNIS I level classes within the 3 x 3 km mapped area. For each class, the number of patches, total cover, mean patch
size, and standard deviation are reported. Classes are listed in descending order of total cover.

Mean patch size +

forest

EUNIS Description Patch Tota(l) standard deviation
class count [-] | cover [%] (m?]
T19 | Lemperate and submediterrancan 140 3441 | 22114.18 + 74236.40
thermophilous deciduous forest
V11 |Intensive unmixed crops 207 21.3 9257.20 + 12569.87
V54 | Vineyards 172 10.81 5653.83 + 8856.97
89145.32 +
J42 | Road networks 5 4.95 176997 46
J21  [Scattered residential buildings 1221 3.76 276.95 £ 522.98
V37 Annuall anthropogenic herbaceous 142 397 2071.84 + 4069 35
vegetation
R22 |Low and medium altitude hay meadow 99 2.84 2584.25 + 3286.96
V22 Small-scale ornamental and domestic ’17 754 279 98 + 529 09
garden areas
J46 | Pavements and recreation areas 754 1.94 231.51 +400.40
V21 [Large-scale ornamental garden areas 154 1.79 1045.56 + 1118.84
y3g |Dry perennial anthropogenic 45 1.7 3397.94 + 3008.68
herbaceous vegetation
y13 |Arableland with unmixed crops grown | 1.47 3008.04 + 7346.23
by low-intensity agricultural methods
123 Rl.lra‘l 1ndgstr1al and commercial sites 53 1.12 1909.03 + 2848 15
still in active use
X23 | Large non-domestic gardens 21 0.97 4135.65 +2631.57
23 Permanent non-tidal, smooth-flowing 16 0.97 547270 + 9993 35
watercourses
T1F |Ravine forest 1 0.94 84599.73 £ 0
S92 | Salix fen scrub 44 0.84 1721.68 +2442.75
V61 |Broadleaved fruit and nut tree orchards 20 0.76 3432.54 +£4239.22
V62 | Evergreen orchards and groves 25 0.75 2682.49 + 2400.77
V63 |[Lines of planted trees 58 0.72 1109.16 + 955.10
RiA |Semi-dry perennial calcareous 21 062 | 2660.17+3120.74
grassland (meadow steppe)
T41 Early-stage natural and semi-natural ] 0.22 2453.78 + 2078.77
forest and regrowth
J24 | Agricultural constructions 108 0.21 171.65+491.17
141 Disused road, rail and other constructed 18 0.18 904.90 + 494.19
hard-surfaced areas
J22  [Rural public buildings 19 0.17 805.18 + 786.94
V64 Small deciduous broadleaved planted 7 0.16 2035.08 + 2462 .46
other wooded land
V23 [Recently abandoned garden areas 11 0.16 1312.61 £ 986.72
TIE Carpinus and Quercus mesic deciduous 4 015 3393.83 + 1966.67
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Mixed crops of market gardens and

V12 . 0.1 1426.78 = 1189.95
horticulture

X22 [Small city centre non-domestic gardens 0.08 7587.77+£0

J26 | Disused rural constructions 0.06 643.97 + 632.60

j33 | Recently abandoned above-ground 0.012 273.48 = 145.03
spaces of extractive industrial sites

R55 Lowlapd moist or wet tall-herb and 0.011 480.20 + 35296
fern fringe

V39 Mesic perennial an‘Fhropogemc 0.007 660.53 4 0
herbaceous vegetation

C13 Permanent eutrophic lakes, ponds and 0.005 478.03 = 0
pools

Va4 Speqles-poor hedgerows of native 0.004 121.61 + 35.80
species

V41 [Hedgerows of non-native species 0.004 397.98 + 0
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Annex B

Table B1: Phytosociological surveys conducted in the study area. For each plot, topographical features (area, slope, exposition), vegetation structure (total plant cover, bryophyte and vascular plant
cover by layer, mean vegetation height by layer), and species composition with cover values according to the Braun-Blanquet scale are reported. Focal species of the different habitats are indicated
as follows: # = habitat 91HO* (Pannonian woods with Quercus pubescens); ° = habitat 6210* (Semi-natural dry grasslands and scrubland facies on calcareous substrates); | = habitat 6510
(Lowland hay meadows). Layer notation: A = tree layer (>5 m), B = shrub layer (1-5 m), C = herbaceous layer (<1 m). Vegetation type: G = grassland; S = shrub; F = forest.

Gr. 1 Gr. 2 Gr. 3

Plot id G G G G G F S S F F F F

3 4 5 1 4 5 1 2 4 1 2 3
Area [m’] 16 16 16 16 16 100 | 16 16 100 100 100 100
Slope [°] - - - - - - - 25 35 - - -
Exposition - - - - - - - NE SW - - -
Total plant cover [%] 100 100 98 90 100 100 | 100 100 100 100 100 100
Bryophyte cover [%] 80 - - - 90 - - - 0,5 1 - 1
Vascular plant cover A [%] - - - - - 75 - - 90 80 90 70 ;:?
Vascular plant cover B [%] - - - - - 20 | 75 30 70 60 50 60 =
Vascular plant cover C [%] 90 100 &80 90 90 100 | 50 100 70 70 75 70 §
Mean vegetation height A [cm] - - - - - 15 - - 14 12 16 13 8
Mean vegetation height B [cm] - - - - - 240 [ 130 120 200 300 400 150 “
Mean vegetation height C [cm] 70 75 80 60 50 60 | 90 80 50 15 25 20

Dead Path in

NOTES T i i i plantings " the centre
Vegetation type G G G G G F S S F F F F
Species Layer
Robinia pseudoacacia A 2 3 4 4 4 5
Robinia pseudoacacia B . 2 1 2
Robinia pseudoacacia C + . 1
Celtis australis A 3 2 2
Celtis australis B 1 2 2 . 3
Celtis australis C . 1 1 + + 4
Populus nigra A 4 1 2 3
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Fraxinus ornus *

Paulownia tomentosa
Ulmus minor

Ulmus minor
Populus alba

Tilia platyphyllos
Acer negundo
Clematis vitalba
Cornus sanguinea
Laurus nobilis

Morus alba

Ostrya carpinifolia
Prunus mahaleb *
Rubus ulmifolius
Rubus ulmifolius

Poa sylvicola
Hypericum perforatum
Erigeron annuus
Hedera helix
Sorghum halepense
Ulmus minor
Anisantha sterilis
Arrhenatherum elatius ¥
Daucus carota
Elymus repens

Picris hieracioides
Potentilla reptans
Cornus sanguinea
Dactylis glomerata *
Rumex conglomeratus
Torilis arvensis
Asparagus acutifolius
Bromopsis erecta °
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Clematis vitalba
Fragaria vesca
Fraxinus ornus
Galega officinalis

Geum urbanum
Helianthus tuberosus
Populus nigra

Prunus avium

Prunus mahaleb *
Quercus cerris”

Rumex acetosa’

Trifolium pratense’
Trifolium repens’

Viola reichenbachiana
Acer campestre

Artemisia verlotiorum
Avena fatua

Bothriochloa ischaemum®
Brachypodium rupestre®
Brachypodium sylvaticum
Campanula rapunculus
Carex hirta

Carex spicata
Chamaeiris graminea
Cichorium intybus
Cirsium vulgare
Clinopodium vulgare
Convolvulus sepium
Ervilia hirsuta

Festuca myuros
Festuca rupicola
Galium mollugo®
Geranium sanguineum

#

#
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Holcus lanatus’
Lactuca sativa
Lamium orvala
Lolium multiflorum
Lolium pratense *
Lonicera xylosteum
Lotus corniculatus’
Lotus tenuis
Medicago polymorpha
Morus alba

Ostrya carpinifolia
Parthenocissus quinquefolia
Petrorhagia prolifera
Pimpinella saxifraga
Plantago lanceolata’

Poa pratensis*

Pyracantha coccinea
Quercus pubescens *

Rubus caesius

Scabiosa triandra

Silene latifolia

Stachys sylvatica
Tragopogon dubius
Trifolium campestre
Trigonella alba

Verbena officinalis

Vitis x koberi

Xanthium orientale

#
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Annex C

Table C1: Ecological vulnerability assessment of patches in the study area. The ecological vulnerability index is calculated from six indicators: inclusion in Annex I of Directive 92/43/EEC
(92/43/EEC), degree of compactness, degree of fragmentation, local rarity, landslide risk, and presence of focal species. Values for each indicator range from 1 to 5, with higher values indicating
greater vulnerability. The index is expressed as a percentage of the maximum achievable score.

) ) Incluswn. m énnex I Degree of Degree of Local | Landslide | Presence of Ecol(.)golca.l
Plot_id | Vegetation of Directive ] . ] . vulnerability index
92/43/EEC compactness fragmentation rarity risk focal species (%]
Gl 5 4 2 1 1 4 56,67
G2 5 5 1 1 1 4 56,67
G3 Grassland 5 4 1 1 3 5 63,33
G4 5 4 1 1 5 4 66,67
G5 5 4 2 1 1 4 56,67
F1 5 2 3 1 3 5 63,33
F2 5 2 3 1 5 5 70,00
F3 Forest 5 2 5 1 5 4 73,33
F4 5 3 3 1 1 5 60,00
F5 5 4 2 1 1 1 46,67
S1 Shrub 1 3 1 3 1 4 43,33
S2 1 3 1 3 3 5 53,33
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Table C2: Anthropogenic pressure assessment of patches in the study area. The anthropogenic pressure index is calculated from six indicators: proximity to road network, proximity to agricultural
activities, proximity to urban center, proximity to quarrying activities, proximity to airports and inclusion in hunting and fishing areas. Values for each indicator range from 0 to 4, with higher values
indicating greater anthropogenic pressure. The index is expressed as a percentage of the maximum achievable score.

.. Proximity to .. Proximity to |Proximity| Inclusion to .
] . Proximity to ] Proximity to ] . Anthropogenic
Plot_id | Vegetation agricultural quarrying to hunting or .
- road network . urban center Lo . . pressure index [%]
activities activities airports | fishing areas
Gl 3 2 0 0 0 0 20,83
G2 3 0 0 0 0 0 12,50
G3 Grassland 3 2 0 0 0 0 20,83
G4 3 0 0 0 0 0 12,50
G5 3 0 1 0 0 0 16,67
F1 3 2 0 0 0 0 20,83
F2 3 0 0 0 0 0 12,50
F3 Forest 3 0 4 0 0 0 29,17
F4 3 0 1 0 0 0 16,67
F5 3 2 0 0 0 0 20,83
S1 3 2 0 0 0 0 20,83
Shrub
S2 3 2 0 0 0 0 20,83
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Table C3: Natural value assessment of patches in the study area. The natural value index is calculated from six indicators: area, geomorphological complexity, habitat naturalness, conservation
status, phytogeographic value, and representativeness. Values for each indicator range from 1 to 5, with higher values indicating greater natural value. The index is expressed as a percentage of the
maximum achievable score.

Plot_id | Vegetation | Area | Geomorphological activities Habitat | Conservation | Phytogeographic Representativeness Ni:ltlll‘al value
naturalness status value index [%]
Gl 1 4 2 1 3 1 40,00
G2 1 2 2 3 3 3 46,67
G3 Grassland 2 2 2 3 3 3 50,00
G4 2 2 2 4 3 4 56,67
G5 2 1 2 3 3 3 46,67
F1 2 3 1 3 3 3 50,00
F2 5 5 3 4 3 4 80,00
F3 Forest 2 3 1 3 3 3 50,00
F4 2 2 3 4 3 4 60,00
F5 1 1 3 4 3 4 53,33
S1 Shrub 1 1 2 3 1 3 36,67
S2 1 3 2 3 1 3 43,33
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Annex D

Table D1: Species of the reference state added to patches in the study area under different restoration scenarios. Grassland (left
column) and forest (right column) species selected from the reference state progressively introduced into each patch across four

restoration scenarios (5, 10, 15, and 20 species added, respectively)

Grassland

Forest

Scenario_5

Achillea roseoalba

Crataegus monogyna

Ajuga reptans

Juniperus communis

Anthoxanthum odoratum

Prunus spinosa

Brachypodium rupestre

Quercus pubescens

Briza media

Rosa arvensis

Scenario_10

Centaurea nigrescens

Aegonychon purpurocaeruleum

Cerastium holosteoides

Anthericum ramosum

Convolvulus arvensis

Carex flacca

Crepis taraxacifolia

Cornus mas

Galium album

Cotinus coggygria

Scenario_15

Galium verum

Dioscorea communis

Holcus latus

Emerus major

Lathyrus pratensis

Euonymus europaeus

Leontodon hispidus

Ligustrum vulgare

Leucanthemum vulgare

Ruscus aculeatus

Scenario_20

Lychnis flos-cuculi

Lonicera caprifolium

Medicago lupulina

Melittis melissophyllum

Ranunculus bulbosus

Sorbus torminalis

Salvia pratensis

Viburnum lantana

Veronica arvensis

Viola alba
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Annex E

Table E1: Beta diversity partitioning analysis across restoration scenarios and reference states. For each scenario and plot, total
beta diversity (Sorensen index, SOR), turnover component (Simpson index, SIM), nestedness component (NES), and the
turnover/nestedness ratio are reported. Values were calculated as the mean dissimilarity between each plot and all surveys
comprising the respective reference state (grassland or forest). Scenarios 5, 10, 15, and 20 represent simulated restoration
interventions with progressive addition of 5, 10, 15, and 20 species of the reference state respectively;

Scenario Vegetation | Plot_ID (g(g;l) Tl(l;il;/lv)er Ne(s;eél;)e 5 SIM/NES
Gl 0.75 0.54 0.21 2.59
G2 0.79 0.63 0.16 3.85
Grassland G3 0.81 0.65 0.16 3.94
G4 0.74 0.51 0.23 2.25
Scenario 5 G5 0.82 0.71 0.11 6.40
- F1 0.65 0.51 0.14 3.60
F2 0.67 0.48 0.20 2.42
Forest F3 0.74 0.55 0.20 2.77
F4 0.70 0.44 0.25 1.74
F5 0.74 0.63 0.11 5.89
Gl 0.75 0.54 0.21 2.59
G2 0.79 0.63 0.16 3.85
Grassland G3 0.81 0.65 0.16 3.94
G4 0.74 0.51 0.23 2.25
Scenario 10 G5 0.82 0.71 0.11 6.40
- F1 0.65 0.51 0.14 3.60
F2 0.67 0.48 0.20 2.42
Forest F3 0.74 0.55 0.20 2.77
F4 0.70 0.44 0.25 1.74
F5 0.74 0.63 0.11 5.89
Gl 0.58 0.43 0.15 2.77
G2 0.62 0.49 0.13 3.73
Grassland G3 0.63 0.50 0.13 3.74
G4 0.57 0.41 0.16 2.50
Scenario 15 G5 0.65 0.56 0.09 6.05
- F1 0.48 0.39 0.08 4.81
F2 0.49 0.36 0.13 2.69
Forest F3 0.54 0.39 0.15 2.54
F4 0.50 0.32 0.18 1.74
F5 0.55 0.48 0.07 6.85
Gl 0.52 0.40 0.12 3.20
G2 0.56 0.45 0.11 4.15
Grassland G3 0.57 0.46 0.11 4.16
G4 0.51 0.38 0.13 2.93
Scenario 20 G5 0.59 0.51 0.08 6.43
- F1 0.40 0.35 0.05 7.14
F2 0.41 0.31 0.09 3.36
Forest F3 0.46 0.34 0.12 2.90
F4 0.41 0.28 0.14 1.99
F5 0.47 0.43 0.04 9.83
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Table E2: Beta diversity partitioning analysis for reference state surveys. For each vegetation type and plot, total beta diversity
(Sorensen index, SOR), turnover component (Simpson index, SIM), nestedness component (NES), and the turnover/nestedness ratio
are reported. Values were calculated as the mean dissimilarity between each reference survey and all other surveys within the same
vegetation type. Reference surveys were derived from Tasinazzo (2001) for grasslands and Tasinazzo & Fiorentin (2000) for forests,
representing the natural variability expected under undisturbed conditions.

Scenario | Vegetation | Plot_ID (g(g?:) Tl(lgillclv)er Ne(s;;igg; % | SIM/NES
T4 0.42 0.32 0.11 2.95
TS5 0.44 0.29 0.15 1.93
T6 0.34 0.27 0.08 3.43
T 7 0.39 0.34 0.05 6.13
Crasstand TO 0.36 0.30 0.06 5.25
T 15 0.36 031 0.06 5.59
T 21 0.38 0.32 0.06 4.97
T 22 0.38 0.33 0.05 6.79
T 23 0.39 0.35 0.04 7.92
, T 24 0.40 0.33 0.07 4.63
Scenario_l T 49 034 0.25 0.09 2.64
T 50 0.32 0.27 0.06 4.62
T 51 0.30 0.26 0.04 5.94
T 52 0.30 0.24 0.06 3.95
oot T 53 0.30 0.24 0.06 435
T 54 0.30 0.24 0.06 3.74
T 55 0.28 0.23 0.05 491
T 56 031 0.27 0.04 6.51
T 57 0.30 0.26 0.04 5.78
T 58 0.34 0.29 0.04 6.82
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