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Abstract

In human-modified landscapes, biodiversity is often confined in remnants of natural habitats and there
is an urgent need to take significant action to halt the loss of biodiversity, happening at a faster rate
than ever, driven by many factors such as land use change, habitat fragmentation, pollution, natural
resources exploitation, climate change, biological invasion, and many other. In this light, identifying
actions that can be implemented to reduce the loss of biodiversity and simplification of landscapes
has become a key topic in the field of landscape ecology and conservation biology. Management
approaches to achieve protection and maintenance of natural ecosystems should consistently consider
all landscape components so that they can be managed with the goal of maintaining or restoring pre-
existing ecological functions. In fact, through the concepts of meta-population and ecological
connectivity, as strategies to sustain biodiversity in fragmented landscapes by reconnecting natural
habitat fragments in anthropogenic environments, Ecological Networks (EN) can be developed.
Generally, territorial planning refers to models that allow for the reading of potential EN. However,
their biodiversity content is often not verified, and/or they are never monitored over time once
implemented.

The research activities described in this Thesis aimed to contribute filling the knowledge gaps with
respect to biodiversity verification, EN structure and its monitoring, by identifying what elements
drive the expression of biodiversity and the factors that influence its content. Specifically, starting
from a EN model developed in north-eastern Italy, in the context of the landscape project of the region
Friuli-Venezia Giulia, a vegetation sampling was planned to assess plant diversity contained within
the nodes of the EN. Then, in the first part of the Thesis, | provided a method to determine the
adequate number of replicates to effectively characterize biodiversity content of natural habitats
within the nodes of the EN (Chapter 1). In fact, the field verification of the EN model represents the
most expensive part both in terms of time and money. For this reason, it is often not carried out as

well as the monitoring of the network over time. It is necessary, to identify the minimum number of



replicates to keep unchanged the characteristics of the observed communities thus reducing the
sampling effort.

In the second part (Chapter 2), based on the vegetation sampled, | studied the relationships between
a and P diversity pattern, landscape structure and connectivity in the nodes of the EN. | found that
high node connectivity led to a higher species richness (o-diversity) but also increased plant
communities’ similarity (i.e., low B-diversity). The effect of landscape composition of semi-natural
land covers (i.e., hedgerows, watercourses) showed a positive effect on species diversity as opposed
to that of the configuration of anthropogenic elements. Finally, in the last part (Chapter 3), |
investigated the potential of Spectral Variation Hypothesis (SVH) in linking field-collected and
remotely sensed data in a complex landscape as the under study one. Specifically, | examined whether
ecosystem heterogeneity was related to greater diversity and whether the estimated spectral diversity
was consistent with the observed one. | found that spectral data can be used as a guidance to assess
and/or monitor plant diversity conserved in the EN.

In conclusion, the three case studies contained in this Thesis, could provide novel insight in the
planning and monitoring of ENs, through a multidisciplinary approach that considered different

points of view with which to evaluate the effectiveness of plant diversity conservation within ENs.



Riassunto

Nei paesaggi modificati dall'uomo, la biodiversita e spesso confinata in frammenti di habitat residuali
e c'é un urgente bisogno di intraprendere azioni significative per fermare la perdita di biodiversita,
che avviene a un ritmo piu veloce che mai, guidata da molti fattori come il cambiamento d'uso del
suolo, la frammentazione degli habitat, I'inquinamento, lo sfruttamento delle risorse naturali, il
cambiamento climatico, I'invasione biologica e molti altri. Sotto questa luce, identificare le azioni che
possono essere attuate per ridurre la perdita di biodiversita e la semplificazione dei paesaggi €
diventato un argomento chiave nel campo dell'ecologia del paesaggio e della biologia della
conservazione. Gli approcci di gestione per raggiungere la protezione e il mantenimento degli
ecosistemi naturali dovrebbero considerare coerentemente tutte le componenti del paesaggio, in modo
che esse possano essere gestite con l'obiettivo di mantenere o ripristinare le funzioni ecologiche
preesistenti. Infatti, attraverso i concetti di meta-popolazione e connettivita ecologica, come strategie
per sostenere la biodiversita in paesaggi frammentati attraverso la riconnessione dei frammenti di
habitat naturale in ambienti antropogenici, e possibile sviluppare Reti Ecologiche (RE).
Generalmente la pianificazione del territorio fa riferimento a modelli che consentono la lettura delle
RE potenziali. Tuttavia, di esse spesso non viene verificato il contenuto di biodiversita, e/o non
vengono mai monitorate nel tempo una volta implementate.

Le attivita di ricerca descritte in questa Tesi vogliono dare un contributo per colmare le lacune di
conoscenza rispetto alla verifica della biodiversita, alla struttura della RE e al suo monitoraggio,
identificando quali siano gli elementi che guidano 1’espressione della biodiversita e i fattori che ne
influenzano il contenuto. Nello specifico, partendo da un modello di RE sviluppato nell'ltalia nord-
orientale, nell'ambito del piano paesaggistico della regione Friuli-Venezia Giulia, é stato pianificato
un campionamento della vegetazione per valutare la diversita vegetale contenuta all'interno dei nodi
della RE. Quindi, nella prima parte della Tesi, ho fornito un metodo per determinare il numero
adeguato di repliche per caratterizzare efficacemente il contenuto di biodiversita degli habitat naturali

all'interno dei nodi della RE (Capitolo 1). Infatti, la verifica sul campo del modello di RE rappresenta
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la parte piu costosa sia in termini di tempo che di denaro. Per questo motivo, spesso non viene
effettuata cosi come il monitoraggio della rete nel tempo. E necessario individuare il numero minimo
di repliche per mantenere inalterate le caratteristiche delle comunita osservate riducendo cosi lo
sforzo di campionamento.

Nella seconda parte (Capitolo 2), sulla base della vegetazione campionata, ho studiato le relazioni tra
i pattern di diversita o e B, la struttura del paesaggio e la connettivita nei nodi della RE. Ho riscontrato
che un‘alta connettivita dei nodi ha portato a una maggiore ricchezza di specie (a-diversita) ma anche
a una maggiore somiglianza delle comunita vegetali (cio¢, una bassa B-diversita). L'effetto della
composizione paesaggistica delle coperture seminaturali (ciog, siepi, corsi d'acqua) ha mostrato un
effetto positivo sulla diversita delle specie rispetto a quello della configurazione degli elementi
antropici. Infine, nell'ultima parte (Capitolo 3), ho studiato il potenziale dell'ipotesi di variazione
spettrale nel collegare i dati raccolti sul campo e quelli rilevati da remoto in un paesaggio complesso
come quello oggetto di studio. In particolare, ho indagato se I'eterogeneita dell'ecosistema fosse legata
a una maggiore diversita e se la diversita spettrale stimata fosse coerente con quella osservata. Ho
scoperto che i dati spettrali possono essere utilizzati come guida per valutare e/o monitorare la
diversita vegetale conservata nella RE.

In conclusione, i tre casi di studio contenuti in questa tesi, potrebbero fornire una nuova visione nella
pianificazione e nel monitoraggio delle RE, attraverso un approccio multidisciplinare che considera
diversi punti di vista con cui valutare l'efficacia della conservazione della diversita vegetale all'interno

delle RE.



Preface

Due to rapid biodiversity loss worldwide, identifying actions that can be implemented to reduce the
degradation and simplification of biodiversity and landscapes has become crucial and a key topic in
the field of landscape ecology and conservation biology. Thus, the major aim of this Thesis is to
provide an insight for testing and monitoring diversity and the factors that influence it in the habitats
and nodes of an EN. Specifically, the Thesis explores the plant diversity content present in an EN,
evaluating the possible effects of the surrounding landscape on the communities studied and possible
methods for monitoring vegetation within habitats and nodes over time. The main objectives of this
research were 1) to provide a methodological framework to support biodiversity data collection
planning, to optimize the sampling effort and estimate the number of replicates sufficient to
distinguish different habitats and gather data on species diversity within the EN. 2) to analyze plant
diversity patterns within nodes of the EN investigating the effects of landscape structure and
connectivity on plant communities. 3) to investigate the potential of remote sensing for quantitative

analyzing the biodiversity content of the EN and the study area.

The Thesis is organized as follows: a general introduction, three chapters containing the articles that

responded to the three research objectives, and overall conclusions.

Specifically, in the introduction | briefly presented some key concepts of landscape ecology, as
landscape connectivity, and the concept of EN, as it is meant in this Thesis. In addition, | briefly
mentioned some of the gaps existing in the field and described the EN under study, thus providing

the necessary background for the reading and understanding of this research.

In the first Chapter, | provided a method to determine the adequate number of replicates to effectively
characterize biodiversity content of natural habitats within the nodes of the EN, aiming at reducing

the cost of future sampling and/or monitoring campaigns.

In the second Chapter, I focused on the relationships between o and 3 diversity pattern, landscape

structure and connectivity in the nodes of the EN, aiming at identifying those factors that influence
VI



plant diversity within the EN and what suggestions can be applied for the management of the elements

composing the EN.

Finally, in the last part | investigated the potential of remote sensing in linking field-collected and
remotely sensed data in a heterogeneous landscape as the one containing the EN. Specifically, |
examined the relationship between spectral diversity and heterogeneity and plant diversity, exploring

the potential of remote sensing data as a guidance to assess and/or monitor biodiversity.

The conclusions section provides a general overview and synthesis on the key findings emerging
from these three study cases presented in the Thesis, suggesting potential actions and directions for

future research on the planning and managing of ENS.
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General introduction

Landscape ecology

The term landscape ecology dates back nearly a century, developing in later years with theory and
applications (Troll 1939, 1968; Schreiber 1990; Forman 1995). It encompasses several principles that
unite ecology and landscape perspectives, focusing on spatial pattern and ecological process, biotic
diversity, species flow, landscape structure and function, spatial and temporal scales, heterogeneity
effect on fluxes and disturbance, changing patterns, and many others (Risser et al. 1984; Forman and
Gordon 1986; Risser 1987; Forman 1995). The object of study of this subject is the landscape, defined
as a mix of local ecosystem or land use types repeated over the land; it is a land mosaic, composed of
spatial elements (patches, corridors or matrix, Urban et al. 1987; Forman and Gordon 1986; Forman
1995; see Table 1.1). Landscape ecology is largely founded on the notion that the patterning of
landscape elements strongly influences ecological characteristics, including plant and animal
populations.

From an ecological perspective, the patches represent relatively discrete areas of relatively
homogeneous environmental conditions where the patch boundaries are distinguished by
discontinuities in environmental character states from their surroundings of magnitudes that are
perceived by or relevant to the organism or ecological phenomenon under consideration (Wiens
1976). What is outside the patches is called matrix and is the most extensive and connected element
type, therefore plays the dominant role in the functioning of the landscape (Forman and Godron
1986). Finally, the elements that provide physical links between patches and facilitate the movement
of an organism through the matrix are called corridors (Forman 1995; Bennet 1998). The types and
distribution of the landscape elements determine the landscape structure, that is the spatial
relationships among component parts, and can be divided in two further definitions: landscape
composition and configuration (Turner 1989; Dunning et al. 1992). Landscape composition refers to

features associated with the presence and amount of each patch type within the landscape, but without



being spatially explicit while landscape configuration refers to the physical distribution or spatial

character of patches within the landscape (McGarigal and Marks 1995).

Landscape connectivity

Landscape connectivity is the degree to which the landscape facilitates or impedes movement among

resource patches (Taylor et al. 1993), or the functional relationship among habitat patches, owing to

the spatial contagion of habitat and the movement responses of organisms to landscape structure

(With et al. 1997). Connectivity is therefore a feature of a whole landscape, where the scale of interest

is determined by the habitat use and movement scales of the organism in question (Goodwin and

Fahrig 1998; Tischendorf and Fahrig 2000).

Table 1.1: Definition of key terms in landscape ecology used in the Thesis

Terms Definitions
Corridors Landscape elements that provide physical links between patches

and facilitate the movement of an organism through the matrix.

Functional Landscape features that facilitate or impede the movement of
connectivity species between habitat patches.

Landscape Mix of land use types repeated over the land.

Landscape amount of each patch type within the landscape.

composition

Landscape physical distribution of patches within the landscape.

configuration

Matrix most extensive and connected element type in the landscape.

Patches Relatively homogeneous areas that differ from their
surroundings.

Structural Spatial relationships between the structural elements of the

connectivity landscape.

References

Forman (1995); Bennet (1998)

Taylor et al. (1993, 2006)

Urban et al. (1987); Forman and
Gordon (1986); Forman (1995)

Turner 1989

Turner 1989

Forman and Gordon (1986)

Forman (1995)

Tischendorf and Fahrig (2000);

Taylor et al. (2006)

The definition of landscape connectivity includes two fundamental concepts: structural connectivity,

corresponding to spatial relationships (continuity and adjacency) between the structural elements of

2



the landscape, which is independent on the ecological characteristics of the species (Tischendorf and
Fahrig 2000; Taylor et al. 2006), and functional connectivity, which refers to landscape features that
facilitate or impede the movement of species between habitat patches (Taylor et al. 1993; Taylor et
al. 2006). Consequently, the ability of species to move or disperse through the landscape is driven
also by structural features of the landscape (Adriaensen et al. 2003). When landscape connectivity is
seen by a target organism, it is possible to introduce the term habitat connectivity, which refers to the
degree of functional connectivity between patches of optimal habitat for that species (Lindenmayer
and Fischer 2006; Taylor et al. 2006; Correa Ayram et al. 2016). In this way, landscape elements take
on different levels of habitat suitability allowing to define areas of higher and lower suitability, on
the base of both the ecological behavior of target species and of the matrix characteristics that

facilitates or impedes species mobility, and which could be affected by human influence.

Conservation of biodiversity and Ecological Networks

Biodiversity loss is one of the main concerns in the Anthropocene, happening at a faster rate than
ever, driven by many factors such as land use change, habitat fragmentation, pollution, natural
resources exploitation, climate change, biological invasion, and many other (Landi et al. 2018; IPBES
2019; EEA 2020). As stated by the United Nations (2015a) there is a need to “take urgent and
significant action to reduce the degradation of natural habitats, halt the loss of biodiversity and protect
and prevent the extinction of threatened species”. These actions could be achieved through a
management approach that coherently consider all the landscape components.

In the beginning, protected areas (hereafter PAs) were designed to preserve endangered ecosystems,
nowadays it is clear that biodiversity protection should rely on a smarter management of the
anthropogenic surrounding landscapes and no longer be confined only to PAs (UN 2015a, 2015b;
European Commission 2020). Thus, the concept of Ecological Network (hereafter EN) arose, defined
as ‘‘a coherent system of natural and/or semi-natural landscape elements that is configured and
managed with the objective of maintaining or restoring ecological functions as a means to conserve

biodiversity’’ (Bennett 2004). The modeling of ENs, as useful tools to provide an integrated
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protection of biodiversity also considering biotic interactions among species in an ecosystem, was
then introduced (Pascual and Dunne 2006). ENs are composed by habitat patches (or nodes of the EN
graph) suitable for an organism and corridors (or links of the EN graph) that allow the movement of
the species from a patch to another. However, EN are spatial patterns which are modeled by landscape
ecologists to quantify connectivity using various methods such as individual-based movement models
(Grimm and Railsback 2005), least-cost analysis (Adriaensen et al. 2003), circuit theory (McRae et
al. 2008, 2012), centrality analyses (Rudnick et al. 2012) or landscape graphs (Urban and Keitt 2001).
Other important methods to quantify connectivity are based on genetic data (e.g., Andreassen and
Ims 2001) or on tracking animal movements over time (Turchin 1998; Gillis and Krebs 1999, 2000).
These methods present limitations and they basically favored the spread of approaches based on
habitat quality and analysis of the autoecology of animal species (Fichera et al. 2015; Gao et al. 2017,
Cunha and Magalhdes 2019).

All these techniques differ in their capacity to characterize the ecological processes and in the amount
of input data required. Landscape graphs are an interesting compromise for both those criteria
(Calabrese and Fagan 2004), making them useful tools, that mix methodological simplicity and
ecological relevance, suitable for land planning (Urban et al. 2009; Foltete et al. 2014).

However, some studies have highlighted the exiting gaps among researchers and practitioners in the
implementation of the ENs as tools to mitigate the effect of habitat fragmentation on biodiversity,
such as the lack of monitoring to test their effectiveness and the evaluation of the network structure
only from the structural perspective, ignoring the effective biodiversity hosted within the EN elements
(Gippolitti and Battisti 2017; Luo et al. 2021). Moreover, many of the research analyzing the influence
of landscape connectivity on biodiversity were studied for animal species, while the understanding
of the role of EN connectivity on plants remains limited, especially at the community level (but see
Uroy et al. 2019; McLeish et al. 2021).

These gaps will be thoroughly investigated in Chapter 1, by proposing an integrated method to

determine the adequate sampling effort for the purpose of monitoring an EN, and in Chapter 2, by



analyzing the effects of landscape structure and connectivity on plant communities with nodes in an

EN.

Remote sensing

Remote sensing refers to gathering information about an object without coming into direct contact
with it. In this Thesis, the concept of remote sensing is refired to the study of the Earth’s surface
characteristics from above. Remote sensing can be used to differentiate objects or materials based on
their characteristic optical properties. These optical properties are characterized by its interaction with
incoming electromagnetic radiation, that can be either absorption, reflectance, scattering or
transmission (Jones and Vaughan 2010). Remote sensing instruments can be grouped into active and
passive, but since only the passive one was used in the Thesis, only the latter will be described.
Passive remote sensing instruments capture the reflectance of solar radiation. Most commonly, the
output is an image consisting of layers that represent information from various parts of the
electromagnetic spectrum. Such part of the spectrum is referred to as a spectral band, and can vary in
band width, depending on the covered wavelength range. In addition to the spectral resolution, it is
important to mention the spatial resolution (i.e., the physical size that represents a pixel) and temporal
resolution (i.e., the revisiting time of the satellite on the same area) of the images (Woodcock and
Strahler 1987). In the case of free access products, the images can have medium spatial resolution
and high temporal resolution (e.g., Sentinel and Landsat) while the paid products can reach very high

resolutions both spatially and temporally (e.g., WorldView and Pléiades neo).

Remote sensing of vegetation

Compared to non-living surfaces, remote sensing of vegetation is complicated by its high spatio-
temporal variability. In general, the spectral reflectance of vegetation is characterized by strong
absorbance in the visible wavelength region (VIS, 400-700 nm) and relatively high reflection in the
near infrared (NIR, 700-1000 nm). In the transition zone from VIS to NIR, vegetation spectra are

characterized by a strong increase of reflectance, which is referred to as red edge (690-790 nm).



Depending on the vegetation type, reflectance can differ considerably. Differences between
vegetation types can be usually detected in the wavelength region ranging from 300 nm to 15 pm
(Jones and Vaughan 2010). These differences are determined by the interactions of incoming
radiation and components of the canopy. At the level of entire plants or plant communities, spectral
reflectance is furthermore substantially influenced by the canopy structure (Asner 1998; Knyazikhin
et al. 2013; Kattenborn et al. 2018). This includes canopy depth, density, and leaf arrangement
(Ollinger 2011). Based on differences in spectral properties it is possible to differentiate single
vegetation types (Ustin and Gamon, 2010), examples include discrete classifications of dominant
vegetation types at the global scale (Bonan et al. 2002), to the delineation of single habitats at a local
scale (Mack et al. 2016; Stenzel et al. 2017). Remote sensing can also be used to monitor biodiversity,
specifically, the combination of remotely sensed and field data represents one of the most promising
approaches to fill gaps in biodiversity monitoring (Vihervaara et al. 2017). Much research has
considered the relationships between remotely sensed and field sampled data (e.g., Palmer et al. 2002;
Rocchini et al. 2015; Lausch et al. 2020), based on the Spectral Variation Hypothesis (SVH),
proposed for the first time by Palmer et al. (2002). This concept hypothesizes that the variability of
the spectral response of a remotely sensed image could be used as a proxy to assess plant biodiversity.
The ability of SVH to detect plant diversity was tested on several ecosystems covering large areas
(e.g., Feret and Asner 2014; Heumann et al. 2015; Torresani et al. 2019) but few studies have
investigated SVH application at a greater level of detail over small and complex areas. The potential
of SVH in linking field-collected and remotely sensed data in a complex landscape will be
investigated in Chapter 3. Furthermore, its suitability to assess and/or monitor plant diversity

conserved in a EN or more generally in natural environments over time will also be explored.

Ecological network model: the study case

The studied EN is located in the lowlands of the Friuli Venezia Giulia region (NE Italy; centroid
coordinates: 45°48'13.4"N - 13°08'11.0"E), within an area that covers almost 300 km?, including a

large agricultural area embedded in two river systems (Stella and Corno, respectively). The landscape
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is characterized by a mixed mosaic of intensively and extensively cultivated areas, settlements, semi-
natural (hedgerows and watercourses) and natural habitats (woodlands, shrubs, meadows and fens).
The area includes eight Natura 2000 Special Area of Conservation (Habitats Directive 92/43/EEC)
and nine regional protected sites (biotopes), mainly connecting remnants of wetland habitats and
lowland forests.

The EN was designed using a habitat-species based model (considering flora and fauna, Figure 1.1)
developed at the local scale in the context of the regional landscape planning project (Sigura et al.
2017). The model was based on least-cost path analysis and graph theory, which were used to obtain
species-specific ENs that were later merged into the final composite multi-species network (Figure
1.1). The EN was originally modeled using the regional habitat map based on the habitat classification
proposed by Poldini et al. (2006) and crossing costs for species were attributed by expert assessment
and literature review data.

The nodes (target habitats), corridors and steppingstones (links between target habitats) were obtained
for a set of 10 target animal species and 9 plant communities (assumed to be crucial for several plant
species of conservation concern) to proxy favorable conditions for the overall network biodiversity.
The animal species considered were: Arytrura musculus, Bombina variegata, Carabus italicus,
Coenonympha oedippus, Emys orbicularis, Lucanus cervus, Rana dalmatina, Rana latastei, Triturus
carnifex, and Zamenis longissimus. While the plant communities were: Alkaline fens dominated by
Schoenus nigricans (Caricion davallianae), Alluvial forests with Alnus glutinosa and Fraxinus
excelsior (Alnion glutinosae), Calcareous fens with Cladium mariscus (Magnocaricion elatae),
Illyrian Quercus-Carpinus betulus forests (Erythronio-Carpinion), Low altitude mowing meadows
(Arrhenatherion elatioris), Molinia meadows on calcareous, peaty or clayey-silt-laden soils
(Molinion caerulae), Southeast European Fraxinus-Quercus-Alnus forests (Alno-Quercion roboris),
Sub-Mediterranean arid meadows (Scorzonerion villosae), and Tunnel forests of Salix alba and

Populus albae (Salicion albae).



The EN is composed of 108 nodes and 17 different habitats (14 terrestrial and 3 aquatic),
corresponding to a total extent of 5900 ha, of which 1700 ha represent nodes and 4200 ha ecological

corridors.



Multi-species Ecological Network model

Wobitat Luccer Coe.ocd Arymus Carito Iricar  Kandd emyorh somlon [Somaar Honlat 59
G AC o @ W0 0 ) o ) - 0 © {
=" I o 6 50 B @ % o ® 50 40 X
AGs 7 50 50 & » EY 1 n 50 0 i X
s m s s ® 1 i 1w o 0
w1 [ ) oW ) 1 ) VIS WAL
© 0 2 0 » 1w m 15 < |
0 40 1 k) n 1 o 0 20 0 y 14
s m  x  om 1w w1 N\ % §
0w own PR NG ) : ;
0 w0 20 » 1 » » 15 1y { 4 ‘? e #(
60 70 &0 n 0 7 7 0 e / 4 \ 2
- f W 3
S g 7 g 7
%0 s0 @ n @ Py @ 0 2, f) O
n & wm 0m @ ®m 8 0 7 ) a2
wm w0 m % @ BT
@ w  m @ ™ o m m B .
mo m @ @ ™ m a0 : g
0 n " “ 0 ) Ll " » .
™ 50 %0 o 0 © © 0 0 & n 3
) €0 & “0 » £ E 0 A SEEN 3
A 70 0 i 0 0 © 0 0 \ X
% o n o m 1 % = =u ¥ \
il 20 0 0 " r 0 n o f AN
1w % ®m m ® @ 1 ot \
E 1 0» PR
1w w  m  »  w m i

Table of costs

- Multi-species Ecological Network Species-specific Ecological Networks

Figure 1.1: Flow chart of the main steps applied to model the multi-species Ecological Network: starting from a map of the habitats of the study area and combining it
with a table of costs (time and effort to travel through an environment) it was obtained a map of costs for all 10 animal species and 9 plant communities (habitats) present

in the landscape. From the overlay of all species-specific networks the multi-species ecological network was obtained as the sum of all identified elements.



Specific aims

The major aim of this Thesis is to provide an insight for testing and monitoring diversity and the

factors that influence it in the habitats and nodes of an EN.

Specifically, in Chapter 1, | aimed at providing a methodological framework to support biodiversity
data collection planning, estimating how many replicates are sufficient to represent plant diversity.

Specifically, the addressed aims were:

a) to distinguish and maintain the typification among different habitats;

b) to gather data on species diversity and heterogeneity within the whole EN.

The second objective (Chapter 2) was to analyze plant diversity patterns within the EN investigating
the effects of landscape structure and connectivity on plant communities at two scales. Specifically,

the following specific aims were addressed:

a) investigate the effects of landscape structure and connectivity in different habitats on a diversity at
the habitat scale;

b) examine the effects of landscape structure and connectivity in different habitats on B diversity at
the habitat scale;

c) explore the effects of landscape structure and connectivity on o diversity at the node scale;

d) inspect the effects of landscape structure and connectivity on B diversity at the node scale.

The last goal (Chapter 3) was to investigate the potential of remote sensing for quantitative analyzing
the biodiversity content of the EN and the study area. To do so, starting from the vegetation collected
in the EN, two R packages were tested to analyze the relationships between spectral and observed

(taxonomic) diversity. Specifically, | tested whether:

a) spectral diversity, considered as o and B diversity, can be compared with o and B taxonomic

diversity and with what degree of relationship;
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b) spectral heterogeneity (in pixel reflectance variation) is related to ecosystem, landscape
heterogeneity and plant diversity in a complex landscape, where natural and anthropogenic elements
interact;

c) spectral data can be used to assess and/or monitor plant diversity and its dynamics in an Ecological

Network (EN) or more generally in natural environments over time.
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ABSTRACT

In intensively used and human-modified landscapes, biodiversity is often confined to remnants of
natural habitats. Thus, identifying ecological networks (ENs) necessary to connect these patches and
maintain high levels of biodiversity, not only for conservation but also for the effective management
of the landscape, is required. However, ENs are often defined without a clear a-priori evaluation of
their biodiversity and are seldom even monitored after their establishment. The objective of this study
was to determine the adequate number of replicates to effectively characterize biodiversity content of
natural habitats within the nodes of an EN in north-eastern Italy, based on vascular plant diversity.
Plant communities within habitats of the EN’s nodes were sampled through a hierarchical sampling
design, evaluating both species richness and compositional dissimilarity. We developed an integrated
method, consisting of multivariate measures of precision (MultSE), rarefaction curves and diversity
partitioning approaches, which was applied to estimate the minimum number of replicates needed to
characterize plant communities within the EN, evaluating also how the proposed optimization in
sampling size affected the estimations of the characteristics of habitats and nodes of the EN. We
observed that reducing the total sampled replicates by 85.5% resulted to sufficiently characterize plant
diversity of the whole EN, and by 72.5% to exhaustively distinguish plant communities among
habitats. This integrated method helped to fill the gap regarding the data collection to monitor
biodiversity content within existing ENs, considering temporal and economic resources. We therefore
suggest the use of this quantitative approach, based on probabilistic sampling, to conduct pilot studies

in the context of ENs design and monitoring, and in general for habitat monitoring.

Keywords: a diversity, B diversity, multivariate pseudo-standard error, plant biodiversity, protected

areas, sampling optimization

Abbreviation: EN ecological network; ENRS ecological network resampled subset; HRS habitats

resampled subset; PA protected area; RC rarefaction curve; SER spatial explicit rarefaction curve
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INTRODUCTION

Biodiversity loss is one of the main concerns in the Anthropocene, happening at a faster rate than
ever, driven by many factors such as land use change, habitat fragmentation, pollution, natural
resources exploitation, climate change, biological invasion, and many other (Landi et al. 2018; IPBES
2019; EEA 2020). Although protected areas (hereafter PAs) were designed to face these problems
through conservation actions focused on endangered target habitats and species, it is now clear that
biodiversity protection should rely on a more efficient management of the anthropogenic surrounding
landscapes and no longer be confined only to PAs (UN 2015a, 2015b; European Commission 2020).
Urgent actions to mitigate habitat loss and fragmentation are needed. These actions must be achieved
through a management approach that coherently consider all the landscape components, integrating
also information about functional traits of species and landscape structures through connectivity
models (Cushman et al. 2013). In this context, the Ecological Network (hereafter EN) was established
as a useful tool to provide an integrated protection of biodiversity also considering biotic interactions
among species in an ecosystem (Pascual and Dunne 2006). ENs were described and used as tools for
conservation planning that rely on the concept of ecological connectivity between the more natural
portions of a landscape (so called “nodes” of the EN), with the final aim to limit the effects of
fragmentation of habitat patches (Fahrig 2003; Battisti 2004; Biondi and Nanni 2005; Rosati et al.
2010). ENs were thought as a patch matrix model (Forman 1995), a vision of landscape in which
discrete homogeneous habitat patches, surrounded by a more or less inhospitable matrix, are
connected in a network structure to support ecological connectivity at landscape scale (Foltete 2019).
Research concerning ENs have developed different approaches directed to assess both the structural
connectivity, that is a property of the landscape and concerns the spatial pattern of habitat patches
and is independent on the ecological characteristics of the species (Tischendorf and Fahrig 2000;
Taylor et al. 2006), and the functional connectivity, defined as the behavioral movement response of
organisms towards habitat patches (Taylor et al. 1993; LaPoint et al. 2015). In this respect, many
analytical tools were developed in recent decades such as least-cost modeling, circuit theory, graph-

theoretic methods, aiming at design connectivity models (Foltete 2019).
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The concept of EN is increasingly accepted as an operational tool for protecting biodiversity,
improving ecological connectivity and sustainable development of landscapes (Damschen 2013; De
montis et al. 2016; Keeley et al. 2018; Xu et al. 2019). Several studies have focused on the application
of ENs, both from the theoretical and practical point of view, highlighting the complex interaction
between structural and functional features of ENs, and the need for further research on the effects of
their planning and implementation (Battisti 2013; Boitani et al. 2015; Gippolitti and Battisti 2017;
Foltete 2019). In particular, the definition of the EN follows often an approach oriented only to the
structure of the network, while there is a lack of standards in EN projects (e.g., no clear objectives,
no monitoring activities) to make them a suitable tool for biodiversity conservation (Kareksela et al.
2013; Gippoliti and Battisti 2017; Jalkanen et al. 2020). Thus, it is essential to assess the spatial
distribution of the habitats within the EN and to quantify their biodiversity content as they may be
potentially altered due to anthropic activities of the surrounding matrix, or even by application of an
improper management of the nodes (Brooks et al. 2002; Wiegand et al. 2005; Thiele et al. 2018).
Moreover, the identification of the habitats suitable for a species should consider the plant
communities that are fundamental to habitat definition adopted also in modern European habitat
classifications (Devillers et al. 1991; Devillers and Devillers-Terschuren 1996; Davies et al. 2004;
European Commission 2013). The term “habitat” has been used in various contexts with different
meanings. In the context of EN, we refer to habitat as an assemblage of animals and plants, together
with their abiotic environment, that contribute as patches of the network. Plant communities also have
a key role in primary productivity, capturing that portion of solar energy that can support the life of
all components of the biosphere, as well as in regulation of the nutrients’ cycle and in soil protection
(Lieth 1973) and stand for a large part of biodiversity of landscapes.

In this light, a robust and replicable method to detect the biological and structural characteristics of
plant communities, within the ENs is needed. It should also aim at monitoring the distribution and
biodiversity content of the habitats. A robust methodological approach which is based on probabilistic
sampling of plant communities is fundamental to estimate how suitable a sample is for seizing the

species diversity and relative abundance, avoiding bias (Cao et al. 2002). The adequacy of sampling
20



methods able to reliably characterize ecological communities within a habitat have long been debated
in literature (e.g., Yoccoz et al. 2001; Balmford et al. 2003; Del Vecchio et al. 2019, Maccherini et
al. 2020). One recently introduced approach which proved to be useful consists of evaluating
multivariate differences in the composition of plant communities (Anderson and Santana-Garcon
2015), using a measure of precision based on dissimilarity matrices called pseudo multivariate
dissimilarity-based standard error (MultSE), which allows for determination of sample-size adequacy
within communities. The MultSE is the multivariate analog of the standard error and measures the
variability in the position of the centroid in the space of a chosen dissimilarity measure under repeated
sampling for a given sample size (Anderson and Santana-Garcon 2015). This measure of multivariate
precision was recently used in the context of European habitats monitoring for costal sand dunes by
Maccherini et al. (2020), and it can represent a valid approach to estimating the optimal sample-size
required to adequately characterize plant communities within habitats.

In this study, we provide an integrated method to determine the adequate number of replicates to
effectively characterize biodiversity within habitats (considered as EUNIS habitat types; Davies et al.
2004) and nodes in an EN whose main novelty relies on the combination of i) MultSE, ii) rarefaction
curves, and iii) diversity partitioning approaches. Our main contribution is to provide a
methodological framework for practitioners to support biodiversity data collection planning, in the
EN design process or in the monitoring of existing ENs and PAs, as requested by European
Biodiversity Strategy for 2030 (European Commission 2020).

In an EN, modeled in the context of the regional landscape planning process at the regional level, we
sampled 193 vegetation plots in 14 habitats contained within 74 nodes, aiming at estimating how
many replicates are sufficient a) to distinguish and maintain the typification among different habitats
and b) to gather data on species diversity and heterogeneity within the whole EN. We tested our
framework on an EN in Friuli Venezia Giulia region (north-eastern Italy), which was developed in
the context of the regional landscape planning project (Sigura et al. 2017). The sampled EN is
composed of numerous PAs and biotopes, as well as several patches of semi-natural and natural

habitats in an agricultural landscape matrix. These habitats, forming the nodes of the EN, consist
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mainly of wetlands, linked to the presence of rivers and fens, which are well-known for their
ecological role and for the high levels of biodiversity (Liccari et al. 2020). These environments are
usually underrepresented in EN studies and the few studies concerning wetlands tend to give more

weight to animal diversity instead of plant diversity (Foltete et al. 2020).
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METHODS
Study area and EN model
This study was carried out in a local EN in the Friulian lowland (Friuli Venezia Giulia region, NE

Italy; centroid coordinates: 45°48°13.4” N — 13°08°11.0” E; Figure 2.1).
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Figure 2.1: Study area location (Friuli Venezia Giulia region is represented in yellow) and ecological network
representation (all the nodes of the EN are shown, including aquatic and smaller than 1 ha nodes). EUNIS
Habitat Codes are as follows: C1.14 Charophyte submerged carpets in oligotrophic water bodies; C1.24 Rooted
floating vegetation of mesotrophic water bodies; C2.27 Mesotrophic vegetation of fast flowing streams; C3.21
Phragmites australis beds; D4.11 Schoenus nigricans fens; D5.24 Fen Cladium mariscus beds; E1.55 Eastern
sub-Mediterranean dry grassland; E2.2 Low and medium altitude hay meadows; E3.4 Moist or wet eutrophic
and mesotrophic grassland; E3.51 Molinia caerulea meadows and related communities; F3.23 Tyrrhenian sub-
Mediterranean deciduous thickets; F9.2 Salix carr and fen scrub; G1.A1A lllyrian Quercus-Carpinus betulus
forests; G1.11 Riverine Salix woodland; G1.223 Southeast European Fraxinus-Quercus-Alnus forests; G1.224
Po Quercus-Fraxinus-Alnus forests; G1.41 Alnus swamp woods not on acid peat. Colored lines and patches
are corridors and nodes of the network, representing different habitat types and species-specific networks. An
example of the hierarchical sampling design in which each node was sampled stratified by habitat

proportionally to habitat extent within the node is showed.
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The study area has an extent of 298 km? and is included in an agricultural context bounded by two
river systems (Stella and Corno rivers, respectively). The landscape is characterized by a mixed
mosaic of intensively and extensively cultivated areas, settlements, semi-natural (hedgerows and
watercourses) and natural habitats (woodlands, shrubs, meadows and fens), including eight Natura
2000 Special Area of Conservation (Habitats Directive 92/43/EEC) and nine regional protected sites
(biotopes), connecting mainly wetland habitats.

The geology of the area is mainly composed of Quaternary sand sediments, silt sediments and silt-
clay sediments generated by glacial fluvial transport during Pleistocene and by alluvial deposit during
Holocene. The area is characterized by an average annual temperature of ca. 13°C and an average
annual rainfall between 1100 and 1400 mm.

In this intensively cultivated landscape, connectivity was mapped on a habitat-species based model
(flora and fauna), developed at the local scale in the context of the regional landscape planning
process (Sigura et al. 2017). The model is based on least-cost path analysis and graph theory used to
obtain species-specific ENs which were later merged into the final composite multi-species network,
where the nodes (natural habitats), corridors and stepping stones (links between natural habitats) were
obtained for a set of 19 target species (10 animal species and 9 plant communities, assumed to be
crucial for several plant species of conservation concern) to capture favorable conditions for
biodiversity. Specifically, the EN was originally modeled from the habitat map of the region (ISPRA
2017), using the habitat classification proposed by Poldini et al. (2006) (see Table 2.1), and crossing
costs for species were attributed by expert assessment and literature review data. However, for a more
comparable interpretation and replicability of this study, the adopted habitat classification was
converted according to the European Nature Information System (EUNIS, Davies et al. 2004)
classification which has a one-to-one correspondence with the previous classification (Table 2.1).
The term habitat is here understood as an assemblage of plants together with their abiotic
environment. The EN is composed of 108 nodes and 17 different habitats, for a total extent of 5900

ha of which 1700 ha represent nodes and 4200 ha ecological corridors.
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Table 2.1: Habitat codes of the area according to Poldini et al. (2006) and correspondence with EU and EUNIS

habitat classification along with descriptive statistics of the study area (i.e., area, number of patches, number

of plots and average richness). Asterisk (*) in EU habitat codes denotes priority habitats according to Habitats

Directive. Plus (+) before EUNIS habitat codes denotes habitats that were updated after the sampling (see main

text).
Habitat
Average
FVG EU Habitat EUNIS N.
Area (ha) N. Plots richness
(Poldini et (Directive 92/43/EEC) Habitat Patches
(£SD)
al. 2006)
3260 - Water courses of plain to
C2.27 - Mesotrophic
montane levels with the Ranunculion Not Not
AC6 vegetation of fast flowing 48.6 7
fluitantis and Callitricho-Batrachion sampled sampled
streams
vegetation
C1.14 - Charophyte
3140 - Hard oligo-mesotrophic waters Not Not
AF5 submerged carpets in 59.3 10
with benthic vegetation of Chara spp. sampled sampled
oligotrophic water bodies
C1.24 - Rooted floating
Not Not
AF6 / vegetation of mesotrophic 5.0 1
sampled sampled
water bodies
91L0 - llyrian oak-hornbeam forests | G1.A1A - lllyrian Quercus -
BL13 599.4 17 34 233+57
(Erythronio-Carpinion) Carpinus betulus forests
91EQ0* - Alluvial forests with Alnus | G1.41 - Alnus swamp woods
glutinosa and Fraxinus excelsior not on acid peat
BU10 410.5 43 28 233+5.0
(Alno-Padion, Alnion incanae,
Salicion albae)
BU11 / F9.2 - Salix carr and fen scrub 45.8 8 12 25.0%5.2
92A0 - Salix alba and Populus alba G1.11 - Riverine Salix
BUS 186.4 31 39 23.6+6.9
galleries woodland
91F0 - Riparian mixed forests of
Quercus robur, Ulmus laevis and G1.223 - Southeast European
BU7 Ulmus minor, Fraxinus excelsior or Fraxinus - Quercus - Alnus 112.4 20 8 259148
Fraxinus angustifolia, along the great forests
rivers (UImenion minoris)
91F0 - Riparian mixed forests of | G1.224 - Po Quercus -
BUS 1.9 1 1 18

Quercus robur, Ulmus laevis and

Fraxinus - Alnus forests
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Ulmus minor, Fraxinus excelsior or
Fraxinus angustifolia, along the great

rivers (UImenion minoris)

F3.23 - Tyrrhenian sub-

fens

GM11 / Mediterranean deciduous 153.1 41 27 225+47
thickets
62A0 - Eastern sub-Mediterranean
+ E1.55 - Eastern sub-
PC8 dry grasslands (Scorzoneretalia 2.9 1 1 35
Mediterranean dry grassland
villosae)
6510 - Lowland hay meadows
E2.2 - Low and medium
PM1PM2 (Alopecurus pratensis, Sanguisorba 127.2 37 19 29.7+58
altitude hay meadows
officinalis)
6430 - Hydrophilous tall herb fringe + E3.4 - Moist or wet
PU1 communities of plains and of the eutrophic and mesotrophic 4.1 1 2 12+14.1
montane to alpine levels grassland
6410 - Molinia meadows on E3.51 - Molinia caerulea
PU3 calcareous, peaty or clayey-siltladen meadows and related 717 20 7 339+85
soils (Molinion caeruleae) communities
+ C3.21 - Phragmites
uc1 / 3.7 1 1 21
australis beds
7210* - Calcareous fens with
D5.24 - Fen Cladium
UC11 Cladium mariscus and species of the 9.9 2 3 143+4.2
mariscus beds
Caricion davallianae
D4.11 - Schoenus nigricans
UP4UP5 7230 - Alkaline fens 75.5 28 10 149+6.2

Sampling design and data collection within the EN

Among the nodes, we selected and sampled all the nodes larger than 1 ha. Purely aquatic habitats

(i.e., C1.14, C1.24, C2.27, EUNIS codes; see Table 2.1) within the nodes were not sampled, since

they require completely different assumptions for connectivity than terrestrial ones. Ecological

corridors were not sampled. Thus, the final dataset relies on 74 nodes and 14 habitats. The adopted

sampling design was hierarchical (Figure 2.1), where each habitat type was sampled within each node

(that could contain more than one habitat), proportionally to habitat extent within the node. The
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sampling density with respect to the habitat extent was chosen as follows: a squared plot of 100 m?
was randomly placed for a habitat area < 5 ha, 2 plots for an area > 5 and < 10 ha and, finally, 3 plots
for an area > 10 ha. In total, 193 plots were randomly selected within the EN corresponding to an
overall sampling density of 0.11 plot/ha. Occurrence and abundance (% visual cover estimation) of
vascular plant species were recorded within each plot. Nomenclature and taxonomy of species
followed Bartolucci et al. (2018) for native species and Galasso et al. (2018) for alien species. Data

were collected during spring and summer 2019.

Data Analysis

Habitats and nodes within the EN were analyzed in terms of species richness (alpha diversity) and
compositional dissimilarity as a measure of species complementarity among sampling units (sensu
Whittaker 1972 defined as beta diversity). The latter was analyzed using the Bray—Curtis (BC)
dissimilarity index (Bray and Curtis 1957). This index is defined as the sum over the whole species
of the ratio between the difference of abundance values and the sum of abundance values for each
species, and it represents the vegetation plots pairwise differences using quantitative species
abundance data. The BC dissimilarity index ranges between 0, when two plots share the same
elements, to 1, when the two sampling units are totally different. First, we performed a preliminary
analysis to evaluate statistical differences in species richness among habitats and nodes using
ANOVA test followed by Tukey post-hoc test (using the “multcomp” R package, Hothorn et al.
2008) when significant. These differences represented our baseline diversity values characterizing the
EN in terms of biodiversity and its variability among habitats/nodes, given the maximum sampling
effort available. Then, we characterized diversity patterns through sample-based rarefaction curves
(RCs) using exact method and spatially explicit rarefaction curves (SERs, Chiarucci et al. 2009;
Bacaro et al. 2012, 2016), using the function available in “rarefy” package (Thouverai et al. 2020)
and in “vegan” R package (Oksanen et al. 2019). We compared first the habitat-based curve and

node-based curve to the rarefaction curve for the whole dataset (both RC and SER) and then the

27



curves for each habitat (RCs and SERS) to the whole dataset curve (both RC and SER). Finally, we
compared RC for each node with respect to the whole dataset RC. The difference between RC and
SER somehow expresses the amount of spatial autocorrelation among sampling units, based on the
spatial structure of the collected data and already proved to be effective in different habitats (Bacaro
et al. 2016; Tordoni et al. 2018).
Species richness patterns across different spatial scales (plot, habitat/node, whole EN) were also
evaluated by means of additive partitioning techniques (Lande 1996; Crist et al. 2003) using the
“adipart” function in the “vegan” R package (Oksanen at al. 2019) and their significance was tested
using a null model that permutes the original data matrix 999 times to assess deviation from random
expectations.
Pseudo multivariate dissimilarity-based standard error (MultSE) was computed following the method
described by Anderson and Santana-Garcon (2015), and using the code and functions provided
therein. MultSE (Equation 1 and 2) is based on the chosen dissimilarity measure, thus providing a
powerful tool to examine the relative precision of a sampling procedure. It is calculated as follows:
MultSE = \[V/n 1)

where V is a multivariate measure of pseudo variance in the space of the chosen dissimilarity measure:

_ 1 «n-1) df
V= Gopi=1 j=(i+1) (2)

where n is the number of sampling units and d represents the squared distance between individual
sampling points to their centroid, given a chosen dissimilarity measure.

To calculate MultSE, we first downweighted the abundance of the plant community matrix using a
log (x + 1) transformation and then we computed the BC dissimilarity. This was computed both for
habitats and habitats aggregated within nodes, and then for the whole dataset. A double resampling
scheme was used to generate means for each sample size and 95% confidence intervals; in particular
the first was obtained from 10,000 permutations and the latter from 10,000 bias-adjusted bootstrap
resamples. When the profile of MultSE in relation to the increasing sampling size reaches an

asymptote, we can consider that sample size as an adequate number of replicates beyond which only
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small fluctuations of sampling precision can be observed. The point where the slope of MultSE profile
changes, was estimated using R package “segmented” (Muggeo 2003; Muggeo 2008). These were
calculated only for the habitats and for the whole dataset. The number of plots for each node profile
was often not large enough to estimate breaking points.

To verify if and how the proposed reduction in sampling size affects diversity, we reduced the whole
dataset adopting resampling strategies as suggested by the results of MultSE. In particular, the
complete dataset was resampled both randomly and stratified by habitats. The plots were resampled
from the whole dataset, using the number of plots derived from MultSE estimation for the habitats
(999 random resamples) and for the whole EN (999 random resamples). These subsets of plots were
then tested to investigate if there were significant differences in species richness between habitats
(only for habitats resampling). Species diversity patterns across different scales (plot/habitat/whole
EN and plot/node/whole EN) were evaluated both for the habitats resampled subset (HRS) and for
the whole EN resampled subset (ENRS). Finally, the resulting statistics were compared with those of
the original dataset to determine the effect in sampling reduction in the ability to discriminate among

habitats and EN nodes.
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RESULTS

Overall, 74 nodes of the EN were sampled, of which 56 were formed by a singular habitat and 18 by
multiple habitats. The most common habitats within the nodes were G1.11 Riverine Salix woodland
(present within 26 nodes, see Table 2.1 for more details on habitats), F3.23 Tyrrhenian sub-
Mediterranean deciduous thickets (19), G1.A1A lllyrian Quercus-Carpinus betulus forests (17),
G1.41 Alnus swamp woods not on acid peat (14), E2.2 Low and medium altitude hay meadows (13),
while the less common were F9.2 Salix carr and fen scrub (7), D4.11 Schoenus nigricans fens, E3.51
Molinia caerulea meadows and related communities, G1.223 Southeast European Fraxinus-Quercus-
Alnus forests (5), D5.24 Fen Cladium mariscus beds (2), other habitats were present only within a
singular node. Most of these habitats (11) were attributable to wetland habitats and were present in
78% of the nodes, occupying 84% of the total extent of the EN’s nodes.

A total of 399 plant species were sampled in the EN, of which 42 were aliens and 20 were protected,
rare or endemic species according to European, Italian, or Regional red lists. The most frequent native
species were Rubus caesius (occurring in 126 plots), Rubus ulmifolius (118), Quercus robur (107),
Hedera helix (106), Cornus sanguinea (104) and Salix alba (94). Concerning alien species, the most
frequent were Platanus hispanica (61), Robinia pseudoacacia (33) and Potentilla indica (28). Finally,
the most frequent protected species were Ruscus aculeatus (Habitat Directive 92/43/CEE Annex V,
18 occurrences) and Neottia ovata (CITES and (CE) N. 407/2009 Annex B, 8 occurrences).

The sampling activity, that aimed at verifying the biodiversity content of the EN, helped also to verify
the correspondence between cartography and ground-data. Moreover, it permitted us to update the
habitat attribution to a precise habitat type thanks to a greater level of detail and considering natural
dynamism among plant communities (e.g., see Table 2.1 habitats distinguished by the symbol +).
Concerning species richness calculated at the habitat level (Figure 2.2), the higher values were in
meadows (31.3 £ 8.8 species), the lowest ones in fens (14.9 + 5.3 species), while intermediate values
were observed in shrublands and forests (23.3 + 5.8 species). Species richness was significantly
different among these 3 groups, but not within the groups. Conversely, no significant differences

emerged for species richness between EN nodes.
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Figure 2.2: Species richness in habitats and ANOVA resulting p-value. The color scale identifies the 3 groups
with significant differences resulting from ANOVA post-hoc analysis (o < 0.05): fens (light yellow), meadows
(light green) and shrublands and forests (green).

Rarefaction curves (RCs, Figure 2.3) calculated from the whole dataset confirmed that spatially
explicit rarefaction curve (SER) accumulated a lower number of species than RC and revealed that
the habitat-based RC accumulated species less rapidly than the node-based RC and SER. RCs for
habitats (Figure S2.1) showed that none of the curves reached a plateau. A similar trend was observed

also in the RCs for nodes (Figure S2.2).

Rarefaction curves
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Figure 2.3: Spatially explicit rarefaction curve (SER, blue dashed line), traditional rarefaction curve (RC,
black dotted line), habitat-based rarefaction curve (red solid line) and node-based rarefaction curve (green solid

line) calculated from the whole dataset.
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Additive partitioning (Figure 2.4) for habitats showed how within habitats diversity (i.e., the average
inventory diversity) accounted for 15.61% of the total EN diversity and it was lower than between
habitats diversity (78.43% of total diversity). For nodes, this pattern was even more evident, with a
diversity within nodes (3.84% of total diversity) lower than between them (90.2% of total EN
diversity).
100 ek *hk

75

3
50 IS
Ha

25 Tk

Percentage of species richness

*kk

Habitats Nodes

Figure 2.4: Additive partitioning of diversity across different scales: within each plot (o plot), within each
habitat or node (P plot) and between habitats or nodes (). Asterisks indicate a significant difference from

random expectations resulting from a null model (*** p < 0.001).

MultSE profiles in relation to sample size for each habitat within the EN (Figure 2.5) flattened out
between 7 and 10 plots depending on habitat type, a similar trend was observed also in the MultSE
profiles of the nodes (Figure S2.3). The MultSE profile for the whole dataset (Figure S2.4) flattened
out at around 25 plots.

Based on habitats MultSE profiles, the minimum number of replicates needed to characterize the
main features of each habitat was reported in Table S2.1, while the minimum number of replicates
needed for the whole EN was 27.77 + 1.77 (mean £ SD) according to the point where the slope of

MultSE profile changed.
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Figure 2.5: MUltSE profile based on Bray—Curtis dissimilarity for each habitat within the ecological network.

The white space on the left is due to a MultSE higher than 0.5 in the first plots.

In addition, our results proved to be robust when reducing the size of the dataset to the ones suggested

by the previous analysis (i.e., 53 plots for HRS, 28 for ENRS) detecting similar patterns in terms of

species richness and additive partitioning of diversity (Table 2.2, Table 2.3).

Table 2.2: Summary statistics of additive partitioning results showing the differences in species richness (o)

at plot and habitat/node level vs. dissimilarity () at plot and network level derived from 999 stratified

resampling of the original dataset based on the plot numbers given by the decay of habitats MultSE and from

999 random resampling of the original dataset based on the plot numbers given by the decay of whole EN

MultSE.

Term Distrib | a plot | Rate of B plot | Rate of a Rate of B Rate of
ution of Significance Significance | (habit | Significance | netwo | Significance
values (% of (% of at/nod | (% of rk (% of

permutations permutations | €) permutations permutations
with p < with p < with p < with p <
0.05) 0.05) 0.05) 0.05)
Min. | 0.08 0.16 0.25 0.70
1 0.09 0.18 0.27 0.72
quart.
Habitat | Median | 0.09 100% 0.18 100% 0.28 100% 0.72 100%
3rd 0.10 0.19 0.28 0.73
quart.
Max. | 0.10 0.20 0.30 0.75
. 0.10 0.000 0.11 0.80
Min. 0
1 0.11 0.02 0.14 0.85
Node [-duart 100% 60.2% 96.1% 96%
Median | 0.12 0.03 ' 0.14 ' 0.86
3rd 0.12 0.03 0.15 0.86
quart.
Max. | 0.14 0.06 0.20 0.89
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Table 2.3: Summary statistics of ANOVA results derived from 999 stratified resampling of the original dataset

based on the plot numbers given by the decay of habitats MultSE. Fisher values (F) and measures of effect size

(1)) are shown along with the overall rate of significance of the tests.

Rate of Significance (% of

Term Distribution of values F 1? permutations with p < 0.05)
Min. 1.17 0.17
1t quart. 3.23 0.37
Habitat Median 4.14 0.43 93.9%
3 quart. 5.21 0.49
Max. 13.16 0.70
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DISCUSSION

Sampling diversity of plant communities, in terms of species richness and composition, allowed us
to verify and update the distribution of the habitats within the nodes of the EN. In fact, the field survey
can reach a higher level of detail than cartographic data, thus being able to capture and interpret the
different aspects of plant mosaics and their dynamism over time, potentially caused by global change
and/or anthropic pressure (Franklin et al. 2016). Moreover, this verification between ground and map
data in EN planning should be required (Gippoliti and Battisti 2017) and it should be undertaken
independently of the cartographic reference checks, which are completed during map drafting. In fact,
these incongruences between maps and the observed environment can be a limit in the planning and
design phase of the EN and in the application of indexes for connectivity analysis, where weight
evaluation of the nodes is requested (i.e., probability of connectivity index). Moreover, it highlights
once again the need for verification and monitoring of the modeled EN once implemented. This issue
is well known in literature, and Foltete et al. (2020) recently highlighted the weakness of approaches
based on landscape structure data, suggesting to not use landscape graphs in operational contexts
without validating them beforehand with empirical data on species or communities.

As expected, the species richness and rarefaction curves for habitats and nodes (Figure 2.2, 2.3, S2.1,
S2.2) described the high heterogeneity existing between nodes, in fact, the method used to identify
the EN has been developed to cover the functional areas needed to host the highest number of different
species (Sigura et al. 2017), assuming that the species and habitats used for modeling the EN stand
as a proxy for many other species. Moreover, the SERs for habitats (Figure S2.1) showed an
increasing species richness going from moist or wet grasslands and fens (D4.11, D5.24, E3.4), to
shrublands and forests (F3.23, F9.2, G1.A1A, G1.11, G1.223, G1.41) and meadows (E2.2, E3.51). A
similar trend was found by De Simone et al. (2016) studying patterns of biodiversity in cultivated
landscapes, where meadows and woodlands proved to be hotspots of biodiversity. Furthermore, the
habitat-based RC accumulated species less rapidly than the node-based RC (Figure 2.3) while the
SER first displayed a trend similar to the node-based RC, and then to the habitat-based one. This

feature indicated a higher similarity among habitats in terms of species composition, than nodes.
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Nodes were also generally more extended than habitats and therefore they accumulated species more
rapidly (Arrhenius 1921). Additionally, some of the nodes were often composed by more habitats,
allowing for a faster accumulation of species.

These results pointed out that node-based RC accumulated more species than habitat-based RC,
suggesting that a sampling design based on nodes is more efficient in capturing the EN heterogeneity:
similar habitats, sharing similar species composition and structure (e.g., shrublands and forests shared
numerous species: Salix spp., Alnus glutinosa, Populus spp., Quercus robur, Fraxinus spp., etc.),
include indeed a high redundant composition of species that can be characterized with fewer sampling
units. This is further corroborated by additive partition of diversity (Figure 2.4), which showed as
nodes were more diverse between them than habitats themselves.

Regarding MultSE profiles, the number of plots required for characterizing habitats ranged from 4 to
8 (Figure 2.5 and Table S2.1). Grassland habitats needed fewer plots than woodland habitats, due to
the lower degree of habitat complexity. Probably the applied plot size was too small for forest habitats
due to the scale of the vegetation patchiness but, even though the plot size might not completely
proper in every habitat, a uniform plot size was needed for the aims of this work and for further
research concerning the EN under study. The number of plots required for nodes ranged from 2 to 10
(Figure S2.3), depending on the number of habitats present within the node. It is interesting to note
that if we consider the whole dataset (Figure S2.4), 28 replicates (14.51% of the original dataset) are
sufficient to maintain the same level of heterogeneity of the network as observed with all the sampling
units. Indeed, the additive partitioning of diversity for the reduced dataset, showed a minimum
variation of a plot, § plot and B (Table 2.2) thus the overall signal for the whole EN remained
comparable to the original. This suggests that sampling all the nodes of the EN leads to a redundancy
in the data, if the aim is to point out an overall plant diversity contained within the EN.

Conversely, the approach that allows for distinguishing best among plant communities is the habitat-
based sampling design. Indeed, when considering the HRS” analysis (53 plots, 27.46% of the original
dataset), we noticed that the significant difference between habitat composition remained constant

(Table 2.3) and the partitioning of diversity underwent a slight variation (Table 2.2). In this case, the
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observed variation in the diversity partitioning was due to a lower redundancy of sampled species, in
fact, oversampling habitats that had many species in common (e.g., shrublands and forests) led to a
lower diversity between habitats (72.38% in the reduced dataset vs. 66.64% of the original dataset).
Considering the results in their totality, the best approach between habitat-based and node-based
depends on the aims of the research: in our study case the habitat-based approach gave us important
information both on the heterogeneity of the network and on habitats’ structure and composition, but
a node-based approach can be a valid alternative when time and resources are scarce and the aim is
to point out an overall richness for the studied EN.

It is worth noting that our results give a general indication on the adequate sampling effort that can
be applied in similar contexts. It should be highlighted that our EN is predominantly wetlands based,
so more studies would be needed if applied to other habitat types (e.g., an EN based primarily on
grasslands would probably need more plots). Moreover, the proposed methodology can be useful for
monitoring the ENs over time considering that ENs are never monitored after being implemented
(Gippoliti and Battisti 2017). That is, starting with a sampling design proportional to the extent of the
EN under study, it is possible to establish the minimum and sufficient number of sampling units to
subsequently monitor diversity variation over time. Finally, our results on MultSE profiles, albeit
applied in a completely different context, are consistent with previous studies (Anderson and Santana-
Garcon 2015; Maccherini et al. 2020), thus confirming it to be a useful statistic for assessing sample-
size adequacy in studies of ecological communities.

Since ENs are often modeled on the basis of species-habitat interactions and designed based on graph
theory (Urban et al. 2009; Galpern et al. 2011), it is extremely important to join biological data in the
graph’s early construction stage (Foltete et al. 2020) to confirm the distribution of the habitats in the
area and their composition in terms of plant communities, as they are the primary component for
habitats determination (Devillers et al. 1991; Devillers and Devillers-Terschuren 1996; Davies et al.
2004; European Commission 2013) and the basis on which the interaction species-habitat are set up.
As already acknowledged in literature, it is not recommended to analyze plant communities by

preferential sampling (e.g., Diekmann et al. 2007; Lajer 2007) which may lead to biased results, and
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for this reason the sampling design must be probabilistic and replicates independent, and it is essential
to establish a measure of sampling adequacy to exhaustively distinguish different plant communities.
A final consideration regarding wetlands should be made. These environments are reported to be less
studied in ENs’ literature (Foltete et al. 2020) and they are known to be vulnerable ecosystems
extremely important for the maintenance of biodiversity, as they are peculiar environments extremely
rich in both plant and animal diversity. More than 78% of the habitats within our EN were attributable
to wetland habitats and 4 of those resulted to be rich of rare, protected, or endemic species. In
particular, Schoenus nigricans dominated fens (D4.11) presented 7 species as well as Molinia
caerulea meadows (E3.51), while Illyrian Quercus robur-Carpinus betulus forests (G1.A1A) and
Alnus glutinosa swamp woods (G1.41) respectively 5 and 4 species. This result confirms that these
habitats are particularly important for the conservation of biodiversity in this region (Poldini and
Oriolo 2002; Wassen et al. 2005, Dybkjer et al. 2012, Natlandsmyr and Hjell 2016; Della Longa

2019) and should be paid particular attention.
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CONCLUSIONS

In this study, we used an innovative integrated approach in order to estimate the adequate sample size
to maintain the observed features of plant communities within the habitats and nodes of the EN. This
integrated method helped to fill the gaps regarding the collection of biodiversity data before the
definition of an EN as well as the monitoring of biodiversity content within existing ENs.

The importance of validating ENs obtained through graph analysis, based on land cover maps and/or
habitat maps, is widely known (e.g., Foltete et al. 2020). It is fundamental to optimize sampling design
to enhance temporal and economic resources and define the minimum effort to adequately represent
the biodiversity content of the networks.

Overall, our results gave us important information on the biodiversity conserved within the EN, the
composition of plant communities and the sufficient sampling effort. One of the future developments
of this study could be to distinguish between different ecological roles (e.g., Deék et al. 2020) of plant
species within the habitats for fine-tuning the methodology for applied practical conservation. In fact,
the use of total biodiversity in our models is perfect for testing the integrated method but, in practical
conservation planning, distinguish between different ecological roles would be better. However, this
study represents a novel approach to be applied in the context of designing and monitoring ENs, and
thus more tests are needed to validate its suitability in different habitats and organisms. In addition,
we would recommend the use of this approach for conducting pilot studies on ENSs, both for designing

and monitoring, aiming at optimizing resources and in general for habitat monitoring.
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ABSTRACT

Natural habitats in rural and urban areas are increasingly fragmented and altered by human impacts
that are limiting the animal and plant dispersal process. Fragmentation and isolation can be reversed
by restoring landscape connectivity through effective Ecological Network (EN) planning. However,
most of the studies analyzing the influence of connectivity and landscape structure on biodiversity
are focused on animals, while the understanding of their interplaying role on plant diversity remains
limited.

We studied the relationships between o and B diversity pattern and landscape structure and
connectivity in the nodes of an EN developed in agricultural landscapes, as a part of regional
landscape planning framework in Friuli Venezia Giulia region (North-East of Italy). As an innovation,
the study aims at parsing the interacting effect of landscape structure, surrounding habitats and nodes,
and structural connectivity on EN plant diversity at two specific scales of investigation i.e., the habitat
and the node scale. The habitat was the basic ecological unit, while the node was the basic
cartographical unit for the EN mapping (multi-habitat or mono-habitat nodes).

We found that high node connectivity leads to higher species richness (a-diversity) but also increases
plant community similarity (i.e., low B-diversity) at both scales. The effect of landscape structure
showed differing trends depending on the habitat. In general, landscape composition of semi-natural
land cover (i.e., hedgerows, watercourses) showed a positive effect on species diversity as opposed
to that of the configuration of anthropogenic elements on both scales. Our results provided crucial
information on the landscape processes useful to improving biodiversity conservation by EN. Our
findings suggest that i) improving connectivity within ENs favors o plant diversity ii) different
habitats have different sensibility to landscape structure iii) semi-natural land cover around nodes
improve plant diversity; iv) planning both mono-habitat and multi-habitats nodes, increases the

biodiversity conserved therein; v) nodes with more compact shapes are to be preferred.

Keywords: connectivity metrics, landscape composition, landscape planning; Local Contributors of

Beta Diversity; multi-scale analysis; multiple regressions; species richness
47



Abbreviation: AREAMN mean area (class natural land use); CCe Closeness centrality; Dg node
degree; DsgrtA maximum distance to square root of area ratio; Ec eccentricity; ED edge density (class
agricultural land use); EN ecological network; F flux; GLM Generalized Linear Models; GLMM
Generalized Linear Mixed Models; GYRATEMN mean radius of gyration (class natural land use);
HRA hedgerow area; IF interaction flux; LCBD Local Contributors of Beta Diversity; NOH number

of habitats; NOLU number of land uses; TE total edge (class natural land use); WA watercourse area
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INTRODUCTION

Biodiversity loss is one of the major concerns of our time, caused by many factors such as land use
change, habitat fragmentation, pollution, natural resource exploitation, climate change, and biological
invasion (Landi et al. 2018; IPBES 2019; EEA 2020). Among them, land use change is considered
the major cause of natural habitat fragmentation and alteration due to the sprawl of rural and urban
areas (Foltéte et al. 2014). In these landscapes, natural patches and/or protected areas are often
surrounded by an anthropogenic matrix that limits animal and plant dispersal process, increasing their
functional isolation (Nowicki et al. 2014; Mossman et al. 2015). Fragmentation and isolation of
natural habitats can be reversed by restoring landscape connectivity through an effective Ecological
Network (EN) planning by implementing nodes, corridors, and steppingstones (Mossman et al. 2015).
Connectivity is a key concept in landscape management as it encompasses all aspects affecting the
displacement of an individual among resource or habitat patches within landscapes (Baguette and
Van Dyck 2007). Many approaches based on spatial modeling have been proposed to estimate
potential landscape connectivity, such as indices of landscape pattern (Cook 2002), least-cost
modeling (Vuilleumier and Prélaz-Droux 2002; Adriaensen et al. 2003; Gurrutxaga et al. 2010; Théau
et al. 2015), randomized shortest paths (Panzacchi et al. 2016), cost-benefit methods (Drielsma et al.
2007), circuit theory (McRae et al. 2008) and graph-theoretic methods (Urban and Keitt 2001; Urban
et al. 2009). Among them, landscape graph modelling is a promising approach applied in different
scenarios (Galpern et al. 2011; Foltete et al. 2020; Sahraoui et al. 2021).

ENSs are increasingly accepted as proactive tools for preserving biodiversity by improving landscape
connectivity (Gilbert-Norton et al. 2010; Damschen 2013; Modica et al. 2021). ENs represent also an
effective approach integrating environmental management strategies and landscape planning and can
be understood by different actors (De Montis et al. 2016; Keeley et al. 2018; Sahraoui et al. 2021).
The practical implementation of EN planning depends on opportunities, the interest of landowner and
other stakeholders, and costs (Bergsten and Zetterberg 2013; Mossman et al. 2015). Therefore, it is
crucially important to provide practitioners with practical, field-tested advice for planning effective

ENs to support biodiversity. On the other hand, landscape connectivity and conservation plans often
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rely solely on environmental and land cover data (Brooks et al. 2004): however, such a broad
approach based on these heterogeneity surrogates, hardly can be used to conserve the real biodiversity
content of a large area (Araujo et al. 2001; Schindler et al. 2013), and also raises criticism for the lack
of validation and monitoring plans in addition to ignoring the community structure (Gippolitti and
Battisti 2017; Luo et al. 2021).

EN models are typically based on nodes, such as a single or groups of habitat patches, identified to
support the viability of many species, with different movement and dispersal capabilities, and hence
expressing different connectivity requirements (Minor and Lookingbill 2010; Brodie et al. 2015).
However, many of the studies analyzing the influence of landscape connectivity on biodiversity were
studied for animal species, while the understanding of the role of EN connectivity on plants remains
limited, especially at the community level (but see Uroy et al. 2019; McLeish et al. 2021). Plant
communities are a primary component for habitat identification that has been adopted also in modern
European habitat classifications (Devillers et al. 1991; Devillers and Devillers-Terschuren 1996;
Davies et al. 2004; European Commission 2013; Maccherini et al. 2020). Plants support the life of
most of the other ecosystem organisms, and they also regulate nutrient cycling and soil protection
(Lieth 1973) and represent a large portion of landscape biodiversity. Landscape connectivity for
plants is mainly linked to their ability to disperse between habitat patches via propagules. Their
dispersal is only successful if habitat patches are sufficiently connected (Fahrig and Merriam 1985;
Bowne and Bowers 2004) or if it is facilitated by suitable landscape features (Taylor et al. 1993).
Moreover, the ability of plants to disperse in fragmented landscapes also depends on their dispersal
strategy, only specialized species can profit by long-distance dispersal events (Vittoz and Engler
2007; Boscutti et al. 2018).

Landscape structure and connectivity often interplay generating complex interacting effects on biota
(Uroy et al. 2019) that are poorly investigated especially in EN context. The effects of landscape
structure (i.e., composition and configuration) on plant communities are still debated (Zambrano et

al. 2019; Fahrig 2020) as are those regarding connectivity (Uroy et al. 2019; McLeish et al. 2021),
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and for this reason our understanding and ability to analyze the interaction between them on plant
communities has yet to be improved.

This research integrates the study of both a and 3 plant diversity as a function of landscape structure
and connectivity in an EN. As an innovation, it aims at parsing the interacting effect of landscape
structure, surrounding habitats and nodes, and structural connectivity on EN plant diversity at two
specific scales of investigation i.e., the habitat and the node scale. The habitat was the basic ecological
unit, while the node was the basic cartographical unit for the EN mapping (multi-habitat or mono-
habitat nodes).

We hypothesized that plant diversity (i.e., o and B) is related to landscape structure (i.e., composition
and configuration) and EN connectivity, and their effect depends on habitat type and node
complexity. The hypothesis was tested by exploring the plant diversity in the nodes of an EN
developed as part of regional landscape planning framework in Friuli Venezia Giulia region (North-
East of Italy). Our aim was to explore how landscape structure and EN connectivity characteristics

influence the plant diversity of both habitats and EN nodes.
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METHODS

Study site

This study was carried out in a local EN in the lowlands of the Friuli Venezia Giulia region (NE Italy;
centroid coordinates: 45°48'13.4" N - 13°08'11.0" E; Figure 3.1). The study area has an extent of 298
km? including a large agricultural area embedded in two river systems (Stella and Corno,
respectively). The landscape is characterized by a mixed mosaic of intensively and extensively
cultivated areas, settlements, semi-natural and natural habitats. It includes eight Natura 2000 Special

Area of Conservation (Habitats Directive 92/43/EEC) and nine regional protected sites (biotopes),

mainly connecting remnants of wetland habitats and lowland forests.

Nodes
[ Acquatic habitats
M Fens

B Meadows

B Woods
Corridors

[ Corridor

o Sampling unit

Figure 3.1: Study area location and ecological network representation. An example of the hierarchical

sampling design in which each node was sampled stratified by habitat proportionally to habitat extension
within the node is shown on the top right of the figure.

The soils of the area consist mainly of Quaternary sand, silt and silt-clay sediments formed by glacial

fluvial transport during the Pleistocene and by alluvial deposition during the Holocene. The area is
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characterized by an average annual temperature of about 13°C and an average annual precipitation

between 1100 and 1400 mm.

Ecological network model

The studied EN was designed using a habitat-species based model (considering flora and fauna)
developed at the local scale (Figure 3.1) in the context of the regional landscape planning process
(Sigura et al. 2017). The model was based on least-cost path analysis and graph theory, which were
used to obtain species-specific ENs that were later merged into the final composite multi-species
network. The nodes (target habitats), corridors and steppingstones (links between target habitats)
were obtained for a set of 10 target animal species and 9 plant communities (assumed to be crucial
for several plant species of conservation concern) to proxy favorable conditions for overall network
biodiversity. Specifically, the EN was originally modeled using the regional habitat map based on the
habitat classification European Nature Information System (EUNIS, Davies et al. 2004) and crossing
costs for species were attributed by expert assessment and literature review data.

The entire EN is composed of 108 nodes and 17 different habitats (14 terrestrial and 3 aquatic),
corresponding to a total extent of 5900 ha, of which 1700 ha represent nodes and 4200 ha ecological
corridors. Nodes vary greatly in extent, ranging from less than 1 ha up to 432 ha, with an average of
22 £ 59 ha, in shape and habitat composition, as they can consist of a single habitat (mono-habitat)
or many habitats (multi-habitat, Figure 3.1).

The lack of information on the actual distribution of species in the modelling process makes the

assessment of biodiversity, within the nodes, extremely important for EN model reliability.

Sampling design and data collection

Plant diversity in all EN nodes composed of terrestrial habitats and bigger than 1 ha were sampled
(i.e., 87 nodes). The sampling design chosen was hierarchical (e.g., Figure 3.1): each habitat type was
sampled within each node proportional to the area occupied within the node (see Table S3.1).

Sampling density in relation to habitat extent was chosen as follows: a random square plot of 100 m?
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for a habitat area < 5 ha, 2 plots for an area > 5 and < 10 ha, and finally 3 plots for an area > 10 ha. A
total of 219 plots were randomly selected within the nodes of the EN, corresponding to an overall
sampling density of 0.13 plot/ha. Presence and abundance (% visual cover estimate) of vascular plants
rooted in each plot were recorded. Nomenclature and taxonomy of species followed Bartolucci et al.
(2018) for native species and Galasso et al. (2018) for alien species. Data were collected in spring
and summer 2019 and 2020.

The 14 habitats present in the EN were divided into 3 groups based on the similarity of their ecological
characteristics (e.g., attributable by EUNIS habitat classification level) and differences in species

richness resulting from previous chapter: 1. woods, 2. meadows, and 3. fens (see Table S3.1).

Analysis at the habitat scale

Response variables

We considered a diversity (i.e., species richness), and B diversity as response variables. The latter
was examined by calculating Local Contributors of Beta Diversity (LCBD, Legendre and De Caceres
2013) in the R package “adespatial” (Dray et al. 2021). LCBDs represent comparative indicators
specifying the degree by which each sampling unit contributes to § diversity compared to a site with
an average species composition, thus assessing ecological uniqueness in terms of species composition
for each sampling unit. LCBDs were obtained as sums of rows derived after centering and squaring
each column of the composition matrix.

The relationships between o and B diversity values at the habitat scale were assessed to identify their

respective trends.

Explanatory variables: landscape structure and connectivity metrics

Landscape composition and configuration around each plot was assessed using several landscape
metrics (see Supplementary material) calculated on a circular buffer centered in the plot and with a
radius of 250 m (Figure 3.2), which has been already proven to be a sensitive scale when analyzing

plant diversity in similar landscapes (Kumar et al. 2006; Boscutti et al. 2018).
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Response variables Response variables

o diversity, B diversity,  a diversity, P diversity,

i.e., number i.e., local i.e., number  i.e., local
of species contributors  of species contributors
of beta of beta
diversity diversity
(LCBD) (LCBD)
Explanatory variables Explanatory variables

Connectivity Landscape Connectivity ~ Landscape

metrics metrics metrics metrics
Statistical analysis Statistical analysis
GLMM GLMM GLM GLM

Figure 3.2: Schematization of the study: on the left the representation of the two scales of analysis, at the
habitat scale (P, red diamonds) with a 250 m buffer around the plot and at the node scale (N, green polygons,
different shades of green indicate different habitats) with a 250 m buffer around the node. Blue arrows (C)
indicate connectivity between nodes. In the background, land use classes (red for urban land use, yellow for
agricultural land use, blue for watercourses, and green for hedgerows). On the right, the diagram summarizing
the materials and methods: the response variables (o and B diversity), the explanatory variables (connectivity
metrics and landscape metrics), and the statistical analyses (GLMM at the habitat scale and GLM at the node
scale).

All landscape metrics were calculated using the R package “landscapemetrics” (Hesselbarth
et al. 2019). Connectivity within the modeled EN was assessed by 7 connectivity metrics (see
Supplementary material) using Graphab software (Foltete et al. 2012a). These metrics were integrated
into the final dataset by linking the value of the metric for a node to all the plots collected within that
node. To reduce multicollinearity in the set of landscape and connectivity metrics, correlation analysis
was performed in R (R Core Team 2021, see Supplementary material) estimating coefficients using
non-parametric Spearman’s p. A total of 29 variables were selected as not highly correlated (< |+ 0.7])

(see Table S3.2) and used in the full models.

Model selection
Prior to model simplification, all quantitative variables were standardized (zero mean, unit variance)
to obtain comparable coefficient values. A subsequent stepwise selection procedure based on AIC

minimization criteria (Burnham and Anderson 2002), using the function “dredge” within the
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“MuMIn” R package (Barton 2020), was run for both a and § diversity models. Finally, the Minimum

Adequate Model (MAM) was obtained simplifying the resulting models by removing one-by-one the

non-significant interaction terms or variables (p > 0.1) using a manual backward selection procedure.

The overall final variables resulting in the two MAMs are reported in Table 3.1.

Table 3.1: Explanatory variables resulting from the MAM s at the habitat scale. For more details on formulas

and meaning, see Foltete et al. (2012a) for connectivity metrics and the “landscapemetrics” package

vignette (Hesselbarth et al. 2019) for landscape metrics. Connectivity formula terms: nx = number of patches

in the component k, N; = all patches close to the patch i, dij = least-cost distance between the patches i and j, e

“dij probability of movement between the patches i and j, a = brake on movement distance, B = exponent to

weight more or less capacity. Landscape metric formula terms: eix = total edge length in meters, A = area in

square meters, G = radius of gyration of each patch.

Connectivity metric Formula

Meaning

Reference

ng

1 Zd
le—l )

=1

CCei =

Closeness centrality (CCe)

Mean distance from the patch i to
all other patches of its component
k.

Freeman 1978

Eccentricity (Ec)

Maximum distance from the patch
i to another patch of its component

Urban &Keitt 2001

Flux (F)

For the focal patch i: sum of
capacity of patches other than i and
weighted according to their
minimum distance to the focal
patch through the graph. This sum
is an indicator of the potential
dispersion from the patch i or,
conversely to the patch i.

Urban & Keitt 2001; Saura & Torné
2009; Foltete et al. 2012b

Interaction flux (IF)

Sum of products of the focal patch
capacity with all the other patches,
weighted by their interaction
probability.

Foltete et al. 2014; Sahraoui et al.
2017

Node degree (Dg) Dg; = N; Vv

Number of patches connected
directly to the patch i.

Freeman 1978

Landscape metric Formula

Meaning

Reference

Edge density (ED; class

Zm
_ Zk=1Cik
agricultural land use) ED =

* 10000

The edge density equals the sum of
all edges of class i in relation to the
landscape area. The metric
describes the configuration of the
landscape.

McGarigal et al. 2012

AREAyn
mean(A [patchij])

Mean area (AREAMN; class
natural land use)

The metric summarizes each class
as the mean of all patch areas
belonging to class i. The metric
describes the composition of the
landscape.

McGarigal et al. 2012

Mean radius of gyration
(GYRATEMN,; class natural
land use)

GYRATEyy
mean(G[patchij])

The metric summarizes each class
as the mean of the radius of
gyration of all patches belonging to
class i. It measures the distance
from each cell to the patch centroid
and is based on cell center-to-cell
center distances. The metrics
characterizes both the patch area
and compactness.

Keitt et al. 1997; McGarigal et al.
2012

land use)

m
Total edge (TE; class natural
ge ( TE = z eir
k=1

Sum of all edges between class i
and all other classes k. It measures
the configuration of the landscape

because a highly fragmented
landscape will have many edges.

McGarigal et al. 2012
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The models were designed as follows: the effects of landscape structure and connectivity of the EN
on o and B diversity were examined using two different Generalized Linear Mixed Models (GLMMs;
Bolker et al. 2009) using a Penalized Quasi-likelihood (PQL) method by means of the “MASS” R
package (Venables and Ripley 2002). The random effect in both models was the node to which the
sampling unit belonged to. A quasi-Poisson distribution was used to model the error structure in the

a diversity model, and a Gamma distribution in the B diversity model.

Analysis at the node scale

Response variables

The 219 plots used to survey the biodiversity of habitats were pooled by node obtaining 87
observations and then considering o diversity (i.e., species richness of the nodes), and B diversity (i.e.,
LCBD of the nodes) as response variables. Their relationship was then assessed to identify the

respective trend and compare it to that at the habitat scale.

Explanatory variables: landscape structure and connectivity metrics

In contrast to the habitat scale where all areas around the sampled points have the same extent, the
nodes have very different shapes and sizes, so we considered other variables for the landscape
structure: i.e., node shape, number of habitats forming the node and type of land covers (natural and
anthropogenic) surrounding the node. Various shapes indexes were calculated with QGIS (QGIS
Development Team 2021) using the EN nodes as the main spatial unit (see Supplementary material).
18 landscape metrics were calculated on a buffer area of 250 m around each node (Figure 3.2) and
are reported in Table S3.2. Connectivity within the EN was assessed using the same 7 metrics
described above. To exclude multicollinear variables, correlation analysis was performed with the
same specification as described above (see Supplementary material). A total of 18 variables were

found to be uncorrelated (see Table S3.2) and used in the full models.
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Model selection
The modeling procedure was the same as explained in the section on the habitat scale. The overall

final variables resulting in the two MAMs are reported in Table 3.2.

Table 3.2: Explanatory variables resulting from the MAMs at the node scale. For more details on formulas
and meaning, see Foltete et al. (2012a) for connectivity metrics and Forman and Godron (1986) and Lang and
Blaschke (2007) for DsqrtA metric. Connectivity formula terms: nx = number of patches in the component K,
Ni = all patches close to the patch i, dj; = least-cost distance between the patches i and j, i probability of
movement between the patches i and j, o = brake on movement distance, p = exponent to weight more or less

capacity. Landscape formula terms: Dmax = maximum distance between two vertices of a polygon, A = area.

Connectivity metric Formula Meaning
Nk
ccC ! d
Closeness centrality (CCe) i e — 1 ij Mean distance from the patch i tokall other patches of its component
=1 '
JER
Eccentricity (Ec) ECi — maxdij Maximum distance from the patch i to another patch of its
j component k.
n
B —ad:: For the focal patch i: sum of capacity of patches other than i and
Flux (F) Fi = aj e Y weighted according to their minimum distance to the focal patch
=1 through the graph. This sum is an indicator of the potential
j =i dispersion from the patch i or, conversely to the patch i.
n
: B B _—ad;; Sum of products of the focal patch capacity with all the other
= . . ] N S X .
Interaction flux (IF) IFl 2 @; 0(] € patches, weighted by their interaction probability.
Jj=1
Node degree (Dg) Dgi =N; Vv Number of patches connected directly to the patch i.
Landscape metric Formula Meaning
HRA
Hedgerow area (HRA) Z A [hedgeTOW] Percentage of hedgerows area.
_ TotalA
D Maximum distance between two polygon part's vertices divided by
Maximum distance to square root of DsartA = max the square root of polygon’s area. The minimum value of the metric
area ratio (DsqrtA) q - {/Z corresponds to a circle, and the value increases as the shape
becomes narrower.
Number of habitats (NOH) NOH = z HABl- Sum of the number of different habitats present inside the node i.
Number of land uses (NOLU) NOLU = Z LUSE; Sum of the number of different land uses present around the node i.
WA
Watercourse area (WA) Z A [Wat ercourse] Percentage of watercourse area.
_ TotalA

The models were designed as follows: the effects of landscape structure and connectivity of the EN
on total a and B diversity were examined using two different Generalized Linear Models (GLM). In
the a diversity model a quasi-Poisson distribution was used to model the error structure while in the

B diversity model a Gamma distribution was used.
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RESULTS

o and f diversity pattern and relationship in the EN

A total of 443 plant species were recorded during the sampling activity, of which 47 were alien and
24 were classified as protected, rare, or endemic species according to the European, Italian, or
regional Red Lists (see Table S3.3). The most frequent native species were Rubus caesius (present in
57.5% of the plots), Cornus sanguinea (54.3%), Rubus ulmifolius (53.9%), Quercus robur (53.4%),
Hedera helix (51.1%), and Salix alba (45.2%). Among alien species, the most common were Platanus
hispanica (27.9%), Robinia pseudoacacia (15.1%) and Potentilla indica (14.6%). Finally, the most
frequent protected or endemic species were Ruscus aculeatus (Habitat Directive 92/43/CEE Annex
V, 8.7%), Centaurea jacea subsp. forojulensis (endemic, 5.0%), and Gladiolus palustris (Habitat
Directive 92/43/CEE Annex 11, 4.6%).

The mean number of species per plot was 24.4 + 7.7, per habitat was 14.9 + 5.3 in fens, 23.3 £ 5.8 in
woods, and 31.3 + 8.8 in meadows, and finally per node it was 39.4 + 29.6. Concerning [ diversity,
the mean LCBD value (*107) per plot was 4.6 + 0.9, per habitat was 5.6 + 0.4 in fens, 4.1 + 0.6 in
woods, and 5.8 £ 0.4 in meadows, and finally per node it was 11.5 + 3.0.

The relationships between o and B diversity values at the habitat and node scales showed significant
contrasting relationships (p < 0.05; Figure 3.3). At the habitat scale, a diversity increased at high

values of P diversity, whereas it was negatively related at the node scale.

o - B relationship at the habitat scale (a) o - B relationship at the node scale (b)
0.006 0014

0.012
0.005

iversity

©0.010

B diversity

Bd

0.004

0.008

0.003
10 20 . 30 40 50 20 40 60 80 100
a diversity a diversity

Figure 3.3: Observed relationships between a and B diversity values at the habitat scale (a), and at the node

scale (b).
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o and f diversity vs connectivity and landscape structure of the EN
Habitat scale
GLMMs showed that the habitat o and 3 diversity had consistent responses to both connectivity and

landscape structure (Table 3.3).

Table 3.3: Results of the GLMM models testing the effects of landscape metrics and connectivity metrics on

a diversity (species richness) and B diversity (LCBD) at the habitat scale.

a diversity at the habitat scale

Coefficients Estimate Std. Error t-value P-value
Intercept 2.545 0.099 25.707 <0.001 ***
Eccentricity (Ec) 0.041 0.023 1.779 0.079.
Flux (F) 0.248 0.090 2.749 0.007 **
Closeness centrality (CCe) 0.286 0.144 1.982 0.051.
Total edge of natural land use (TE) 0.178 0.076 2.328 0.021 *
Habitat 0.902 0.103 8.772 < 0.001 ***
CCe:Fens -0.093 0.152 -0.610 0.543
CCe:Meadows -0.389 0.151 -2.585 0.011 *
CCe:Woods -0.322 0.145 -2.224 0.028 *
F:Fens -0.117 0.096 -1.220 0.225
F:Meadows -0.169 0.099 -1.698 0.092.
F:Woods -0.250 0.091 -2.751 0.007 **
TE:Fens 0.103 0.075 1.370 0.173
TE:Meadows -0.256 0.080 -3.192 0.002 **
TE:Woods -0.174 0.079 -2.190 0.030 *

S diversity at the habitat scale

Coefficients Estimate Std. Error t-value p-value
Intercept -5.152 0.029 -174.854 | <0.001 ***
Flux (F) -0.020 0.010 -2.027 0.045 *
Interaction flux (IF) 0.048 0.029 1.664 0.099.
Node degree (Dg) -0.056 0.024 -2.332 0.022 *
(Eéjg§ density of agricultural land use -0.025 0.009 -2 802 0.006 **
Mean area of natural land use o
(AREAMN) 0.047 0.015 3.007 0.003
Mean radius of gyration of natural land o
use (GYRATEMN) -0.039 0.014 -2.838 0.005
Habitat -0.342 0.029 -11.682 | <0.001 ***

In particular, the MAM on o diversity (R? = 0.57, p = <0.001, Figure 3.4, Table 3.3) included the
following predictive variables: Closeness centrality (CCe), Eccentricity (Ec), Flux (F), and Total
Edge (TE) all with a significant interaction term with habitats except for Ec. The a diversity model

showed a positive relationship with Ec, F in fens and meadows, CCe in fens, and TE in fens; in
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contrast it was negatively related to CCe in woods and meadows, and TE in meadows. No relationship

was observed between species richness and F and TE in woods.
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Figure 3.4: Effects on a diversity (i.e., species richness) of eccentricity; flux, closeness centrality and total
edge with anthropic land uses in different habitats (fens, woods, and meadows) resulting from the GLMM at
the habitat scale.

On the other side, the MAM developed to explain variation in B diversity (R? = 0.76, p = <0.001,
Figure 3.5, Table 3.3) retained the following predictors: Flux (F), Interaction flux (IF), Node degree
(Dg), Edge density of agricultural land use (ED), Mean area of natural land use (AREAMN), Mean
radius of gyration of natural land use (GYRATEMN), and habitat without interaction, as no
interaction between habitat and considered variables emerged. Overall, it was observed a positive

relationship with IF, AREAMN, and a negative relationship with F, Dg, ED, GYRATEMN.

61



0.0050 . L

0.0046 - 0.0060-
0 00044 L O 0.0055- L 000045
o m om
() 0.0042 o O 0.0050] L (¢ 0.0040
| — -

0.0040 i 0.0045- L 0.0035

I\II ] ‘I 1 . | H‘ | ; ‘I IHI‘ : 1 : ; ; . 1 :
0 1 2 3 4 -0.50.0 0.5 1.0 1.5 2.0 2.5 3.0 0 1 2 3
Flux (F) Interaction Flux (IF) Node Degree (Dg)
Il 1 1 1 00052 1 1 1 1 1 1

0.0048 0.0050 0.0052 -
e () 0.0048 O 00050 r
m 0.0046 M 0.0046 m 0.0048 r
O 00044 O 0.0044 (O 00046 L
— —1 0.0042 - 0.0044 L

0.0042 0.0040 0.0042 +

2 -1 0 1 2 -2 1 0 1 -1.0-0.5 00 05 1.0 1.5 2.0
Edge Density (ED) Mean radius of gyration (GYRATEMN) Mean area (AREAMN)
L 1 L

0.0060 T T =
[ 00055 L - -
0 0050 - -
O
— 0.0045 -

0.0040 - T

Féns Meacliows Wolods

Habitat
Figure 3.5: Effects on B diversity (i.e., LCBD) of flux, interaction flux, node degree, edge density of
agricultural land use, mean radius of gyration of natural land use, and mean area of natural land use along with
mean values of LCBD per habitat resulting from the GLMM at the habitat scale.
Node scale
The MAM for a diversity (R? = 0.86, p = <0.001, Figure 3.6, Table 3.4) included the following
predictive variables: Closeness centrality (CCe), Eccentricity (Ec), Interaction flux (IF), Node degree
(Dg), Maximum distance to square root of area ratio (DsqrtA), log transformed Hedgerow area
(HRA), Number of habitats (NOH), and Watercourse area (WA). a diversity increased at the increase
of Ec, Dg, HRA, NOH, and WA, but decreased in nodes with high CCe, IF, and DsqgrtA.
The B diversity MAM at node scale (R? = 0.57, p < 0.001, Figure 3.7, Table 3.4) retained the following
predictive variables: Flux (F), Node degree (Dg), Maximum distance to square root of area ratio
(DsqrtA), Hedgerow area (HRA), Number of habitats (NOH), Number of land uses (NOLU), and
Watercourse area (WA). It estimates a positive relationship with HRA and WA and a negative

relationship with F, Dg, DsqrtA, NOH and NOLU.
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Figure 3.6: Effects on a diversity (i.e., species richness) of closeness centrality, eccentricity; interaction flux,

node degree, hedgerow area, maximum distance to square root of area ratio, number of habitats, and

watercourse area resulting from the GLM at the node scale.
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Figure 3.7: Effects on B diversity (i.e., LCBD) of flux, node degree, hedgerow area, maximum distance to

square root of area ratio, number of habitats, number of land uses, and watercourse area resulting from the

GLM at the node scale.
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Table 3.4: Results of the GLM models testing the effects of landscape metrics and connectivity metrics on a

diversity (species richness) and B diversity (LCBD) at the node scale.

a diversity at the node scale

Coefficients Estimate | Std. Error | t-value p-value
Intercept 3.619 0.031 116.758 | <0.001 ***
Closeness centrality (CCe) -0.084 0.031 -2.691 0.009 **
Eccentricity (Ec) 0.110 0.031 3.583 <0.001 ***
Interaction flux (IF) -0.175 0.034 -5.068 < 0.001 ***
Node degree (Dg) 0.106 0.039 2.716 0.008 **
log (Hedgerow area) (HRA) 0.459 0.109 4.211 < 0.001 ***
Maximum distance to square root of area -0.217 0.036 -6.038 <0.00] ***
ratio (DsqrtA)

Number of habitats (NOH) 0.341 0.039 8.783 <0.001 ***
Watercourse area (WA) 0.131 0.036 3.616 <0.001 ***
L diversity at the node scale

Coefficients Estimate | Std. Error | t-value p-value
Intercept -4.485 0.019 -237.063 | <0.001 ***
Flux (F) -0.037 0.021 -1.781 0.079.
Node degree (Dg) -0.068 0.031 -2.223 0.029 *
Hedgerow area (HRA) 0.142 0.038 3.734 <0.001 ***
Maximum distance to square root of area -0.107 0.026 4196 < 0.001 ***
ratio (DsqrtA)
Number of habitats (NOH) -0.136 0.034 -4.014 <0.001 ***
Number of land uses (NOLU) -0.096 0.021 -4.496 <0.001 ***
Watercourse area (WA) 0.081 0.024 3.319 0.001 **
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DISCUSSION

The present work integrates the study of both o and B plant diversity as a function of landscape
structure and connectivity at two different scales of analysis (habitat and node) in an EN.

Landscape structure and connectivity play different roles on plant species depending on whether one
considers species richness or community dissimilarity (Damschen et al.2006; Billeter et al. 2008;
Concepcion et al. 2012; Thiele et al. 2018; Chisteé et al. 2018; Uroy et al. 2019). Our findings showed
contrasting trends when considering different scale of investigation (i.e., habitat or node). Based on
the models (Tables 3.3, 3.4), connectivity had a more pronounced effect on o diversity while
landscape structure on B diversity at both scales. In general, we found that improved connectivity
leads to greater species richness but also to homogenization of communities. The landscape
composition of semi-natural land covers (i.e., hedgerows, watercourses) showed a positive effect on

species diversity as opposed to that of the configuration of anthropogenic elements.

Plant diversity: o. and f contribution and relationships in the EN

The number of species (443) found within the EN was about 68.1% of the overall species richness of
the study area (ca 650 taxa, Poldini 1991). When considering the percentage of the EN nodes extent
on the overall study area (5.7%), the EN contribution in terms of total biodiversity is remarkable,
confirming the high conservation potential of the areas that constitute ENs (e.g., Pryke et al. 2015;
Xun et al. 2017).

The relationship between o and  diversity showed contrasting trends (Figure 3.3), highlighting a
species composition homogenization as the species richness increases at the node scale (pools of
habitat) while promoting 3 diversity in single habitat patches with high floristic richness. The scale
dependence of biodiversity patterns is a well-k